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Chapter I

Introduction

Materials Science

Nanotechnology Biotechnology

Advanced Materials, Catalysis, Drug/gene delivery
Sensor, Devices, Molecular Medicine

This chapter is an introduction to the thesis and gives a brief overview of the complexity involved
in the understanding of nature and therefore, the importance of interdisciplinary research. It also
emphasizes the different physical, chemical and biological methods, used for the synthesis of
nanomaterials. Further, an emphasis on the biomineralization of metal and inorganic materials
using natural biological sources has been given in the chapter. This chapter also discusses the
various reported protocols used for the synthesis of anisotropic and core-shell nanoparticles of
different compositions. Shape transformation of nanoparticles using chemical and physical means
has also been described in the chapter.




Chapter 1 1

1.1 Introduction:

Nature always thrives with an amalgamation of complexity, beauty, specificity
and diversity. There is a rich and long history of gaining inspiration from nature for the
design of noble materials and systems [1-4]. Noble laureate Jean-Marie Lehn used these
words to express outlook on the future and prospective of materials chemistry “The
essence of chemical science finds its full expression in the words of that epitome of the
artist-scientist Leonardo da Vinci: Where Nature finishes producing its own species, man
begins, using natural things and with the help of this nature, to create an infinity of
species”. The real attraction and complexity of nature is brought out when one starts
studying biology. The human body or for that matter any living organism, can be
described as a community of molecules wherein individual molecules scurry about like
ants or honeybees, each performing its designated task so as to ensure the well-being of
the society as a whole. Some gather food, some build structures in which they all dwell,
others seek out and repel foreign invaders. Of course, each of these molecular workers is
driven not by some autonomous consciousness but by the principles of physical and
chemical sciences [5]. DNA, RNA and protein are nanoscale components important for
the execution of the functions of life and are the best natural bionanomaterials [6].
Interaction among these components weaves a complicated, optimized, yet perfect
biological world. In spite of the difficulties encountered, the field of science is fascinating
and researchers plunge into this field due to pure passion. Prof. Albert Einstein quotes "If

we knew what it was we were doing, it would not be called research, would it?"
1.2 Needs for interdisciplinary field:

Earlier, for the purpose of studying and understanding, nature was divided into
three branches of basic science. Biology was mostly concerned with studying life, how
we evolved from sea, diseases and remediation. Chemistry dealt with synthesizing
compounds of various compositions and properties, which have an important application
in industrial processes and for the betterment of human beings. Physics was concerned
with the deepest mystery of universe-like understanding of what is matter and
development of new instruments to understand life, and fabrication of new materials.

Science is changing rapidly across the borders and now it pays little regard to the
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Chapter 1 o)

disciplines into which it had been traditionally divided. Finding solutions in different
branches of science requires a collective effort of scientists working in various regimes of
the basic sciences.

Starting with discovery of double helix structure of DNA, biology has grown
from purely descriptive and phenomenological discipline to molecular science.
Recombinant DNA technology brought insights into the basic principles of many
biochemical processes, and it has also opened the door to modern biotechnology. In view
of such revolutionary developments, it seems particularly challenging to fuse
biotechnology with materials science. Merging these disciplines will allow us to take
advantage of the improved evolutionary biological components to generate new smart
materials and, conversely, to apply today’s advanced materials and physicochemical
techniques to solve biological problems. Nanotechnology is the manipulation of matter
on a nanometer scale in order to engineer new materials and devices with superior
chemical, physical, optical, electronic and/or biological properties. This so called area of
nanotechnology was first thought of by Prof. Feynman and mentioned in his famous talk
at Caltech: "There is plenty of room at the bottom" [7]. Since then, tremendous research
and search for application potential for this new state of matter has been observed. The
unique properties of nanomaterials and structures on the nanometer scale have caught the
attention of materials developers. Traditionally, materials scientists, inspired by
biological structures and their functions, focused on emulating or duplicating biosystems
using mostly synthetic components and following traditional approaches [8-10].

In this era, human beings require sophisticated instruments and advanced
materials for the betterment of society and to combat with newly generated diseases and
therefore it is necessary to do interdisciplinary work rather than to involve in the
individual branch of science. Nanobiotechnology is one of the interdisciplinary fields
wherein contributions from physics (explanation of phenomena, developments of
instruments), chemistry (synthesis and fabrication of advanced materials) and biology
(drug and gene delivery, molecular biology etc) come together to play a synergetic role
for the development of new advanced materials. The motivation behind the
nanobiotechnology research came from understanding nature, how it works and generates

highly complex living entities. Nanobiotechnologists employ the natural principles and
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Chapter 1 3

mimic biological systems to fabricate self assembling, self replicating and self organizing
advanced materials. With the advent of nanobiotechnology, which is the bioconjugation
of different chemicals/biomolecules onto efficient nano templates has resulted in early
detection of diseases, toxic gases, glucose monitoring, food testing and drug loading on
the nanoparticles and target specific delivery of drugs and genes etc [11].
Nanobiotechnology has also helped in studying different aspects of design and
development of molecular motors [12] and smart materials. Recent developments in the
fields of microelectromechanical system (MEMS) and nanoelectromechanical system
(NEMS) have revolutionarized different areas such as automobiles, biomedicine and
electronics etc. For instance, nanorobots, working on the principle of MEMS, may be
used for delivering different drugs inside different parts of human body as well as for the

repairing of damaged cells.
1.3 Different approaches in nanotechnology:

Products are made from arrangement of atoms. The properties of these products
depend upon how these atoms are arranged. Atom is in nanodimension. 'Nano' derives

from the Greek word "nanos", which means dwarf or extremely small.

© © & » |

Less than a| Nanometer Thousands of A million Billions of
nanometer nanometers nanometers |nanometers
Individual atoms Ten shoulder- to- Biological cells, An antis A two meter

are up to a few shoulder hydrogen like these red millions  of tall male is
tenths of alatoms (blue balls) blood cells, have nanometers two  billion

nanometer in span 1 nanometer. diameters in the jacross nanometers
diameter DNA molecules are range of tall
about 2.5nm wide  thousands of
nanometers

Figure 1.1: Figure showing comparison of different things present in world.

A nanosecond is a billionth of a second. A nanoliter is a billionth of a liter and

similarly, a nanometer is a billionth of a meter or 10 m. Nanoparticles are small clusters
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of atoms about 1 to 100 nm long. To understand how small is a nanometer, we can
compare it with some naturally occurring things in the world (Figure 1.1). The idea of
manipulating and positioning individual atoms and molecules is still exciting scientist to
fabricate new devices. After the famous talk by Nobel physicist Richard Feynman in
1959, nanotechnology researchers have put great emphasis on the development of
bottom-up approach, which concerns the self-assembly of molecules and colloidal

building blocks to create materials and functional devices [13].

Stone Age Tool E-Beam Lithography

Top-Down Approach -

0.1 nm 1nm 10nm 100 nm 1‘1m 1Uilm molum 1mm
| ] | ! | | | |

Y —

Bottom-Up Approach

Dip Pen Lithography  Self Assembly Synthesis

Figure 1.2: Examples that show Top-Down and Bottom-Up approaches for the fabrication of
materials. Courtesy: Stone Age tool, MEMS and E-beam lithography images were taken from
reference 21 and dip-pen lithography and self-assembly images were taken from reference 11.

Although the bottom-up approach is not new, it plays an important role in the
fabrication and processing of nanostructures and nanomaterials. Top-down approach is
another way to create smaller devices since old ages. Human beings first learned to
fabricate devices such as Stone Age tools from big stones and with course of time, they
have perfected in constructing sophisticated devices. Scientists also use existing materials

to create smaller and smaller devices at the nano scale (Figure 1.2). These devices
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become extremely tiny but they retain their original properties and do not morph into
something new. Ball milling or attrition, e-beam lithography and etching are examples of
top-down approach [14, 15]. Bottom-up approach promises a better chance to obtain
nanomaterials with less defects, more homogeneous chemical composition and better
short and long range ordering. On the contrary, top-down approach most likely introduces

internal stress, in addition to surface defects and contaminations.
1.4 Emergence of nanotechnology:

Human beings are not the first to create nanomaterials, in fact nature has also
provided us with a large number of building blocks in nanodimensions such as amino
acids, nucleic acids and lipids. Nature first used the bottom-up approach to construct and
fabricate materials. The chemical diversity of these molecules and different ways to
assemble or polymerize them together provide an enormous range of nanostructures.
Further, advance in biotechnology and chemical synthesis facilitate one to assemble and
fabricate building blocks to produce new materials, which have not been made by nature.
In attempt to fabricate miniaturized devices, it has been realized that materials in
nanodimensions exhibit properties very different from their bulk counterparts. With time,
the properties of nanomaterials have been realized, which has led to the potential
applications in various fields. The study of biological systems and the engineering of
many materials such as colloidal dispersions, metallic quantum dots and catalysts have
been in the nanometer regime for centuries. One of the famous and oldest application was
the use of gold nanoparticles for staining glasses; for example is lycurgus cup that dates
back to 4™ centuary AD [16]. During 17" century AD, colloidal gold nanoparticles gained
importance for their curative values [17]. Chinese are also known to use Au nanoparticles
as an organic dye to introduce red colour into their ceramic porcelains more than
thousand years ago [17]. After a long course, Michael Faraday (1857) had synthesized
colloidal gold of ruby red colour by reduction of aqueous chloroaurate ions (AuCly)
using phosphorus dispersed in CS, [18]. That time, the gold solution was famous in the
name of colloidal solution. The term “colloid” was first coined by Thomas Graham
(1861) for suspended smaller particles in liquid medium [19]. During recent

developments in this field, the term “colloid” has been replaced by ‘“nanoparticles” to
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describe particles with size range from 1 to 100 nm after introduction of the term
“Nanotechnology” by Norio Taniguchi [20]. The famous quote of Louis Pasteur ““ The
role of infinitely small is infinitely large” well suits the current trends of nanotechnology
research. After realization of application and importance of nanomaterials in various
regimes and in order to explore novel physical properties and phenomena, a number of

physical, chemical and biological methods have been developed.
1.5 Different methods for the synthesis of nanoparticles:

Various physical and chemical methods have been reported for the synthesis of
inorganic nanoparticles. Spray pyrolysis [22], photoirradiation [23], radiolysis [24],
physical vaporization [25], electrochemical [26], ultrasonication [27], solvated metal
atom dispersion (SMAD) [28], electrospinning [29], lithography [30], chemical vapor
deposition [31], sputtering [32], laser ablation [33] etc. are physical methods, which have
been used for synthesis of various compositions of the nanoparticles. Chemical vapor
deposition, Electospinning and lithography methods have been developed preferentially
for the synthesis and formation of one dimensional nanostructure materials such as
nanowires, nanorods and nanofibres. Similarly, physical vaporization, chemical vapor
deposition, electrochemical deposition and sputtering are used for the formation of thin
films (two dimensional) on the solid supports. However, chemical routes have received
an immense attraction for the synthesis of nanoparticles due to a better control on the size
and shape of nanoparticles. Chemical reduction, sol-gel [34], co-precipitation [35],
solvothermal [36] and templates based methods [37] are generally employed for the
synthesis of various compositions of nanoparticles. Inorganic nanomaterials such as
metal, metal oxide and semiconductor nanoparticles can be synthesized by reduction, or
oxidation and precipitation of corresponding precursor salts. Although, solvents can vary
from water to highly nonpolar media [38], few reports are also available on the synthesis
of nanoparticles in ionic liquids [39] and supercritical fluids [40], depending upon the
nature of the salts or complexes used for the reaction. The nature of precursor ions also
determines the kind of reducing agents to be applied. The chemical reduction method is a
very common route for the synthesis of metal nanoparticles of different size and shape.

Sol-gel method used for the synthesis and fabrication of oxide nanoparticles especially
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ceramics has gained much importance [34]. Recently, size and shape controlled synthesis
of metal nanoparticles has lured scientists due to their fine control on the chemical and
physical properties with respect to their application as nanodevices. The size, shape and
stability of metal nanoparticles can be achieved by incorporating different additives,
capping agents and templates. Different templates such as micelles [41], reverse micelles
[42], DNA [43], tobacco mosaic virus (TMV) [44], polymeric molecules [45], preformed
nanoparticles [46] and mesoporous membranes [47] have been employed in order to
attain control over size and shape of the synthesized nanoparticles. Polymer, surfactants
and biomolecules are certain examples of capping agents, which have been used for the
shape-controlled synthesis of metal nanoparticles [48]. The physical and chemical
methods employed for the synthesis of nanoparticles are not environment friendly
processes. The nanoparticles synthesized using these methods are toxic to biological cells
and therefore an alternative method, which is environmentally benign, is desired for the
synthesis and assembly of nanoparticles. Biological sources are a good choice as an
environment friendly approach for the synthesis of nanoparticles. Synthesis of core-shell
nanoparticles of various compositions has also attracted materials chemists’ attention due
to a better control on the properties of nanoparticles in comparison to their monometallic
form. Recently, another field of interest in nanotechnology has been the shape
transformation of nanoparticles using different means. In the following sections of this
chapter: 1) biological synthesis of nanoparticles using various sources, 2) various
methods used for synthesis of anisotropic nanoparticles, 3) synthesis of different
compositions of core-shell nanoparticles and, 4) shape transformation of gold

nanotriangles using chemical and physical means have been described.
1.5.1 Biological synthesis of nanoparticles:

How does a complex shape such as spiral shells or spine of sea urchin evolve
from a single crystalline material-calcium carbonate? It seems truly extraordinary that
nature can assemble, with such exquisite control, a wide variety of functional materials
with highly specific morphology, elegant skeletal framework, optical lenses (trilobites) or
gravity sensor in the inner ear, from just two kinds of mundane inorganic ions [49].
Biological systems provide many examples of specifically tailored, nanostructured

molecules with highly optimized properties and characteristics. These biological
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materials can be used in their native form directly extracted from living systems or they
can be processed after extraction and modified to their desired form. Many multicellular
microorganisms use inorganic materials (calcium carbonates or silica) in combination
with organic matrix (proteins, lipid and polysachherides) to produce hard and
functionalized materials such as skeletal, teeth and bones. These organic matrixes have a
vital role in controlling the morphology of inorganic compounds [50]. The siliceous
structures formed by diatoms and radiolarians [51], calcareous structures [52] and
magnetic nanoparticles [53] synthesized by coccoliths and magetotactic bacteria
respectively have been explained on the basis of role of phospholipid membranes and
geometric patterning in cells [54]. The compartmentalization and templating afforded by
these fundamental cells are found to play a key role in biomineralisation. It was
discovered that spherical crystals of magnetite developed when iron oxide was confined
inside lipid vesicles, whereas in their absence, another needle shaped goethite structure
formed (as in limpet teeth) [55]. Biosilicification by unicellular organisms has been
facilitated by polycationic proteins such as silicateins [56] and silaffins [57]. Few more
proteins such as frustulins [58] and pleuralins [59] have also been reported for the
synthesis of highly complex silica and calcium carbonates structures. Silicateins and
silaffins proteins were isolated and purified from the microorganism and were shown to
induce the formation of silica by hydrolyzing the dissolved silicic acid [60]. The
molecular mechanisms behind the transportation of Ca*" ions and HCOs ions for the
synthesis of calcareous structures are not well known. It has been shown that the calcite
minerals are coated with polyanions and some acidic polysaccharides [61].

Sastry and coworkers have extensively studied the extracellular synthesis of
various polymorphs of calcium carbonates using fungi such as Fusarium oxysporum and
actinomycetes [62]. They have also shown the synthesis of variable morphology of
calcium carbonate nanocrystals [63]. Bioremediation and synthesis of heavy metals such
as strontium, lead and cadmium carbonate nanoparticles using the fungus Fusarium
oxysporum has been reported [64]. In addition to calcium carbonate, synthesis of
commercially important oxides, for example, silica, titania, zirconia and barium titanate
nanoparticles from respective chemical precursors using fungus Fusarium oxysporum has

been demonstrated [65]. Further, the extracellular synthesis of silica nanoparticles from

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 1 9

natural source (sand) by bioleaching process and from rice husk using fungus Fusarium
oxysporum has been reported [66]. Sastry and coworkers have demonstrated that the
hydrolyzing protein, which is complex of two proteins of 21 and 24 kDa, are responsible
for the hydrolysis of oxide precursors [65a].

Unicellular organisms such as bacteria are well known to produce magnetic
nanoparticles either extracellularly or intracellularly; examples include magnetotactic
bacteria, which produce magnetite (Fe;O4) or greigite (Fe;S4) nanoparticles with specific
size range (35-120 nm) [67]. Magnetic nanoparticles are also observed in unicellular
eukaryotic organisms such as algae [68], dinoflagellates [69], as well as higher organisms
like salmon [70], trout [71], carrier pigeons [72], army ants [73] and also in the human
brain [74]. The magnetic nanoparticles synthesized inside magnetotactic bacteria are
found to be surround by phospholipid membrane and are called magnetosomes. The
cubooctahedral, pseudohexagonal and bullet shaped magnetic nanoparticles are
synthesized intracellularly by these bacteria [67]. Bacterial cells are always exposed to
high concentrations of these ions and stressful condition in natural environment and an
ability to resist these stresses is essential for their survival. The ability to grow in such
conditions might result from specific resistance mechanisms. Such mechanisms include
efflux system; alternation of solubility and toxicity by change in the redox state of metal
ions; extracellular complexation or precipitation of metals and lack of specific metal
transport systems [75]. Recent advances in the understanding of role and applications of
microorganisms for bioremediation of toxic metals and radionucleotide contamination
has been reported [76]. Natural and genetic engineered bacteria, which are capable of
mobilization and immobilization of metal ions, have been used for the bioremediation
process [76]. Recently, Sastry’s group has shown the extracellular synthesis of magnetite
nanoparticles using fungi and bacteria [77].

Microorganisms and metal interaction has gained much attention due to several
important applications in the fields of bioremediation, biomineralization, bioleaching and
microbial corrosion. Bacterial oxidation of minerals is important in the formation of acid
mine drainage and extraction of gold, copper and uranium from ores and has developed
growing interest among materials chemists [78]. Recently, the recovery of gold from

arsenopyrite-pyrite ores using bioleaching principle has been reported [79]. Beveridge
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and co-workers have first demonstrated the synthesis of gold nanoparticles within the cell
walls of the bacteria, Bacillus subtilis on incubation with Au’™ ions [80]. Gold
nanoparticles of different geometrical shapes and size in the range from 5 to 25 nm were
synthesized inside cells. Fragments of cell walls of bacteria interacted to gold ions
(AuCls) led to the nucleation and deposition of metal in non-stiochiometric amounts.
Tanja Klaus and coworkers have shown the intracellular synthesis of silver nanoparticles
using the bacteria, Pseudomonas stutzeri AG259 isolated from a silver mine [81]. Silver
nanoparticles of well-defined shapes and sizes (100 - 200 nm) were found to synthesize
in the periplasmic space of bacteria. The thickness of the periplasm constrains the
thickness of crystal but not their width. The bacterial strain takes the advantage of
detoxification mechanism to precipitate silver in the periplasm and its reduction to
elemental silver. The produced silver was reported to be 5 % of the total bacterial
biomass, while in case of mixed culture of Thiobacillus ferrooxidans and Thiobacillus
thiooxidans, silver concentration of upto 25 % of bacterial drymass after leaching of
sulphide minerals was reported [82]. Pradeep and coworkers have shown the synthesis of
gold, silver and gold-silver alloy nanoparticles of variable morphology using
Lactobacillus strain from buttermilk. They had observed 35 % accumulation of silver
with respect to total bacterial dry biomass [83].

Sastry and coworkers have extensively studied the biosynthesis of nanoparticles
of various composition using bacteria and fungi as a living nanofactories. In this attempt,
fairly monodisperse gold nanoparticles were synthesized using the extremophilic
actinomycete, Thermomonospora sp. [84]. Verticillium sp. [85] and Fusarium oxysporum
[86] were used for the synthesis of gold and silver nanoparticles by the bioreduction of
their respective precursors. Verticillium sp. synthesized nanoparticles intracellularly
while Fusarium oxysporum synthesized nanoparticles extracelluarly and therefore
Fusarium oxysporum can be used for the large-scale extracellular synthesis of
nanoparticles. In another report, gold-silver alloy nanoparticles of varying compositions
have also been synthesized using Fusarium oxysporum [87]. Furthermore, Fusarium
oxysporum was used for the synthesis of semiconducting nanoparticles (CdS) by
enzymatic reduction of sulfate ions to sulphide ions [88]. Other microorganism such as

yeast has also been exploited as an environment friendly source for the synthesis of CdS
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[89], ZnS [90] and PbS [91] nanoparticles by various other groups. For example, Candida
glabrata and Schizosacchromyces pombe produce cadmium sulphide nanocrystal by
active intracellular uptake of metal followed by its sequestration within small iso-
peptides [92].

Although, traditional methods for removal of heavy metals from soils and water
have proven to be efficient, but they are expensive, labor intensive and in the case of
soils, they produce disturbance in ecosystem. Plants have also been used as an excellent
alternative in the extraction of heavy metals from soils and water and the soils can be
utilized immediately after treatment application. Aquatic plants such as Eichhornia
crassipes and Azolla filiculoids Lam., which have a high capability to absorb cadmium
(Cd), copper (Cu), nickel (Ni) and zinc (Zn), have been used for phytoremediation of
polluted water [93]. Several species of Thalaspi are well known metallophytes that grow
in Cd, Ni, Pb and Zn metalliferous soils [94]. Some plant species are identified as hyper-
accumulator of heavy metals in different parts of plants [95]. Agricultural byproducts of
Avena monida (oat) has been used for the bioreduction of Cr(VI) to Cr(IIl) [96].
Recently, researchers have realized that plants can also be used for the recovery of highly
precious metals such as gold, silver, platinum and palladium, which indicates the wide
possibility of phytoremediation technology. Girling and Peterson have shown that
Phacelia sericea accumulates gold in roots [97]. It has also been shown the Alfalfa plants
grown in agar-based media containing gold and silver ions accumulate gold and silver
metal in the aerial parts [98]. It is hypothesized that plant secretions especially cyanide
may facilitate the uptake of gold ions from soils and it might render gold sufficiently
soluble to enable plants to accumulate the metal [99]. These cyanogenic plants produce
free cyanide by hydrolysis of cyanogenic glucosides within their tissues [100].
Marcerated tissues of cyanogenic plant have been demonstrated to facilitate the uptake of
gold in plants [101]. It has also been shown that plants have more affinity to adsorb gold
cyanide salt compared to other salts of gold [100]. Besides metal accumulation in plant
cells, plants are also known for the biomineralization of many inorganic materials. For
example, calcium oxalate, calcium carbonates and silicon dioxides are found in cactaceae
family plants [102]. Silica is present in the form of a-quartz or opal in certain species of

cactaceae [103]. Silica is also known to be abundantly present in grasses and rice husks

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 1 12

[104]. Botanical magnetic nanoparticles extracted from grass, which grows in iron rich
soils, have been reported [105]. The extracted magnetic nanoparticles from grass are
mostly cubooctahedral shaped with a minor population of hexagonal prismatic
morphologies. The smallest cubooctahedral nanoparticles were found to be 4 + 1 nm in
size, which is smaller as compared to bacterially synthesized magnetic nanoparticles
[105].

Yacaman and coworkers have shown that gold and silver nanoparticles are
formed inside different parts of the Alfalfa plant by uptaking corresponding metal ion
precursors from the growth media [106]. The intracellular synthesis of metal
nanoparticles using plants is not important from the commercial application point of view
because of high cost and labor extensive processes for the extraction and purification of
metal and therefore, the extracellular synthesis of metal nanoparticles is in high demand
due to an easy and cheap source for the same purpose. Keeping this objective in mind,
Sastry and coworkers have extensively studied the extracellular synthesis of various
compositions of metal nanoparticles using different plant extracts. They have shown that
the extract of different parts such as leaves, stems and roots of geranium plant can be
used for the extracellular synthesis of different shapes of silver and gold nanoparticles
[107]. Neem leaf extract has been used for the rapid synthesis of gold, silver and
bimetallic gold core — silver shell nanoparticles [108]. They have also reported the
biosynthesis of gold and silver nanoparticles using Emblica officinalis fruit extract [109].

All the extracts mentioned above synthesize spherical shape nanoparticles.
Anisotropic nanoparticles especially triangular and rod shaped nanoparticles have gained
enormous attention because of unique and superior chemical and physical properties as
compared to their spherical counterparts. Single crystalline and flat shaped gold
nanotriangles have been synthesized using lemongrass and tamarind leaf extract by
Sastry’s group [110]. They have proposed that smaller spherical nanoparticles sinter and
assemble together to form gold nanotriangles at room temperature. Sintering and
assembly of nanoparticles is facilitated by aldehydic and ketonic functional groups
containing biomolecules present in lemongrass extract [110]. These molecules also
preferentially bind to certain lattice planes of initially formed smaller gold nanoparticles

and inhibit the growth in that particular direction to promote the formation of triangular
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nanoparticles. The edge length of gold nanotriangles and therefore the optical properties
could be controlled by merely varying the amount of lemongrass extract in the reaction
medium [111]. They have also reported that the rate of reduction of gold ions using
lemongrass extract also plays an important role in the synthesis of high yield and large
sized gold nanotriangles. Fast reduction rate results in high yield of smaller gold
nanoparticles, which are called nuclei, and therefore a small percentage of left gold ions
in the solution reduce further on the surface of nuclei to form a low yield of gold
nanotriangles [111]. The strong absorption of gold nanotriangles in the NIR region of
electromagnetic spectrum could make them a potential candidate in the various
applications such as sensors [112], coating of glass window to block NIR light from the
solar spectrum [111] and for cancer hyperthermia [113]. In the present study, an attempt
has been made to further investigate the size of biomolecules of lemongrass extract,

which is responsible for controlling the size and shape of gold nanotriangles.
1.6 Various methods for synthesis of anisotropic nanoparticles:

A number of methods are present in the literature for the size-controlled synthesis
of metal nanoparticles. Recently, shape controlled synthesis of metal nanoparticles is
being paid much attention because of a fine control over the chemical and physical
properties of nanoparticles. Anisotropic nanoparticles such as nanorods/nanowires [114],
nanodumbbells [115], nanorattles [116], nanotubes [117], nanocubes [118], nanotriangles
[119], nanohexagons [120], nanodiscs [121], starshaped [122], multipods [123],
decahedron [124], tetrahedrals [125] and dendritic shaped [126] have been synthesized
using various methods. Various methods such as 1) synthesis in the presence of
templates, 2) synthesis in the presence of micelles or surfactants, 3) physical process such
as lithography, vapor deposition method and 4) synthesis in the presence of capping
agents and biological sources, have been employed for the synthesis of anisotropic

nanoparticles.
1.6.1 Synthesis in presence of templates:

Template directed synthesis is one of the most exploited methods for the synthesis
of anisotropic nanoparticles. In this method, the template serves as a scaffold for the

deposition and fabrication of nanoparticles with its shape complementary to the
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morphology of used template. Channels in porous materials play an important role in the
synthesis of 1D nanostructures. Polymer films containing track-etched channels and
anodically etched alumina membrane are mostly used. Synthesis of arrays of gold and
silver nanotubes using alumina membrane has been reported [47]. Polycarbonate
membranes and mesoporous silica have also been exploited for the synthesis of nanorods
and nanowires [47]. Furthermore, pre-synthesized nanoparticles have been used as a
template for the synthesis of nanoaprticles. Xia et al. have used silver nanowires for the
formation of Au, Pt, and Pd nanotubes via galvanic displacement reaction [46]. Mirkin’s
group has used silver nanoprism as sacrificing templates for the fabrication of triangular
nanoframes of gold and silver [46d]. Block copolymer and polymer are another examples
of templates, which have been employed for the generation of anisotropic nanostructures.
These templates have been exploited for the synthesis of Au and Ag nanowires and
nanosheets [127]. In a recent study, Schatz and co-workers have observed that Ag
nanodisks could be obtained using polystyrene mesospheres as template [128]. DNA is a
soft biological material, which has been extensively exploited for the fabrication of
nanowires. Cu nanowires, Ag nanorods and Pd nanowires arrays have been fabricated on
the solid substrate templated by DNA with direct reduction of metal ions [43]. Wei et al.
have shown that silver ions bound to DNA networks are reduced using sodium
borohydride to generate silver nanoparticles, nanorods and nanowires [129]. The
diameter of silver nanoparticles and the aspect ratio of nanorods and nanowires could be

controlled by simply varying the concentration of DNA and the reduction time.

1.6.2 Synthesis in presence of micelles/surfactants:

1.6.2.1 Electrochemical method:

Wang and coworkers have demonstrated a method for the synthesis of gold
nanorods via electrochemical method by using gold cathode and platinum anode
electrode, which are immersed in an electrolyte solution containing a shape inducing
surfactant hexadecyltrimethylammonium bromide (CTAB) and rod inducing
cosurfactants tetraoctylammonium bromide (TCAB). During growth of gold nanorods,
the bulk gold metal is converted from anode to form gold nanoparticles preferentially at
the interfacial region of the cathodic surface and within the electrolyte solution [130].

The ratio between surfactants controls the average aspect ratio of gold nanorod. Recently
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Mulvaney’s group has also proposed the electrochemical mechanism for the growth of
nanorods [131]. They have reported that flux of Au(I) bound to cationic micelles to the
seed surface is maximum at point of highest curvature, where electrical double layer
gradient is highest. Sun ef al. have shown the synthesis of silver nanotubes using solid

electrolytes RbAguls under direct current electric field treatment (DCEF) [132].
1.6.2.2 Seed mediated method:

The seed mediated method for the synthesis of gold nanorods/wires is a very
popular approach and is established by Murphy’s group [133]. The protocol is based on
the reduction of metal salt by a weak reducing agent in the presence of preformed metal
nanoparticles (seeds) and surfactants. Ascorbic acid is used as a weak reducing agent
because it reduces Au’" to Au’ oxidation state in the presence of CTAB only after
addition of gold seeds to prevent any further nucleation. They have also demonstrated the
effect of added AgNOs in the aspect ratio of gold nanorods [133]. Seed mediated growth
under alkaline condition (in presence of NaOH) enables the synthesis of a high yield of
gold nanorods. El-Sayed’s group has modified these methods resulting in a very high
yield of nanorods [134]. It is reported that synthesis of gold nanorods could occur due to
the templating action of micelles or preferential binding of surfactant molecules (CTAB)
on the {110} faces of fcc gold [133f]. Further, Murphy’s group has demonstrated that
gold nanorods of large aspect ratio can be achieved by using smaller gold nanoparticles
as seeds [133b]. They have also shown that Br™ ions as counterions play an important role
for the formation of gold nanorods, while CI" and I ions do not offer similar result
[133g]. Recently Mirkin’s group has shown the synthesis of gold nanotriangles using
seed mediated approach in aqueous solution containing the capping agent
(cetyltrimethylammonium bromide (CTAB)), gold ions (HAuCls:3H,0), reducing agent
(ascorbic acid), and NaOH [135]. Chan and coworkers have also demonstrated the large-
scale synthesis of silver nanodisk/nanoplates using seed mediated method [136]. Recently
Yan’s group has shown the synthesis of gold nanorods and bypryramids using
cetyltriethylammonium bromide (CTEAB) solution in the presence of silver nitrate [137].
They have observed that a high yield and tunable longitudinal plasmon vibration band
from 750 to 1020 nm of gold nanorods could be achieved by simply varying the amount

of seeds in the reaction solution.
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1.6.2.3 Photochemical method:

Yang’s group has demonstrated the synthesis of gold nanorods with highly
controllable aspect ratio and a high yield using photochemical method [138]. This
method involves the reduction of gold ions using UV light irradiation in the presence of
surfactants CisTAB and TCsAB as well as different amounts of silver ions.
Hexadecyltrimethylammonium chloride (HTAC) has also been used for the formation of
gold nanorods using photochemical irradiation [139]. The specific concentration of
HTAC is responsible for the formation of rod shaped micelles in solution, which promote
the synthesis of nanorods instead of spherical nanoparticles. Recently Ahmadi’s group
has demonstrated the growth of gold nanorods by controlling the intensity of UV light

used and time duration for irradiation [140].
1.6.3 Synthesis using physical methods:

Physical methods have been demonstrated for the formation of anisotropic
nanoparticles. Nanorods and nanowires have been obtained by vacuum vapor deposition
of copper on the carbon film. The rough surfaces of carbon film promote renucleation of
copper vapor leading to the linear growth with uniform thickness [141]. Zhou ef al. have
demonstrated the synthesis of silver nanowires by solid-liquid discharge arc. In this
method the arc discharge of the silver filaments in NaNO; solution leads to the formation
of linear structures [142]. Mirkin’s group has shown the photoinduced conversion of
spherical silver nanoparticles into nanotriangles using a laser light [143]. In recent study,
Callegari et al. have shown photoindiced conversion of silver nanospheres, wherein the
wavelength of light used plays an important role in controlling size and shape of
nanoparticles formed [144]. Nanosphere lithography technique has also been used for the
synthesizing triangular, cup shaped and crescent shaped nanoparticles. In this method a
monolayer of polystyrene spheres is drop-coated on a substrate and then metal is
deposited on them by vacuum deposition. On removing the close packed sphere template,
highly ordered triangular shaped nanoparticles deposited through the void spaces only
remain [145]. Alternatively, the metal layer deposited on the spheres themselves can also
be removed by dissolving the polystyrene spheres leading to formation of nanocups

[146]. Sastry and coworkers have shown that the physical constrains on the liquid-liquid
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and liquid-air interface also promote the synthesis of highly anisotropic nanostructures

such as tapes, fractal like structures and plates [147].
1.6.4 Synthesis in presence of capping agents:

Different types of capping agents have been extensively used for the synthesis of
triangular, hexagonal and rods shaped nanoparticles. Polyamines [148], lyotropic liquid
crystal (LLC) mainly made of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) block copolymer and water after adding small amount of capping agents,
cetyltrimethylammonium bromide (CTAB) or tetrabutylammonium bromide (TBAB)
[149] have been used for the synthesis of gold nanotriangles and hexagons. Poly(N-vinyl-
2-pyrrolidone) (PVP) has also been used for the synthesis of triangular and rods shaped
nanoparticles of a high yield [150]. PVP molecules interact with the {100} planes as
compared to the {111} planes of nanoparticles and promote the growth of anisotropic
nanoparticles. Liz-Marzan and coworkers have demonstrated the synthesis of silver
nanoprisms by boiling AgNO; in N,N-dimethylformamide in presence of poly-
(vinylpyrrolidone) [151]. Xia’s group has reported the synthesis of nanowires of silver
and platinum as well as the synthesis of nanocubes and nanotriangles of silver [152].
Other capping agents have also been used for the shape-controlled synthesis of the

nanoparticles [153].
1.6.5 Synthesis in presence of biological sources:

Shao et al. have demonstrated the synthesis of single crystalline hexagonal and
truncated gold nanotriangles using aspartic acid at 25 °C [154]. Similarly starch has been
used for the synthesis of triangular nanoparticles in the presence of ultrasonic waves
[155]. Small-biomolecules (glycyl glycine) mediated synthesis of silver nanoplates has
also been reported by Zhang’s group [156]. They have reported that ratio of glycyl
glycine to AgNOs is key to control the morphology and yield of silver plates. Bacteria
[81], silver binding peptides [157] and silver tolerant yeast [91] have been used for
fabrication of silver nanoparticles. Chen’s group has reported a high yield biological
synthesis of gold nanotriangles using extract of Sargassum sp. (brown seaweed) [158].

Southam and coworkers have demonstrated the synthesis of gold nanocubes and
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octahedral (111) gold plates, when filamentous cyanobacterium (Plectenoma boryanum

UTEX 485) was exposed to Au(S,03),” ions and AuCls ion solutions respectively [159].
1.7 Synthesis of core-shell nanoparticles:

In above sections, syntheses of various compositions of monometallic
nanoparticles using different physical, chemical and biological methods have been
described. Recently, bimetallic nanoparticles have received intense attention owing to
their different optical, magnetic, catalytic properties relative to those of individual metals
[160]. Since these properties strongly depend upon compositions, sizes and shapes of
nanoparticles, extensive research has been carried out in this direction to synthesize core-
shell and alloy nanoparticles. The nanoscale coatings not only stabilize colloidal
dispersions but also allow modification and tailoring of the nanoparticle properties
(optical, catalytic and magnetic) depending on coating compositions [161]. Advance
materials derived from core-shell nanoparticles have extensive scientific and
technological interest due to their unique properties [162].

Bimetallic nanoparticles can be prepared by the successive reduction of one metal
over the nuclei of another to obtain alloy nanoparticles and simultaneous co-reduction of
two kinds of metal ions with or without protective agent [163]. Two methods widely used
for the surface modification of nanoparticles are of precipitation of shell materials
(inorganic) and layer-by-layer deposition of charged species. Preparation and
characterization of bimetallic nanoparticles constituting various combinations of noble
metals such as Au/Pd [164], Au/Pt [165], Ag/Pd [166], Ag/Pt [167], Ag/Au [168] and
Au/Ag [169] has been reported. Synthesis of core-shell nanoparticles of different shapes,
for instance rod [169f1], rattle [116], dumbbell [115] and triangular [169h], has also been
reported. Sastry and coworkers have shown the synthesis of spherical Au/Ag core-shell
nanoparticles using Keggin ions as UV switchable reducing agent [169d] and tyrosine as
a reducing under alkaline condition agent for the selective reduction of silver ions on the
gold nanoparticle surface [169¢]. Nanoparticles composed of free electron of metals such
as Au and Ag are known to provide strong resonance optical responses when irradiated

with light [170], which result in amplification of light induced processes undergone by
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molecular localization on their surfaces, such as Raman scattering, giving rise to surface
enhanced Raman scattering (SERS) [171].

Apart from metal-metal core-shell nanoparticles, metal-oxide bimetallic
nanoparticles have also gained enormous interest because of their application in
photodegradation of dyes [172] and organic pollutants in wastewater [173] as well in the
development of photochromatic materials [174]. Among inorganic coatings, silica has
been used extensively to coat colloid nanoparticles, including metal nanoparticles. Liz-
Marzan and coworkers have shown that a vitreophilic metal nanoparticle surface
facilitates the formation of uniform silica coatings [175]. Gold nanoparticles were made
vitreophilic by using the coupling agent (3-aminopropyl)trimethoxysilane, and silica
coatings were obtained by subsequent exposure of the particles to a sodium silicate
solution followed by the Stober process [176]. In a recent study, Hardikar and Matijevic
have also used the Stober process for silica coating on silver nanoparticles [177].
Recently, Mulvaney et.al. reported the encapsulation of metal -clusters and
semiconductors by silica shells [178]. Titania is another metal oxide that is of interest for
coating applications as; it is widely known to be a useful catalyst [179]. Catalytic
application demands high surface area to volume ratio and thus significant efforts have
been focus on the coating of titania on the high surface are supports such as colloid
nanoparticles. Caruso’s group has reported the synthesis of gold-titania core-shell
nanoparticles by polyelectrolytes complexation with titania precursor [180]. Liz-Marzan
and coworkers have shown the one pot synthesis of gold-titania core-shell nanoparticles
[181]. In this thesis, an attempt has been made towards the synthesis of triangular Au

core - Ag shell nanoparticles and spherical gold core — titania shell nanoparticles.
1.8 Shape modification of nanoparticles:

It remains a major challenge to develop new methods for nanoparticle synthesis to
obtain a further variety of more complex nanostructures, for an increasing wide rage of
applications. One approach is to use preformed nanoparticles for fabrication of new
nanostructures, while another approach is to modify the nanoparticle growth reaction in
situ to favor geometrical and morphological changes in the final nanoparticles. A variety

of chemical and physical methods have been developed for the shape transformation of
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already formed nanoparticles. Recently, Halas’s group has shown the reshaping of
metallodielectric nanoparticles upon exposure to CTAB [182]. The metal shell having
silica core was observed to undergo morphological change from initial shell structures to
that of an elongated or toroid shape nanostructures. Liz-Marzan’s group has demonstrated
the oxidation of gold nanoparticles in the presence of CTAB using gold ions [183]. They
have reported that oxidation preferentially occurs at higher curvature surface of the
nanoparticles. Stoeva et al. have also shown the reversible transformation of already
synthesized gold nanoparticles under reflux condition [184]. Furthermore, physical
methods i.e. laser ablation [185] and laser-assisted size reduction [186] have been used to
fragment metal nanoparticles into smaller ones through selective heating of parent
nanoparticles. Gold nanoparticles of 20 nm size can be selectively transformed into
nanonetworks or smaller nanoparticles depending on the proper combination of the
fluence of 532 nm laser and the protecting ligand concentration [187]. Shape
transformation by laser irradiation has also been observed leading to the formation of @
shaped nanoparticles from nanorods [188]. In an interesting approach, Roorda et al have
demonstrated the formation of gold nanorods by ion beam irradiation of spherical gold-
silica core-shell nanoparticles [189]. On the contrary, Mirkin’s group has demonstrated
the photoinduced transformation of spherical silver nanoparticles into triangular
nanoparticles [143]. Similarly, thermally induced transformation of spherical gold

clusters to nanocubes has also been demonstrated [190].
1.9 Outline of Thesis:

The work involved in this thesis discusses biological synthesis of gold
nanotriangles using lemongrass extract. Different cut-off dialysis bags are used for size
selective separation of biomolecules of lemongrass extract. Size and shape controlled
synthesis of gold nanotriangles has been achieved by using different cut-off bags. An
attempt has also been made to investigate the size of biomolecules, which is responsible
for the formation of gold nanotriangles. Synthesis of triangular Au core - Ag shell
nanoparticles using ascorbic acid as a reducing agent under alkaline condition has been
described in detail. Biological synthesis of spherical gold-titania core-shell nanoparticles

using hydrolyzing enzyme from fungus Fusarium oxysporum has also been explained.

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 1 21

Shape transformation of gold nanotriangles using different chemical such as halide ions
and surfactants has been demonstrated. Furthermore, UV light has been used for the
photofragmentation of gold nanotriangles into spherical nanoparticles using Keggin ions
(phosphotungustic acid). Temperature dependent synthesis of gold nanoparticles using
lemongrass extract as reducing and shape directing agent has been explained. The chapter
wise discussion of these studies is as follows:

The second chapter describes the experimental and characterization techniques
such as UV-vis-NIR Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR),
Transmission Electron Microscopy (TEM), High-Resolution Transmission Electron
Microscopy (HRTEM) Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM), Energy Dispersive Analysis of X-ray (EDAX), Isothermal Titration Calorimetry
(ITC), X-ray diffraction (XRD) and X-ray Photoemission Spectroscopy (XPS) that are
extensively used for the characterization of nanoparticles. The physical principles on
which the different techniques are based and their applications to understand various
aspects of formation of the nanoparticles have been outlined.

The third chapter describes the size and shape controlled biosynthesis of gold
nanoparticles using lemongrass extract. Biological processes for synthesis of metal
nanoparticles are economical alternative and challenge for chemical and physical
methods available for size controlled synthesis of nanoparticles, which are not
environmentally benign. Gold nanotriangles and spherical nanoparticles are obtained by
reduction of gold ions using lemongrass extract. The size of gold nanotriangles can be
fine tuned by varying the amount of lemongrass extract in reaction solution and thus
control the optical properties of gold nanotriangles in NIR region of electromagnetic
spectrum. Dialysis is one of the methods for size selective purification of a compound
from a crude mixture. The chapter also describes the size and shape controlled synthesis
of gold nanotriangles using lemongrass extract during dialysis through different cut-off
dialysis bags. We have also attempted to find out the molecular weight of biomolecule(s)
in the lemongrass extract, that act as reducing and/or shape directing agents in the
synthesis of triangular gold nanotriangles.

The fourth chapter describes the synthesis of triangular Au core-Ag shell

nanoparticles. Many protocols have been developed for the synthesis of spherical core-
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shell nanoparticles of various compositions but so far only few reports are available for
anisotropic core-shell nanoparticles. This chapter describes the synthesis of triangular
shape Au-Ag core-shell nanoparticles at room temperature. The chapter emphasizes the
thickness control of silver shell on the gold core by varying the pH of reaction solution.
The chapter also illustrates the synthesis of spherical shape gold-titania core-shell
nanoparticles using a hydrolyzing protein. The hydrolyzing protein has been isolated
from the fungus Fusarium oxysporum. It is cationic in nature and is a mixture of two
protein components. Titania salts are selectively hydrolyzed on the surface by the
hydrolyzing protein immobilized on the aspartic acid modified gold nanoparticles leading
to gold-titania core-shell nanoparticles.

The fifth chapter illustrates the effect of different halide ions on the morphology
of gold nanotriangles during and post synthesis using lemongrass extract. Halide ions
have different propensity to adsorb on the different crystallographic faces of gold
nanotriangles and modify the morphology of nanoparticles. An attempt has also been
made to understand the crystal growth of nanoparticles, which leads to the formation of
gold nanotriangles. During the synthesis of gold nanoparticles using lemongrass extract,
iodide ions drastically changed the morphology of gold nanoparticles to spherical shape.
We have also described the effect of surfactants like Cetyltrimethylammonium bromide
(CTAB) and Cetyltrimethylammonium chloride (CTAC) on the morphology of already
synthesized gold nanotriangles in the chapter. We have emphasized the effect of different
concentration of gold ions on the morphology of gold nanotriangles-surfactants complex.

The sixth chapter discusses the different physical means to control the size and
shape of the gold nanotriangles. Temperature is a crucial factor for size-controlled
synthesis of nanoparticles. There are several reports on the synthesis of anisotropic
nanoparticles at higher temperatures. We have discussed the effect of temperature on the
yield and size of the gold nanotriangles in this chapter. The rate of reduction of metal
ions governs the shape and size of the synthesized nanoparticles; an attempt has been
made to comprehend the nanotriangles growth. At higher temperature, the size and yield
of gold nanotriangles synthesized by using lemongrass extract is lower than at room
temperature. In this chapter, photo-fragmentation of gold nanotriangles in presence of

keggin ions (phosphotungustic acid) by UV light has also been discussed. Keggin ions
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are polyoxymetallates and can act as UV-switchable reducing agent. Different
concentrations of PTA molecules were added during and post synthesis of gold
nanotriangles using lemongrass extract, followed by UV irradiation for 3 hours to break
gold nanotriangles into small size gold nanoparticles.

The seventh chapter summarizes the work addressed in the thesis and emphasizes

on the possible further research work in this area.
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Characterization Techniques

The different experimental techniques used during the course of present work are
discussed in this chapter.
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2.1 Introduction:

The main emphasis of this thesis is as follows: 1) The size and shape controlled
synthesis of triangular gold nanoparticles through environmentally benign approach using
undialyzed and dialyzed plant extract (lemongrass extract). 2) Synthesis of anisotropic
Au core-Ag shell nanoparticles and spherical gold-titania core-shell nanoparticles. 3)
Shape transformation of gold nanotriangles by chemical and physical methods. The
synthesized gold nanoparticles has been characterized by various techniques such as UV-
vis-NIR Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), Transmission
Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM), X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS)
and Gel Electrophoresis. This chapter is devoted in explaining the basic principles and

the techniques used for the characterization.
2.2 UV-vis-NIR spectroscopy:

Spherical and anisotropic noble metal nanoparticles are ideal candidates for study
with UV-vis-NIR spectroscopy, since they exhibit strong surface plasmon resonance
absorption in the visible and NIR region of the electromagnetic spectrum. UV-vis-NIR
spectroscopy has been extensively used for monitoring the signatures of spherical and

triangular nanoparticles formed in different reaction conditions.
2.2.1 Basic principles:

Recently, absorption spectroscopy in the visible and NIR region has long been an
important tool to the scientist [1]. Colour transitions arise due to molecular and structural
changes in the compounds being examined, leading to the corresponding changes in the
ability to absorb light in the visible region of the electromagnetic spectrum. Appearance
of particular color arises from the property of the colored material to absorb selectively
within the visible region of the electromagnetic spectrum. Absorption of energy leads to a
transition of electron from ground state to excited state. Most of the spectra are very
broad, smooth curves and not sharp peaks. This is because of fact any change in the
electronic energy is accompanied by a corresponding change in the vibrational and

rotational energy levels. The magnitude of these energies increases in the following
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order: Eeec < Eyib < Eor. A variety of energy absorption is possible depending upon the
nature of the bonds within a molecule. For instance, strong ¢ bonds, in weaker 7- bonds
or non-bonding (n) and when energy is absorbed all of these types of electrons can be
elevated to excited antibonding states represented as ¢*, n*. Most ¢ to 6* absorptions for
individual bonds take place below 200 nm in the vacuum ultraviolet region and
compounds containing just ¢ bonds are transparent in the near UV/vis region. =—»7* and
o —»o* absorptions occur in the near UV/vis region, and result from the presence in
molecules of unsaturated groups known as chromophores.

The intensity of light passing through a sample is given by the following equation:
I=Tpexp(-akx) ...... (1)

Where I = intensity of transmitted light; Iy = intensity of incident light; o = molar
absorption coefficient; k = constant; x = path length.

The combined Beer-Lambert law is used for quantification of exact concentration of
"unknown" species in a mixture using UV-vis spectroscopy. This can be done by drawing
a graph of intensities of absorption for different concentrations of the sample and
comparing with a standard graph [1].

The Beer-Lambert law is:

Where ¢ = proportionality constant known as the absorptivity.

UV-vis-NIR spectroscopy is a basic tool for characterization of colloidal particles.
In particular, spherical metal nanoparticles exhibit surface plasmon resonance absorption
in the visible region [2]. Simultaneously, anisotropic nanoparticles also show
characteristic absorption in the visible and near infrared (NIR) region. The light
absorption by small metal nanoparticles was described by Mie’s theory [3]. Mie’s theory
explained the absorption by small nanoparticles, which have size below the wavelength
of light used and particles are well separated in the solution. The absorption spectrum of
particles in a given solvent can be calculated from the optical constants of the bulk metal,
although the absorption of the nanoparticles is enormously different from that of the bulk
metal itself [3]. The absorption spectrum of spherical nanoparticles of size ranging from 3
to 30 nm does not depend upon the particle size. This is because the particles are below

the size at which higher order terms in the Mie formula for the absorption constant
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become significant. Thus, one has to regard only the dipole term, which depends only on
the total metal concentration in the solution and not on particle size.
The absorption coefficient in mol™. L. cm™ is calculated from the following relation [2,
4]

187 10° Mn, &,

= ...
mo A p (e + 202) + & ©)

where A is the wavelength of light, M and p are the molecular weight and density of the
metal, n, is the refractive index of the solvent and ¢; and &, are the real and imaginary
parts of the dielectric constant of the metal. When the size of the particles becomes
smaller than the mean free path of the electrons, the absorption bands are broadened; this

is accounted by using size-corrected values of €, [2, 4].

& = &y T (60%3} (VF/R) )]

where o is the frequency of light, o, the plasmon frequency, Vr the electron velocity at
the Fermi level and R the particle radius (R/Vy, mean time of the free movement of the
electrons). Gold and silver particles with diameters of the nanometer scale exhibit very
bright colors. The bright colors of noble metal nanoparticles are due to the resonant
excitation of a collective oscillation of the conduction band electrons in the particles
termed surface plasmon resonance. Conduction electrons (-) and ionic cores (+) in a
metal form a plasma state. The movement of electron under the influence of the electric
field vector of incoming light leads to a dipole excitation across the spherical particles,
the positive polarization charge acting as a restoring force, which makes the electrons
oscillates (Figure 2.1). Therefore, electron density within surface layer, thickness of
which is about equal to the screening length of a few angstroms, oscillates, whereas the
density in the interior of particles remains constant (surface plasmon). Resonance with
the incident light is reached at the wavelength where the negative value of €; of metal is
equal to twice the dielectric constant of medium (equation 3). Therefore, any changes in
the electron density of this surface layer will lead to changes in the plasmon absorption
[5]. This surface sensitivity of colloidal nanoparticles has been used to study

adsorption/chemisorption of thiols, biomolecules and halide ions [6].
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Figure 2.1: Schematic representation of polarization of a spherical metal particle by the electrical
field vector of the incoming light.

For larger particles, light cannot polarize the metal nanoparticles homogeneously
and therefore, retardation effect leads to the excitation of higher modes. Higher modes in
Mie’s equation become more dominant with particle size, leading the red shift of
absorption band and resulting in bandwidth. Within the size range of 25 nm the
nanoparticles can be treated with dipolar approximation and is independent of the particle
size [5]. For anisotropic and spheroid nanoparticles, Gans extended Mie’s theory for
spherical nanoparticles within dipole approximation [7]. The surface plasmon band for
nanorods can be split into two bands. The higher wavelength band (low energy band) is
caused by the oscillation of the electrons along the major axis of the nanorods and is
known as the longitudinal surface plasmon absorption. While the lower wavelength band
(high energy band) is caused by oscillation of the electron perpendicular to the major axis
of nanorods and is called as the transverse surface plasmon band [5].

In case of gold nanotriangles, electrons oscillation occurs in the plane and out of
plane of nanoparticles, leading to the development of a strong band in the NIR region
(longitudinal band) and a weak band in the visible region (transverse band). The
longitudinal band is also called in the plane plasmon vibration band that appeared to be
sensitive to the edge length of gold nanotriangles. The transverse band is assigned to the

out of plane dipole vibration band. In certain cases even a weak band intermediate to
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these two regions is observed and is assigned to the in plane quadrupole mode of plasmon
resonance [8].

UV-vis-NIR spectroscopy was used to monitor the synthesis of gold nanotriangles
using undialyzed lemongrass extract and dialyzed lemongrass extract. The formation of
triangular Au core-Ag shell nanoparticles and spherical gold-titania core-shell
nanoparticles was analysed by using UV-vis-NIR spectroscopy. UV-vis-NIR
spectroscopy was also used to monitor the morphological transformation of triangular
gold nanoparticles using chemical and physical means. These measurements were done

on a JASCO V570 UV/VIS/NIR spectrophotometer operated at a resolution of 1 nm.
2.3 Fourier Transform Infrared Spectroscopy (FTIR):

FTIR is a powerful tool to investigate the presence of functional groups in a given
compound. Biomolecules of lemongrass extract bound on the surface of gold
nanoparticles give signatures in the infrared region of electromagnetic spectrum. For
instance, ketonic group present in lemongrass extract shows band at 1700 cm™. CTAB
and CTAC used for morphology transformation of gold nanotriangles can also be easily
detected in the FTIR spectra. The hydrolysing protein used for the synthesis of gold-
titania core-shell nanoparticles gives rise to well know FTIR signatures. The position of
the amide I (the C=0 band in amide linkage at ca. 1650 cm™), amide II band (the N-H
stretch mode of vibration in the polypeptide linkage at ca. 1546 cm™) and the amide III
(the C-N band in the polypeptide chain at ca. 1240 cm™) bands in the FTIR spectra of
proteins is a sensitive indicator of conformational changes in the protein secondary

structure [9].
2.3.1 Basic Principle:

The atoms in a molecule do not remain in a fixed relative position and vibrate
about some mean position. Due to this vibrational motion if there is a periodic alternation
in the dipole moment then such mode of vibration is infrared (IR) active. The IR region
of the electromagnetic spectrum is 100 pm — 1 pm wavelength. The vibrating molecule
absorbs energy only from radiation with which it can coherently interact, i.e. the radiation
of its own oscillation frequency. The principles of IR can be explained by classical as

well as quantum theories [6]. The classical model considers a simple ball and spring
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model wherein diatomic molecule with two masses m1 and m2 are connected by a spring.
According to Hooke's law when spring is displaced,

F=-kx....(5)
Where F = opposing restoring force; k = force constant; x = displacement from
equilibrium position. This is simple harmonic equation wherein the frequency of

vibration is given by the relation:

v = 1k ... (6)
2 y7i

Where p is the reduced mass. Using simple laws of mechanics, a system of masses joined
by springs has a number of fundamental modes of vibration each of which has a
particular natural frequency.

Silicon is the most commonly used substrate for IR measurements, for variety of
reasons. It is chemically very stable and generally not very reactive even at high
temperatures. It is excellent for optical studies of deposited films in the visible region
using reflection techniques. It does not have strong lattice absorption bands in the useful
regions of the infrared and thus can be used for transmission studies in this region. To
correct for the lattice absorption bands in silicon, a reference silicon sample is used as a
reference.

Gold nanoparticles synthesized using various methods in this thesis have been
drop coated on the Si(111) substrate. All FTIR spectra have been carried out on Perkin
Elmer Spectrum One FTIR spectrometer operated in the diffuse reflectance mode at a

resolution of 4 cm™.
2.4 Transmission Electron Microscopy (TEM):

TEM is a method to produce images of a sample by illuminating sample with
electronic radiation and detecting the electrons that are transmitted through the sample.
This technique requires that the thickness of the films under study will be less than 300
A; however, direct observation of one monolayer is not possible because of lack of
contrast. The electron energy in TEM is very high (100 keV) and the resolution ranges
from 1000 A to a few tens of Angstroms. Sample for TEM measurement was prepared by

drop coating the carbon-coated Cu grid with liquid sample, allowing the grid to stand for
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2 minutes following which extra solution was removed carefully by blotting paper. TEM
analysis was performed on a JEOL model 1200EX instrument operated at an accelerating

voltage at 120 kV.

Virtual Source

=+ First Condenser Lens

= P — =+ Second Condenser Lens

Condenser Aperture

Sample
.. Objective Lens

ey Objective Aperture
d Selected Area Aperture

First Intermediate Lens

Second Intermediate Lens

Projector Lens

Main Screen (phosphor)

Figure 2.2: Diagram showing the various elements of the TEM instrument.

In TEM instruments, the electron gun usually consists of a tungsten wire filament,
which is bent into a hairpin ("V") shape and surrounded by a shield with a circular
aperture (1-3 mm diameter) centered just below the filament tip. Electrons in the gun are
accelerated across a potential difference of the order of 100,000 volts between the
cathode (at high negative potential) and anode (at ground potential). The function of the
condenser lens is to focus the electron beam emerging from the electron gun onto the
specimen to permit optimal illuminating conditions for visualizing and recording the
image. The optical enlarging system of an electron microscope consists of an objective
lens followed by one or more projector lenses. The objective lens determines resolution
and contrast in the image, and all subsequent lenses bring the final image to a convenient

magnification for observation and recording. The objective lens is most critical lens since
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it determines the resolving power of the instrument and performs the first stage of
imaging. The specimen image generated by the objective lens is subsequently magnified
in one or two more magnification stages by the intermediate and projector lens and
projected onto a fluorescent screen or photographic plate (Figure 2.2). The darker areas
of the image represent those areas of the sample that fewer electrons were transmitted
through (they are thicker or denser). The lighter areas of the image represent those areas
of the sample that transmit more electrons (they are thinner or less dense).

In present study, TEM has been used to analyze the shape and size of
nanoparticles formed by using lemongrass extract. TEM measurements were also carried
out to observe the morphology of gold nanoparticles formed using dialyzed extract from
different cut-off (3, 12.5 and 30 kDa) bags and also formed during the dialysis of
lemongrass extract against HAuCly. The synthesis of core-shell nanoparticles and
morphological transformation of gold nanotriangles was also investigated using TEM.
High-resolution transmission electron microscopy (HRTEM) of the gold nanotriangle and
core-shell nanoparticle samples prepared on carbon coated grids were carried on a JEOL
model 3010 operated at an accelerating voltage of 300 kV and FEI G* super Twin 300 kV

FEG machine having resolution of 0.1 nm.
2.5 Scanning Electron Microscopy (SEM):

Scanning Electron Microcopy is a powerful tool for direct observation of surfaces
because they provide better resolution and depth of field than optical microscope. By
scanning with an electron beam that has been generated and focused by the operation of
the microscope, an image is formed in much the same way as a television. SEM
measurements were performed on a Leica Stereoscan-440 scanning electron microscope
instrument equipped with a Phoenix EDAX attachment. SEM was used for analysis of the

morphology of gold nanoparticles formed using lemongrass extract.
2.5.1 Basic Principle:

The instrument can be simplified into three major sections: a) electron-optical
'column'; b) vacuum system and c) electronics and display system [10]. A tungsten
filament is heated to 2700 K, which produces electrons that are accelerated towards the

anode disc. Electrostatic shaping of the electron beam under vacuum gives a beam
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diameter of about 50 pm. The ultimate performance of the SEM is mainly limited by the
diameter of the beam and hence two lenses and condensers demagnify the beam to
around 5 nm. The scanning coils deflect this beam and sweep it over the specimen
surface. A cathode-ray display tube is scanned synchronously with the electron beam.
The brightness of the display tube is modulated by the signal, which arises from the
interaction of the beam with the surface element, which is probed. The strength of this
signal is translated into image contrast. Secondary electrons, which the beam probe
liberates from the specimen surface, are collected and used as the contrast signal. The
yield of collected electrons depends on the nature of the specimen surface and on its
inclination with respect to the probing beam. Consequently, one obtains pictures with a

high perspective appearance [10]
2.5.2 Specimen- Beam Interaction:

There are different types of interaction of electron beam with the samples as
shown in Figure 2.3 [10]. One can have unscattered electron, wherein electron beam
(energy in the range of 20 - 30 keV) just passes through the thin sample (< 1 um) and
does not contain any information about the sample. Most of electrons are scattered at
large angles (0 to 180°) when they interact with positively charged nucleus. These
elastically scattered electrons called “backscattered electron” are used for SEM imaging.
Some electrons scatter inelastically due to the loss in kinetic energy upon their interaction
with orbital shell electrons. Due to electron bombardment, phonons are set up in the
specimen resulting considerable heating of the specimen. Incident electrons may knock
off loosely bound conduction electrons out of the sample. These are secondary electrons
and along with backscattered electrons are widely used for SEM topographical imaging.
If the electron beam knocks off an inner shell electron, the atom rearranges by dropping
an outer shell electron to an inner one. This excited or ionised atom emits an electron
commonly known as the Auger electron. Recently Auger electron spectroscopy (AES) is
useful to provide compositional information. Instead of excited atom releasing Auger
electron, it can release a photon of electromagnetic radiation. If the amount of energy
released is high, the photon will be an X-ray photon. These electrons are characteristic of

the sample and can be used for analysis. This type of analysis is known as Energy
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Dispersive analysis of X-rays (EDAX). We have used this for spot profile analysis to

determine the presence of gold in nanotriangles formed by using lemongrass extract.

Electrons/Specimen Interactions

Incident Beam Primary Backscattered Electron

Atomic number and

X-rays o .
Through Thickness Topographical information
Composition Information Cathodoluminescence
Electrical Information
Auger Electron
Surface Sensitive Secondary Electrons
Compositional Information Y w— Topographical Information

/ Sample / -
Specimen Current

Electrical Information

Figure 2.3: Schematic showing the interaction between electron and specimen.
2.6. Atomic Force Microscopy (AFM):

The atomic force microscope (AFM) is a high-resolution type of scanning probe
microscope, with demonstrated resolution of fractions of an Angstrom, more than 1000
times better than the optical diffraction limit. The AFM was invented by Binnig, Quate
and Gerber in 1986, and is one of the foremost tools for imaging, measuring and

manipulating matter at the nanoscale.
2.6.1 Basic Principle:

The AFM consists of a microscale cantilever with a sharp tip (probe) at its end
that is used to scan the specimen surface. The cantilever is typically silicon or silicon
nitride with a tip radius of curvature on the order of nanometers. When the tip is brought
in the proximity of a sample surface, forces between the tip and the sample lead to a
deflection of the cantilever according to Hooke's law. Depending on the situation, forces
that are measured in AFM include mechanical contact force, Van der Waals forces,

capillary forces, chemical bonding, electrostatic forces, magnetic forces (Magnetic force
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microscope (MFM)), Casimir forces, solvation forces etc. Typically, the deflection is
measured using a laser spot reflected from the top of the cantilever into an array of
photodiodes. Other methods that are used include optical interferometry, capacitive
sensing or piezoresistive AFM probes. These probes are fabricated with piezoresistive
elements that act as a strain gage. Using a Wheatstone bridge, strain in the AFM probe
due to deflection can be measured, but this method is not as sensitive as laser deflection
or interferometry.

If the tip is scanned at a constant height, there would be a risk that the tip would
collide with the surface, causing damage. Hence, in most cases a feedback mechanism is
employed to adjust the tip-to-sample distance to maintain a constant force between the tip

and the sample.

Detector and
Feedback
Electronics

Photodiode

Sample Surface Cantilever & Tip

- PZT Scanner

Figure 2.4: Schemtic showing various elements of the AFM instrument. (Ref:
http://en.wikipedia.org/wiki/Atomic_force microscope)

Traditionally, the sample is mounted on a piezoelectric tube, that can move the
sample in the z direction for maintaining a constant force, and the x and y directions for
scanning the sample. Alternately a 'tripod' configuration of three piezo crystals may be
employed, with each responsible for scanning in the x, y and z directions. This eliminates
some of the distortion effects seen with a tube scanner. The resulting map of the area s =
f(x,y) represents the topography of the sample. The AFM can be operated in number of

modes, depending on the application. In general, possible imaging modes are divided into
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static (also called Contact) modes and a variety of dynamic modes. The AFM images
presented in this thesis were taken in the contact mode on the Vecco Nanoscope 1V

instrument.
2.7 X-ray Diffraction (XRD):

In 1895 after discovering X-ray by Rontgen, Von Laue demonstrated that X-ray
could be diffracted by crystal in 1912. In 1935 Le Galley first constructed X-ray powder
diffractometer. Largely metallurgists and mineralogists use powder diffraction primarily
to study structural imperfections. X-ray are electromagnetic radiation with wavelength of
the order of 10" m. They are typically generated by bombarding a metal with high-
energy electrons. The high-energy electron must penetrate through the outer electron
shells and interact with the inner-shell (or core) electrons. If more than a critical amount
of energy is transferred to an inner-shell electron, that electron is ejected; i.e. it escapes
the attractive field of the nucleus, leaving a hole in the inner shell and generates ionized
atom (Figure 2.5). The ionized atom can return almost to its lowest energy (ground state)
by filling in the missing electron with one from the outer shells. It is this transition which
is accompanied either by the emission of an X-ray or an Auger electron. In 1913, Sir
W.H. Bragg and his son Sir W.L. Bragg gave the famous Bragg's Law to explain why the
cleavage faces of crystals appear to reflect X-ray beams at certain angles of incidence (0).

Bragg’s Law ... nA=2dsinf .... (7)
The variable d is the distance between atomic layers in a crystal, the variable lambda A is
the wavelength of the incident X-ray beam and n is an integer. This observation is an
example of X-ray wave interference commonly known as X-ray diffraction (XRD), and
was direct evidence for the periodic atomic structure of crystals postulated for several
centuries [11]. Although Bragg's law was used to explain the interference pattern of X-
rays scattered by crystals, diffraction has been developed to study the structure of all
states of matter with any beam, e.g., ions, electrons, neutrons, and protons, with a
wavelength similar to the distance between the atomic or molecular structures of interest.

A crystal may be defined as a collection of atoms arranged in a pattern that is

periodic in 3D. Crystals are necessarily solids, but not all solids are crystalline. In a

perfect single crystal all atoms in the crystal are related either through translational
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symmetry or point symmetry. Polycrystalline materials are made up of a great number of

tiny single crystals.
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Figure 2.5: Schematic shows the processes that contribute to the generation of X-rays.

In powder diffraction method we can get the information from peak positions,
crystal system, space group symmetry, translational symmetry, unit cell dimension,
qualitative phase identification, from peak intensities unit cell contents, point symmetry
and from peak shapes and widths crystalline size, non-uniform microstrain, extended
defects [11]. Deviations from ideal crystallinity, such as finite crystallite size and strain
lead to broadening of the diffraction lines. By analyzing this broadening it is possible to
extract information about the microstructure of a material. A perfect crystal would extend
in all directions to infinity, so we can say that no crystal is perfect due to its finite size.
This deviation from perfect crystallinity leads to a broadening of the diffraction peaks.
However above a certain size (~ 0.1-1 pm) this type of broadening is negligible.
Crystallite size is a measure of the size of a coherently diffraction domain. Due to
presence of polycrystalline aggregates crystallite size is not generally the same thing as
particle size. In 1918 Scherrer first observed that small crystallite size could give rise to
line broadening. He derived a well-known equation for relating the crystallite size to the

broadening, which is called the “Scherrer formula”.

Dy =K M(B cosh) ... (8)
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where, D_= volume weighted crystallite size, k = Scherrer constant, somewhat arbitrary

value that falls in the range 0.87-1, A = wavelength of the X-ray radiation, § = integral
breadth of a reflection (in radians 20) located at 26.

XRD patterns of gold-titania core-shell nanoparticles and different concentrations
of Keggin ions bound gold nanotriangles drop coated on glass substrates were recorded
on a Phillips PW 1830 instrument operating at a voltage of 40 kV and a current of 30 mA

with Cu-Ka radiation.

2.8 X-ray Photoemission Spectroscopy (XPS):

X-ray Photoelectron Spectroscopy known as XPS has been developed by
Professor K. Siegbahn for which he was awarded the Physics Nobel Prize in 1981. XPS
is surface science technique used to study the composition and electronic state of the
surface region of a sample. Since, the technique provides a quantitative analysis of the
surface composition is sometimes known by the alternative acronym, ESCA (Electron

Spectroscopy for Chemical Analysis).
2.8.1 Basic Principle:

XPS is based on well-known photoelectric effect (a single photon in/electron out
process) first explained by Einstein in 1905. Photoelectron spectroscopy uses
monochromatic sources of radiation (i.e. photons of fixed energy given by relation, E =
hv). In XPS the photon is absorbed by an atom in a molecule or solid, leading to
ionization and the emission of a core (inner shell) electron. The kinetic energy
distribution of the emitted photoelectrons (i.e. the number of emitted photoelectrons as a
function of their kinetic energy) can be measured using any appropriate electron energy
analyser and a photoelectron spectrum can thus be recorded. The one way to look at the

overall process of photoionization is follows:

+

A+hv=A +e- ....(9)
Conservation of energy then requires that:
N
E(A)+hv=E(A )+E(e-) ....(10)
Since the electron's energy is present solely as kinetic energy (KE) this can be rearranged

to give the following expression for the KE of the photoelectron:
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KE =hv - (E(A+) -E(A)) ....(11)
The final term in brackets, representing the difference in energy between the ionized and
neutral atoms, is generally called the binding energy (BE) of the electron - this then leads
to the following commonly quoted equation:
KE=hv-BE ...(12)
the binding energies (BEs) of energy levels in solids are conventionally measured with
respect to the Fermi-level of the solid, rather than the vacuum level (Figure 2.6). This
involves a small correction to the equation given above in order to account for the work
function () of the
solid,
KE=hv-BE-¢ ... (13)
Employing photons with fixed energy hv, it is obvious that if kinetic energy KE and work
function ¢ of the sample is measured, it is possible to measure binding energy of electron

in solid.
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Figure 2.6: Schematic showing photoemission of electron in XPS.

Binding energies being characteristic of atoms, different elements present in the
sample under investigation are identified. Electrons traveling through a material have a
relatively high probability of experiencing inelastic collisions with locally bound

electrons as a result of which they suffer energy loss and contribute to the background of
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the spectrum rather than a specific peak. Due to inelastic scattering process, the flux of
photoelectrons emerging from the sample is much attenuated. The soft X-rays employed
in XPS penetrate a substantial distance into the sample (~ pum). Thus this method of
excitation imparts no surface sensitivity at the required atomic scale. However the
photoelectrons can escape from only a very short distance beneath the surface (< 100 A).
The surface sensitivity thus arises from the emission and detection of the photoemitted

electrons.
2.8.2 Chemical Shift:

The exact binding energy of an electron depends not only upon the level from

which photoemission is occurring, but also upon:

(1) the formal oxidation state of the atom

(2) the local chemical and physical environment

changes in either (1) or (2) give rise to small shifts in the peak positions in the spectrum -
so-called chemical shifts. Atoms of a higher positive oxidation state exhibit a higher
binding energy due to the extra coulombic interaction between the photo-emitted electron
and the ion core. This ability to discriminate between different oxidation states and
chemical environments is one of the major strengths of the XPS technique.

The basic requirements for a XPS experiment are:

(1) X-ray source of fixed-energy radiation (usually Mg Ka with hv = 1253.6 eV or Al Ka
with hv = 1486.6 eV)

(2) Concentric hemispherical analyser (CHA), which uses an electric field between two
hemispherical surfaces to disperse the electrons according to their kinetic energy, and
thereby measure the flux of emitted electrons of a particular energy.

(3) A high vacuum environment (to enable the emitted photoelectrons to be analysed
without interference from gas phase collisions)

For the work described in this thesis, the XPS spectra of C 1s, Au 4f, Ag 3d, Br
3d, Cl 2p, Ti 2p and N 1s core levels were recorded from different samples such as gold
nanotriangles, halide ions and surfactants modified gold nanotriangles as well as core-
shell nanoparticles deposited on Si(111) wafers. XPS measurement were carried out on a
VG Microtech ESCA 3000 instrument at a base pressure better than 1 x 10” Torr with

un-monochromatized Mg Ka radiation (1253.6 eV energy). The measurements were
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made in the constant analyzer energy (CAE) mode at pass energy of 50 eV and electron
takeoff angle (angle between electron emission direction and surface plane) of 60°. This
leads to an overall resolution of ~ 1 eV in the measurements. The chemically distinct
components in the core level spectra were resolved by a non-linear least squares fitting

algorithm after background removal by the Shirley algorithm [12].
2.9 Gel electrophoresis:

The term electrophoresis describes the migration of a charged particle under the
influence of an electric field [13]. Many important biological molecules, such as amino
acids, peptides, proteins, nucleotides and nucleic acids, posses ionizable groups and,
therefore, at any given pH, exist in solution as electrically charged species either as
cations (+) or anions (-). Under the influence of an electric field these charged particles
will migrate either to the cathode or to the anode, depending on the nature of their net
charge [13]. The equipment required for electrophoresis consists basically of two items, a
power pack and an electrophoresis unit (Figure 2.7). Electrophoresis units are available

for running either vertical or horizontal gel systems.

Figure 2.7: Representative ~ horizontal gel electrophoresis system. (Ref:
http://images.google.co.in./images? hl=en&q=Agarose%20gel%20electrophoresis.)

In this thesis, we have used horizontal gel system to investigate charge on the

surface of gold nanotriangles synthesized during dialysis of lemongrass extract against
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HAuCly. Horizontal slab gel units are commercially available and routinely used to
separate DNA and RNA in agarose gels. Gel dimension is typically 6 cm x 5 cm with
thickness of ca. 0.5 mm to 1 mm. A plastic comb is placed in melted agarose gel solution
and comb is removed after solidification of gel to get wells for loading samples. The

electrophoresis is carried out in the phosphate buffer of pH 7.4.
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Synthesis of Triangular and
Hexagonal Gold Nanoparticles using
Undialyzed and Dialyzed Lemongrass
Leaf Extract

WESRE A 50 nm :
Lemongrass Leaves Hexagonal Gold Nanoparticles

In this chapter, room temperature synthesis of highly anisotropic gold nanoparticles
(triangular and hexagonal) using lemongrass (Cymbopogon flexuosus) leaf extract has
been discussed. Dialysis is used as a novel method to control the size and yield of
triangular and hexagonal nanoparticles. 3, 12.5 and 30 kDa cut-off dialysis bags were
used for the synthesis of gold nanotriangles during dialysis of lemongrass extract against
10°M HAuCl, solutions. The extract dialyzed using different cut-off bags were also used
for the synthesis of gold nanotriangles. The anisotropic nanoparticles display an intense
absorption in the NIR region of the electromagnetic spectrum, which can be controlled by
varying the amount of lemongrass extract in the reaction medium using different cut-off
dialysis bags. The chapter also discusses the size of biomolecules present in lemongrass
extract, which play an important role as reducing and shape directing agents for the
nanotriangle synthesis.
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3.1 Introduction:

Biology has always fascinated materials scientists due to their precise regulation
of the morphology of crystals. Inspired by biomineralization, nanotechnologists have paid
much attention towards the synthesis of materials of particular size and shape using
biomolecules or organisms as reducing or templating agents. Magnetic nanoparticles
present inside magnetotactic bacteria [1], siliceous structures in diatoms [2] and
calcareous nanostructures in various organisms [3] etc are motivating factors for
scientists to synthesize materials in nanodimensions using biological means. Metal
nanoparticles are always attractive candidates because of their unique properties that are
different from their bulk counterparts that endow them with numerous applications in
opto-electronics [4], catalysis [5], magnetic devices [6], biosensing [7], biodetection [8],
and drug/gene delivery [9]. Nowadays, colloid chemistry is challenged to control not only
the size of metal nanoparticles but also the shape and morphologies. Shape control is an
alternative tool to modulate the optical and catalytic properties of nanomaterials. Much
effort has been devoted to the synthesis of various shapes of nanoparticles like nanocubes
[10], nanorods/nanowires [11], nanodisks [12], nanotetrapods/nanoarrows/nano-tear
drops [13], nanobelts/nanoribbons [14] and nanodumbbells [15] by chemical and physical
methods. Recently, synthesis of metal nanoprisms has received enormous attention
mainly due to their unusual optical and catalytic properties with potential application in
various fields. There are several reports on the synthesis of silver nanotriangles [16] but
fewer efforts have been made to synthesize gold nanoprisms [17]. The synthesis of these
anisotropic nanoparticles is achieved by chemical and physical means, which are often
hazardous to the environment. Thus, there are growing demands for the synthesis of
nanoparticles through clean, nontoxic and environment friendly (green chemistry)
procedures. Therefore, biological processes that lead to formation of nanomaterials
appear to be a promising endeavor as environmentally benign nanofactories.

Beveridge and coworkers first demonstrated the deposition of gold nanoparticles
within bacterial cells [18]. Reduction of Ag" ions and formation of silver nanoparticles
within the periplasmic space of the bacterium Pseudomonas stutzeri AG259 was shown
by Klaus-Joerger and coworkers [19]. Sastry and coworkers have shown earlier that intra

and extracellular synthesis of nanoparticles of various compositions and size could be
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achieved by using bacteria and fungi [20]. Brown et al. have investigated the polypeptide
directed synthesis of gold nanocrystals and found that polypeptides could control the
morphology and orientation of nanocrystals [21]. Apart from the microorganisms used
for synthesis, biomolecules like starch [22, 17d], aspartic acid [23] and phospholipids
[24] have also been used as reducing and stabilizing agents for the synthesis of gold and
silver nanostructures. Though microorganisms are utilized for synthesis of various
compositions of nanoparticles, the use of plants or plant extracts for synthesis of
nanoparticles is an under-exploited area. Plants have been used as phyto-remediation
sources for removal of contaminations from soils and water for a long time [25]. Plants
are also used for hyper-accumulation of heavy metals in different parts either through
reduction of metals ions to lower oxidation state or complexation of biomolecules to
metals in its native oxidation state [26]. Jose-Yacaman’s group has shown that live
Alfalfa plants reduced Au’" ions to Au’ oxidation state to form metal nanoparticles inside
the plants [27]. They have also demonstrated the synthesis of silver nanoparticles inside
Alfalfa plant shoots by supplying the Ag" ions in the plant growth media [28]. In another
report, oat, wheat biomass, geranium and neem plant extracts have been used as reducing
agents to synthesize gold nanoparticles of various size and shape [29]. As far as
commercial production of metal nanoparticles is concerned, the metal nanoparticles
synthesized inside plants and micro-organisms (intracellular) suffer primarily from
product harvesting and recovery that are cumbersome and expensive. Therefore, the
extracellular synthesis plays a pivotal role in the synthesis of various compositions of
nanoparticles in the large scale.

In this chapter, an attempt has been made to synthesize triangular gold
nanoparticles using a plant extract. We discuss a single step and room temperature
process for synthesis of triangular and hexagonal gold nanoparticles using lemongrass
extract as the reducing and shape-directing agent. The yield of the gold nanotriangles by
this method is better than other reported chemical and photo-induced methods. As
compared to spherical counterparts, triangular and hexagonal gold nanoparticles show
two surface plasmon resonance bands; one in the visible region at 520 nm and another in
the NIR region of the electromagnetic spectrum [16, 17]. The intense absorption of the

triangular nanoparticles in the NIR region could make these nanoparticles potential
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candidates for cancer hyperthermia [30] and architectural application in optical coating
for blocking the NIR light from the solar spectrum [31]. The absorption by triangular
nanoparticles in NIR region depends on their edge length and could be controlled by
varying the concentration of lemongrass extract in the reaction medium [31]. Dialysis is a
method used particularly in biology to purify a single compound from a mixture of
compounds. Dialysis is the process of separating molecules in the solution by difference
in their rate of diffusion through a semipermeable membrane (dialysis bag). The
purification of a compound using dialysis depends upon the rate of diffusion of molecules
through pores of the bag due to concentration gradients across the dialysis bag. A
concentration gradient is due to the difference in concentration of solutions separated by

the membrane and it determines the rate of diffusion.

Fick’s law governs the diffusion of molecules across the dialysis bag. Fick’s first
law is applied in steady state diffusion i.e., when the concentration within the diffusion
volume does not change with respect to time.

J=-p%
o
where
J is the diffusion flux, D is diffusion coefficient

J¢ is concentration gradient
Oz

The size of the pores in the bag and that of the constituents of the mixture is also
an important factor for the size selective purification of a compound. Molecules (salts,
water or small molecules), small enough to pass through the semipermeable membrane,
tend to move into or out of the dialysis bag in the direction of decreasing concentration.
Larger molecules, which have dimension significantly greater than the pore diameter, are
retained inside the dialysis bag. In this chapter, dialysis is used as a tool to regulate the
green chemistry approach of synthesis of nanoparticles of controlled size and shape using
lemongrass extract and hence to fine-tune their optical properties. Dialysis has been used
for the size selective separation of biomolecules from several sizes of biomolecules of
lemongrass extract. Biomolecules of lemongrass extract, which have size below the pore

size of corresponding dialysis bags, diffuse from inside the bags to external solutions
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(lower concentration), while larger biomolecules remain inside the bags and therefore the
concentrations and compositions of extract both inside and outside the dialysis bags are
different. The different concentrations of extract both inside and outside the dialysis bags
facilitate synthesis of varying yield and size of gold nanotriangles due to the different rate
of reduction of gold ions in the solution. In this chapter, we have also strived to
investigate the size of biomolecules of lemongrass extract that is responsible for

nanotriangle formation using different cut-off viz; 3, 12.5 and 30 kDa dialysis bags.

3.2 Synthesis of gold nanotriangles and nanohexagons using lemongrass

leaf extract:

3.2.1 Experimental Details:

Lemongrass leaf extract was prepared by boiling 100 g of thoroughly washed and
finely cut lemongrass leaves (Cymbopogon flexuosus) in 500 mL sterile distilled water.
In a typical experiment, 10 mL of this lemongrass extract was added to 90 mL of 10° M
aqueous HAuCly solution. The reduction of AuCly ions was monitored by recording the
UV-vis-NIR absorption spectra as a function of time of reaction of this mixture. The
percentage of gold nanotriangles in solution was enhanced up to 98% by centrifuging the
nanotriangle solution three times at 1000 rpm for 15 minutes followed by redispersion in
water. The UV-vis-NIR spectrum of the purified gold nanotriangles was recorded from a
drop-coated film on the quartz slide. Gold nanotriangles synthesized by lemongrass
extract were characterized by Transmission electron microscopy (TEM) and Scanning
electron microscopy (SEM). Atomic force microscopy (AFM) analysis in the contact

mode was done to find out the thickness of the gold nanotriangles.
3.2.2 UV-vis-NIR spectroscopy Analysis:

UV-vis-NIR spectra were recorded as a function of time of reaction for
undialyzed lemongrass extract with 10° M HAuCl, solution at room temperature. Curve
1 in Figure 3.1 shows the surface plasmon resonance band (SPR) at ca. 580 nm after 1 h
of reaction. With time, the surface plasmon band at 580 nm is gradually shifted to 540 nm
with increase in intensity. This change is also accompanied by appearance of a new band

in the NIR region of the electromagnetic spectrum. The UV-vis-NIR spectrum of gold
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nanoparticles synthesized after 2 h of reaction (curve 2 of Figure 3.1) reveals two SPR
bands: one at lower wavelength at 540 nm and another at ca. 1108 nm in the NIR region
of the electromagnetic spectrum [32]. The UV-vis-NIR spectra of gold nanoparticles
synthesized after 3, 5 and 6 h of reactions (curves 3 to 5 respectively) show an increase in
the intensity of SPR band at 540 and 1250 nm and a red shift of the band in the NIR
region as compared to curve 2. The red shift in the NIR band reflects an increase in edge
length of gold nanotriangles during the growth process [31-33]. Time dependent growth
of the NIR band observed in the absorption spectra is a characteristic feature of either
formation of aggregated nanoparticles [7a, 34] or the synthesis of anisotropic gold

nanoparticles whose aspect ratio increase with time of reaction [12, 35].
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Figure 3.1: A) UV-vis-NIR spectra recorded as a function of time of reaction of lemongrass
extract with 10°M HAuCl,. Curves 1-5 correspond for spectra recorded after 1, 2, 3, 5 and 6 h of
reaction respectively. B) UV-vis-NIR spectra were recorded from the purified gold nanotriangles
after three times centrifugation of solution and in the form of film cast on the quartz substrate
(inset of Figure B).

After complete saturation of the reaction, the NIR band does not show an increase
in intensity even after a month in the reaction solution, which indicates no further growth
of the gold nanotriangles. The TEM image (Figure 3.2) of gold nanoparticles synthesized
using lemongrass extract shows a large percentage of gold nanotriangles and spherical

nanoparticles with no aggregation of the gold nanoparticles, which have been discussed
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below in the text. Thus, from these results, it can be stated that the large absorption in the
NIR region of electromagnetic spectra is due to the presence of anisotropic gold
nanoparticles like gold nanotriangles and hexagons in the reaction solution. The
absorption band observed at 540 nm is due to the combined effect of dipole plasmon
band of spherical particles and transverse component of SPR band (out of plane plasmon
vibration) of the gold nanotriangles and hexagons while the absorption band observed in
the NIR region is due to the longitudinal component of SPR band (in-plane plasmon
vibration) [32a, b, d, 36]. Figure 3.1B represents the UV-vis-NIR spectrum of purified
gold nanotriangles (after three times centrifugation), which shows high intensity
longitudinal SPR band along with a significant loss in the transverse SPR band at 550
nm. The loss in the intensity of the transverse component clearly indicates removal of
spherical particles from solution containing gold nanotriangles by the repeated
centrifugation process. Interestingly, the in-plane quadrupole plasmon mode of SPR is
also observed at ca. 815 nm for the purified gold nanotriangles (Figure 3.1B), which has
been reported earlier by Mirkin’s group [37]. The inset of Figure 3.1B shows the UV-vis-
NIR spectrum of a purified gold nanotriangle film on a quartz substrate, prepared by drop
coating and solvent evaporation of the gold nanotriangle solution onto the substrate. The
UV-vis-NIR spectrum of gold nanotriangles film shows a shoulder at ca. 720 nm along
with an intense longitudinal band at 1660 nm in the NIR region. The observed shoulder at
720 nm in the UV-vis-NIR spectrum for gold nanotriangle film is similar to the
transverse absorption band at 550 nm of purified gold nanotriangles, measured in solution
form. The observed large red shift of transverse band in spectrum may be due to change
in the dielectric environment of nanotriangles during film formation on the quartz
substrate [32a, 37]. The extremely large NIR absorption is a result of the in-plane
plasmon vibrations or the longitudinal surface plasmon band of gold nanotriangles and

hexagons.
3.2.3 Electron microscopy analysis of the gold nanotriangles:

The gold nanoparticles synthesized using lemongrass extract after 6 h of reaction
were analyzed by transmission electron microscopy (TEM). The TEM image (Figure 3.2)
shows a large population of triangular and hexagonal nanoparticles along with spherical

nanoparticles. The edge-to-edge length and yield of nanotriangles is 0.05-2 um and 45%
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respectively. Many nanoprisms have regular edge sides with an angle of 120° (for
hexagonal nanoparticles) or 60° (for triangles) between adjacent sides. The yield of gold
nanotriangles formed by this method is higher than previous methods reported by other
groups [16, 17]. The edges and tips of the gold nanotriangles are smooth and very sharp
as observed in the TEM image (Figure 3.2A). Scanning electron microscopy (SEM)
image (Figure 3.2B) also shows a large population of anisotropic nanoparticles like gold
nanotriangles and nanohexagons. Some of the nanotriangles have truncated vertices,
which were also observed previously for silver and gold nanotriangles synthesized using

photochemical and thermal methods [16¢,d, 17k].

Au
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Figure 3.2: A) TEM image of triangular, hexagonal and spherical gold nanoparticles synthesized
using lemongrass extract before centrifugation. B) SEM image of lemongrass reduced gold
nanotriangles and spherical nanoparticles. C) Selected area electron diffraction (SAED) pattern of
gold nanotriangles. Triangle, circular, square and pentagonal boxes in image represent 1/3 {422},
{220}, {311} and {422} fcc gold lattice planes. D) TEM image of purified gold nanotriangles
after three times centrifugation at 1000 rpm. E) High resolution TEM (HRTEM) image of a gold
nanotriangle. F) EDAX result for a single gold nanotriangle on copper grid.

Most of the gold nanotriangles in the TEM image show dark lines and bands 1i.e,
fringes with different contrast within particles, which arise due to stresses in particles due
to buckling or warping of atomic planes with respect to the electron beam in thin gold
nanotriangles [36b, 38]. The contrast present in nanotriangles due to such phenomenon is

called bending contours. Liz-Marzan’s group has claimed that the origin of bending
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contours might be simply due to stress in the crystalline lattice of nanotriangles, which
can arise due to the presence of stacking faults in the crystal structures or due to the
presence of hexagonal-like monolayer on nanoprism faces, which would slightly distort
the (111) plane of the pure fcc cubic structure [39]. At close inspection of the
nanotriangles in the TEM image, we can observe spherical nanoparticles below the
nanotriangles that indicate the thin nature of triangular gold nanoparticles. Figure 3.2C
shows the selected area electron diffraction (SAED) pattern of a single gold nanotriangle,
which clearly indicates that it is single crystalline in nature. The hexagonal nature of
diffraction spots in the SAED pattern shows that the nanotriangle is highly [111] oriented
with top normal to electron beam. The hexagonal spots could be indexed on the basis of
face centered cubic (fcc) structure of gold nanoparticles. The triangular, circular, square
and pentagonal boxes made on SAED pattern correspond to the forbidden 1/3{422} and
allowed {220} {311} and {422} Bragg reflections respectively. The forbidden reflection
in the electron diffraction pattern may be originated due to the presence of twin planes
[16h, 40], or due to the presence of [111] directed stacking faults lying parallel to the
(111) plane of the gold nanotriangles and extending across the particles [41]. Thus, it is
reasonable that the top and bottom parts of the nanotriangles are bound by atomically flat
(111) planes [36d]. The TEM image (Figure 3.2D) of gold nanotriangles purified by
centrifuging the solution three times at the speed of 1000 rpm shows 98% population of
gold nanotriangles along with hexagonal particles, which is consistent with the UV-vis-
NIR spectrum of the purified gold nanotriangles (Figure 3.1B). The high resolution TEM
(HRTEM) image taken from the flat part of a gold nanotriangle shows lattice spacing of
2.36 A that corresponds to the (111) plane from the top surface of the gold nanotriangle
(Figure 3.2E). Energy dispersive analysis of X-rays (EDAX) from the nanotriangles
confirms the presence of only gold in as prepared triangular nanoparticles (Figure 3.2F).

The strong signal of copper in the EDAX spectrum comes from the copper TEM grid.
3.2.4 Atomic Force microscopy (AFM) measurements:

Figure 3.3 shows contact mode AFM images of triangular and hexagonal gold
nanoparticles with few spherical gold nanoparticles on the surface of nanoparticles. The
edges and tips of nanoparticles are observed to be smooth and sharp as can be seen in the

TEM analysis (Figure 3.2A). The line profile plots shown at the bottom of Figure 3.3A
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and B demonstrate that nanotriangles and nanohexagons have thickness of ca. 15 and 25
nm respectively. The average thickness of gold nanotriangle after measurement of a large
number of particles is found to be 18 nm. The edge-to-edge length of the triangular and

hexagonal gold nanoparticles is found to be ca. 400 nm and 800 nm respectively.
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Figure 3.3: A) Atomic force microscopy (AFM) image of triangular and hexagonal gold
nanoparticles. B) Higher magnification AFM image of a hexagonal nanoparticle. The line profile
plots at bottom of figures A and B show that triangle and hexagon are of ca. 15 and 25 nm
thickness respectively. AFM images were taken in height mode.

3.3 Size and shape controlled synthesis of gold nanoparticles:

Size and shape controlled synthesis of isotropic or anisotropic metal nanoparticles
has been achieved by various methods and this control has allowed these structures to be
used in variety of applications such as biodetection [7] and catalysis [42]. Photochemical
and thermal methods have been reported to control the dimension of anisotropic
nanoparticles through the judicious use of plasmon excitation but these methods are
hazardous to the environment [16c¢,d, i]. Dialysis is one of the methods to control the size
and shape and therefore to fine-tune the optical property of nanoparticles through an
environmentally benign approach. Different cut-off dialysis bags are used for the
controlled diffusion of biomolecules of lemongrass extract to external solution.

Diffusions of molecules depend on the concentration gradient across the bag.
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3.3.1 Synthesis of gold nanoparticles during dialysis of extract against HAuCly
solution:

3.3.1.1 Experimental details:

Before performing the experiments, different cut-off dialysis bags were boiled in
Milli-Q water for 10 minutes followed by thorough washing with Milli-Q water to
remove contamination from bags. 100 mL of lemongrass extract kept in different cut-off
dialysis bags (3, 12.5 and 30 kDa respectively) were dialyzed against 250 mL of 10> M
HAuCly solutions. Scheme 3.1 depicts the dialysis of extract against HAuCly solution and
synthesis of gold nanoparticles both inside and outside the dialysis bag. UV-vis-NIR
spectroscopy, TEM and FTIR measurements of the gold nanoparticles synthesized inside
and outside the dialysis bags were carried out after 48 h dialysis of lemongrass extract in

different dialysis bags.
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Scheme 3.1: Schematic shows the dialysis of lemongrass extract against HAuCl, solution. Insets
show diffusion of biomolecules through pores of bag and synthesis of smaller and larger
nanotriangles inside and outside the bag respectively.

X-ray photoemission spectroscopy analysis of synthesized gold nanotriangles
inside the 12.5 kDa bag, cast as a film on silicon wafer (111), was carried out to know the
chemical state of nanoparticles. The charge on the gold nanoparticles synthesized inside
different cut-off bags during dialysis of lemongrass extract was determined by gel
electrophoresis. 40 mL of 1% ultra pure agarose (high melting agarose) was boiled in
water for 10 minutes and the solution was poured in a closed rectangular chamber to form
solid gel. The wells were formed by placing a Teflon comb in the gel during the

solidification process. The synthesized gold nanoparticles from the different bags were
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loaded in the wells and electrophoresis was done in phosphate buffer of pH 7.4 at a

constant voltage of 60 volts for 1 h.
3.3.1.2 UV-vis-NIR spectroscopy analysis:

Curves 1-3 in Figure 3.4A shows UV-vis-NIR spectra of gold nanoparticles
synthesized inside different dialysis bags (3, 12.5 and 30 kDa bags respectively) during
dialysis of lemongrass extract against 10° M HAuCl solutions. UV-vis-NIR spectra were
recorded after 48 h dialysis of extract. On visible inspection, the colour of solution inside
the bags turned dark ruby red from initial light brown with the time of reactions. Curves 1
and 2 correspond to gold nanoparticles synthesized inside 3 and 12.5 kDa dialysis bags
respectively and show that transverse SPR band centered at 540 nm is accompanied with

the longitudinal component as a weak hump at 760 nm.
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Figure 3.4: A) UV-vis-NIR spectra of the gold nanoparticles synthesized during dialysis of
lemongrass extract against 10° M HAuCl,. Curves 1-3 correspond to nanoparticles synthesized
inside 3, 12.5 and 30 kDa dialysis bags respectively. B) Curves 1-3 correspond to UV-vis-NIR
spectra of gold nanoparticles synthesized outside 3, 12.5 and 30 kDa dialysis bags respectively.

A pronounced change is observed in the absorption spectrum of gold
nanoparticles synthesized inside the 30 kDa bag. The UV-vis-NIR spectrum of gold
nanoparticles synthesized inside the 30 kDa bag shows transverse SPR band at 540 nm
along with the longitudinal SPR band, which appears to go beyond 1250 nm in the NIR
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region (curve 3, Figure 3.4A). The intensity of transverse SPR component is higher than
longitudinal SPR component in the optical absorption spectra in all cases (curves 1-3).
UV-vis-NIR spectra of gold nanoparticles synthesized outside different dialysis bags are
shown in Figure 3.4B. The UV-vis-NIR spectrum (curve 1, Figure 3.4B) of gold
nanoparticle synthesized outside the 3 kDa bag shows a broad absorption spectrum
ranging from 600 to 850 nm. While the absorption spectra of the gold nanoparticles
synthesized outside 12.5 and 30 kDa bags appear to be continuously increasing from 600
nm and go beyond 900 nm (curves 2 and 3), which reveal the synthesis of anisotropic
nanoparticle such as nanotriangle [17h, 31] as shown in the TEM image (Figure 3.7).

The mechanism for synthesis of gold nanotriangles could be possibly described
using following models: (a) Slow rate of reduction of gold ions causes the formation of
smaller spherical nanoparticles, which act as nuclei and grow to form flat nanotriangles
due to aggregation and rearrangement of these smaller spherical nanoparticles [43]. (b)
The initially formed spherical particles act as seed, around which nanotriangle growth
occurs in the presence of the shape-directing agent. Such mechanism has also been
reported by Mirkin’s group during the study of growth of silver nanoprisms by a photo-
irradiation method [16¢, d]. (c) Fast rate of reduction causes the formation of small-sized
gold nanoparticles (nuclei) by consumption of most of gold ions in the solution and hence
the small percentage of remaining gold ions further reduce on the surface of nuclei to
form smaller gold nanotriangles during the growth process. Therefore, the formation of
gold nanotriangles is a kinetically driven process and is facilitated by the oriented growth
of smaller nuclei in the (111) plane to form the nanotriangles [44]. (d) The defect in seeds
causes oriented growth of the nanoparticles, which leads to the formation of anisotropic
nanoparticles [40a]. (e) The “surface wrapping mechanism” in which growth of
nanoplates are fast at initial stage of reaction [45]. Once wrapping layer is formed, it
promotes the growth of another layer and consequently corrugated edges are formed in
nanotriangles. Chen’s group has also supported this mechanism for the synthesis of gold
nanotriangles [36d].

The colour of the synthesized gold nanoparticle solution after 48 h of dialysis had
a golden hue due to the partial reduction of external HAuCly solution by outside diffused

extract. It would be worthwhile to mention here that the synthesized gold nanoparticles
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settled at the bottom of test tube in form of pellet after 10 h. The gold pellet can again be
redispersed in water by ultrasonication. The difference in optical absorption properties of
gold nanoparticle synthesized both inside and outside the different cut-off dialysis bags

could be due to the variation in size, shape and yield of the gold nanoparticles.
3.3.1.3 TEM analysis:
3.3.1.3.a Inside of the dialysis bags:

TEM micrographs of the gold nanoparticles synthesized inside the different cut-
off dialysis bags are shown in Figure 3.5. A large population of spherical nanoparticles
along with small-sized gold nanotriangles (Figure 3.5A) are synthesized inside the 3 kDa
dialysis bag, which is consistent with the UV-vis-NIR spectrum data (curve 1, Figure
3.4A). The histogram plot shows that the edge-to-edge length of triangular nanoparticles
is 145 + 8 nm (inset of Figure 3.5A). Figure 3.5B shows the high magnification TEM
image of truncated gold nanotriangles and hexagonal nanoparticles synthesized inside the
3 kDa bag. It should be realized that biomolecules in the extract are much larger in size
compared with Au" ions and thus the rate of diffusion will be higher for the ions towards
inside the bag compared from biomolecules diffusion rate outwards (scheme 3.1). The
concentrations of lemongrass extract inside the dialysis bags were in order of 3 kDa>12.5
kDa>30 kDa due to difference in the diffusion rate of biomolecules through pores of the
dialysis bags and therefore reduction rate of diffused gold ions would also in the same
order inside the dialysis bags. The higher concentration of lemongrass extract inside the 3
kDa bag causes fast reduction of diffused gold ions, which lead to the formation of a low
yield of (28%) gold nanotriangles (Figure 3.6A). Figure 3.5C and D show the TEM
images of a large population of gold nanotriangles and spherical nanoparticles
synthesized inside the 12.5 kDa dialysis bag due to the slow rate of reduction of diffused
Au’” jons by remaining lemongrass extract present inside the bag. The edge-to-edge
length of nanotriangles is 205 £ 20 nm (inset of Figure 3.5C), which is larger than
nanotriangle formed inside the 3 kDa bag. The reduction rate of diffused Au®" ions inside
the 12.5 kDa dialysis bag was slow in comparison to the 3 kDa dialysis bag and hence
formed a large population (54%) of the gold nanotriangles (Figure 3.6A), which is also
strongly supported by TEM images (Figure 3.5C and D).
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Figure 3.5: Representative TEM images of the gold nanoparticles synthesized inside A, B) 3
kDa, C, D) 12.5 kDa, E, F) 30 kDa dialysis bags. Insets of Figure A and C show histogram
analysis of edge-to-edge length of gold nanotriangles synthesized inside 3 and 12.5 kDa dialysis
bags respectively while the inset of Figure F shows a high magnification TEM image of a gold

nanocube.

A drastic change is observed in the morphology of gold nanoparticles synthesized
inside the 30 kDa dialysis bag. TEM images (Figure 3.5E and F) show a huge population
of gold nanocubes along with smaller spherical gold nanoparticles, which are synthesized

inside the 30 kDa bag. The rate of reduction of diffused Au’" ions inside the 30 kDa bag
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was slow due to lower concentration of remaining extract present inside the bag. The
composition of extract present inside the 30 kDa bag is also different from 3 and 12.5

kDa extract and thus it promotes the synthesis of gold nanocubes.
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Figure 3.6: Histogram plot A and B show the population of gold nanotriangles formed inside and
outside different dialysis bags respectively during the dialysis of extract against HAuCl,.

The inset of Figure 3.5F shows a high magnification TEM image of a gold
nanocube, which reveals that edges of the gold cube are not very sharp and have less
contrast compared with the central part. At close inspection of a high magnification TEM
image of the gold nanocube, it can be seen that smaller spherical nanoparticles assemble
to form gold nanocube at room temperature. The synthesis of gold nanocubes of various
compositions using cumbersome methods has also been reported by many groups [10].
Thus, biomolecules of lemongrass extract, which have size bigger than 30 kDa, do not
play any role in nanotriangle formation and form only gold nanocubes. Sastry and
coworkers have demonstrated that one of column chromatography fraction of lemongrass
extract (W1) is responsible for the synthesis of gold nanocubes [36b]. It should be
noticed here that histogram plot (Figure 3.6A) does not show the population of
nanotriangles for the 30 kDa bag because nanotriangles were not synthesized inside the

bag and nanocubes were observed in the TEM analysis (Figure 3.5E and F).

3.3.1.3.b Outside of the dialysis bags:
The size and shape of gold nanoparticles synthesized outside the dialysis bags was

analyzed by TEM measurements.
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Figure 3.7: Representative TEM images of the gold nanoparticles synthesized outside of A, B) 3
kDa, C, D) 12.5 kDa and E, F) 30 kDa dialysis bags. Insets of Figure A, C and E show histogram

analysis of edge-to-edge length of gold nanotriangles synthesized outside the different cut-off
bags.

Triangular and hexagonal gold nanoparticles along with spherical nanoparticles
are observed in the external solution of 3 kDa dialysis bag experiment (Figure 3.7A). The
volume of lemongrass extract that diffuse towards outside bag through the pores of 3 kDa
dialysis bag is too low in comparison to volume of external HAuCly solution. Therefore
the reduction rate of AuCly ion solution present outside the 3 kDa bag is very slow,

which leads to the formation of large-sized nanotriangles. The obtained nanotriangles and
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hexagons are thin and have edge-to-edge length of ca. 3.5 pm (inset of Figure 3.7A). A
high magnification TEM image (Figure 3.7B) shows hexagonal gold particle of ca. 4 um
size, which is synthesized outside the 3 kDa dialysis bag. Furthermore, spherical
nanoparticles below the thin hexagonal particle can also be seen in the TEM images
(Figure 3.7A and B).

The TEM image of nanoparticles synthesized outside the 12.5 kDa dialysis bag
shows large-sized gold nanotriangles with spherical nanoparticles (Figure 3.7C).The high
magnification TEM image (Figure 3.7D) shows a broad bending contour across the entire
truncated nanotriangle. A small concentration of biomolecules that have size below 12.5
kDa diffuse towards outside the bag through pores of the 12.5 kDa bag and reduce the
external AuCly ion solution to form larger gold nanotriangles. The edge-to-edge length of
triangular and truncated nanoparticles is 2.3 + 1 um (inset of Figure 3.7C). The high
concentration of diffused lemongrass extract (size below 30 kDa) outside the 30 kDa bag
promote the synthesis of smaller nanotriangles of size 250 + 40 nm (Figure 3.7E and inset
of Figure 3.7E) due to the fast reduction of AuCly ion solution. The TEM image (Figure
3.7F) shows plane-edged gold nanotriangles along with smaller spherical nanoparticles.
The population of gold nanotriangles formed outside 12.5 kDa bag is larger (49%) in
comparison to gold nanotriangles formed outside 3 kDa (22%) and 30 kDa (34%) dialysis
bags due to the different rate of reduction of external AuCly ion solutions (Figure 3.6B)
by diffused lemongrass extracts.

It may be postulated that lemongrass extract has reducing and capping
biomolecules. The capping molecules also act like shape-controlling molecule to execute
particular shape of the nanoparticles. The reducing molecules in the extract reduce gold
ions, while shape-controlling molecules bind on the certain facets of initially formed gold
nanoparticles. The growth of facets strongly bound with capping agent is hindered in
particular directions whereas the facets weakly attached to the capping molecules grow
faster and facilitate the formation of gold nanotriangles [17h, 46]. Therefore, the capping
molecules below the 30 kDa size preferentially adsorb on the {111} facets of initially
formed gold nanoparticles and suppress the growth in the <111> direction or advance the
growth in the <110> direction to promote the synthesis of nanotriangle [40b, c]. It has

been reported in literature that adsorption of chemical species on the surface has dramatic
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effect on the surface energies. The {111} plane of gold nanoparticles possesses lowest
surface energy and adsorption of suitable species, such as CTAB (cetyl-
trimethylammonium bromide) [16a, 47], citrate [14, 48] and peptides [49] on this plane
further reduce its surface energy and stabilize nanoplates with the {111} plane as a basal
plane. From this result, it can be rationalized that biomolecules of lemongrass extract
below the 30 kDa size are responsible for the gold nanotriangle formation and act as

reducing and capping (shape controlling) agent.

3.3.1.4 FTIR measurement:

FTIR measurements were carried out to identify the biomolecules in lemongrass
extract bound on the surface of synthesized gold nanoparticles, which act as reducing

and/or capping agent.
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Figure 3.8: Curves 1-3 in Panel A and B correspond to FTIR spectra of the gold nanoparticles
synthesized inside and outside 3, 12.5 and 30 kDa dialysis bags respectively.

Curves 1 and 2 of Figure 3.8A represent the FTIR spectra of gold nanoparticles
synthesized inside the 3 and 12.5 kDa dialysis bags respectively and show peaks at 1720
(C=0 stretching), 1638 (stretching mode of C=C group), 1385 (O-H bending) and 1098
cm™ (from straight chain primary alcohols), which possibly indicate the presence of
citral, sugar derivatives and other alcoholic compounds in lemongrass extract [50]. Curve
3 corresponds to gold nanoparticles synthesized inside 30 kDa dialysis bag (Figure 3.8A)

and shows that entire peak is similar to curves 1 and 2 except 1720 cm™ peak, which is
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absent in the curve 3 indicating the absence of ketonic group on the surface of
nanoparticles. The FTIR spectra of the gold nanoparticle synthesized outside the bags
show peaks at 1385, 1645 cm™ (curves 1-3, Figure 3.8B) for 3, 12.5 and 30 kDa dialysis
bags and a low intensity peak at 1730 cm™ for the nanoparticle synthesized outside the 30
kDa bag (curve 3, Figure 3.8B), which are similar to the FTIR spectra recorded for the
nanoparticle synthesized inside the dialysis bags (Figure 3.8A). From the FTIR analysis,
we could state that the sugar derivatives and citral molecules would be the main
components of biomolecules, which act as reducing and capping agent for the

nanotriangle formation.
3.3.1.5 XPS analysis:

A chemical analysis of the gold nanotriangles synthesized inside the 12.5 kDa

dialysis bag was investigated by X-ray photoemission spectroscopy (XPS) measurement.
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Figure 3.9: XPS spectra of A) C 1s, B) Au 4f and C) Cl 2p core level recorded from the gold
nanotriangles synthesized inside 12.5 kDa dialysis bag.

Figure 3.9A, B and C show C 1s, Au 4f and CI 2p core level spectra respectively
for lemongrass reduced gold nanotriangles. C 1s core level spectrum could be
decomposed into three chemically distinct components at binding energies of 281.85, 285
and 287.9 eV (Figure 3.9A). The low binding energy peak at 281.85 eV is attributed to
aromatic carbon of biomolecules bound on the surface of gold nanotriangles. Apart from
the binding energy peak for adventitious carbon at 285 eV, a high binding energy peak at

287.9 eV is attributed to electron emission from the carbon of carbonyl groups (aldehydes
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and ketonic carbons) due to induction effect [51]. Induction effects are well known for
high binding energy shift of carbon attached to the electron withdrawing groups such as
ketonic and carbonyl functional groups [52]. The Au 4f;, core level could be split into
two chemically distinct components at 83.5 and 85.8 eV binding energies that correspond
to Au(0) and Au(I) oxidation state respectively (Figure 3.9B). The presence of a small
amount of Au(I) on the surface of gold nanoparticles is responsible for the high binding
energy peak and is caused to stabilize nanoparticles electrostatically against aggregation
in solution [53]. It is concluded from these results that the carbonyl compounds present in
lemongrass extract interact with Au(l) ions present on the surface of nascent gold
nanoparticles and promote the formation of triangular gold nanoparticles. Cl 2p core level
could be decomposed into two components centered at 197.8 eV and 199.3 eV for CI
2p3n and Cl 2py, respectively (Figure 3.9C). The poor signal of Cl 2p core level
observed in a spectrum suggests that a small amount of chloride ions complexed with

Au(]) are present on the surface of gold nanotriangles.
3.3.1.6 Identification of charge on the synthesized gold nanoparticles:

The gel electrophoresis is a unique technique to know the charge on the surface of

gold nanoparticles.

Figure 3.10: Agarose gel electrophoresis image of the gold nanoparticles synthesized inside
different dialysis bags. Gold nanoparticles synthesized inside 3, 12.5 and 30 kDa dialysis bags
were loaded on A, B and C wells respectively.

Gold nanoparticles synthesized inside the dialysis bags during dialysis of extract
against HAuCly solutions were loaded in the well of 1% agarose gel and were run at a 60

V across the gel for 1 h. The gold nanoparticles moved toward the positive electrode
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indicating that they have negative charge due to the presence of biomoleclues on the
surface of gold nanoparticles (Figure 3.10). The gold nanoparticles synthesized inside the
3 kDa bag are smaller and therefore all nanoparticles enter in the well A and form a
continuous smear in the gel. In the case of well B and C, most of the nanoparticles are
wedged in the well and some of the smaller nanoparticles enter and form a band in the gel

towards the positive electrode.

3.3.2 Synthesis of the gold nanoparticles using dialyzed extract:
3.3.2.1 Experimental Details:

Lemongrass extracts kept in different cut-off dialysis bags (3, 12.5 and 30 kDa)
were dialyzed against 250 mL Milli-Q water in three jars for 48 h. Scheme 3.2 shows the
dialysis of lemongrass extract against water. After dialysis, the extracts obtained from
both inside and outside the dialysis bags were collected. 250 mL of outside dialyzed
extract from the bags were rotovapped (Buchi Rotavapor R-205) at 50 °C to obtain 25

mL of concentrated extract solutions.

’..--—'_‘--...h ’..-—'-'—‘-'—-...\
S ] "-..___,...I
\'-—_-/ Af 48h N Large size molecule
ter e Small size molecule
Lemongrass extract €—
~
Water €—1— .
=% Magnetic barg> ===~ Dialyzed Lemongrass

extract

Scheme 3.2: Schematic shows dialysis of lemongrass extract against water for 48h. Inset shows
diffusion of smaller biomolecules through pores of bag against concentration gradient.

I mL of dialyzed lemongrass extract obtained from inside the dialysis bags was
added separately to 10 mL of 10° M HAuCl, solutions as a reducing agent. 1 mL of the
concentrated dialyzed extract of outside dialysis bags was also added to 10 mL of 10° M
HAuCl, solutions (kept in three test tubes) to synthesize the gold nanoparticles. UV-vis-
NIR spectra of all the solutions were recorded after allowing the reaction medium to

stand for 48 h when the reduction of Au’" ions in all these reaction solutions had reached
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saturation. TEM and FTIR measurements were also carried out to investigate the

formation of gold nanotriangles.

Notation used in the following sections:

Dialyzed extract obtained from inside 3 kDa cut-off dialysis bags: 3 in-D extract.
Dialyzed extract obtained from outside 3 kDa cut-off dialysis bags: 3 out-D extract.

Similar notations have also been used for the dialyzed extract obtained from 12.5 and 30

kDa cut-off dialysis bags.

3.3.2.2 UV-vis-NIR spectroscopy and TEM analysis of nanoparticles synthesized

using dialyzed extract from the inside bags:

It is also important to investigate the morphology and yield of gold nanoparticles

synthesized using dialyzed extract obtained from the different dialysis bags.
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Figure 3.11: Curves 1-3 correspond for UV-vis-NIR spectra of the gold nanoparticles
synthesized using 3, 12.5 and 30 in-D extract respectively.

The gold nanoparticles synthesized using dialyzed extracts obtained from the
different dialysis bags were monitored by UV-vis-NIR spectroscopy (Figure 3.11). UV-
vis-NIR spectra of the synthesized gold nanoparticles were recorded after 48 h of
reactions when the reduction of AuCly ion solution had reached saturation. Curve 1 in
Figure 3.11 shows the UV-vis-NIR spectrum of gold nanoparticles synthesized by

reduction of AuCly ion solution using 3 in-D extract. Curve 1 demonstrates a broad
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asymmetric absorption spectrum with surface plasmon (SP) band centered at 584 nm.
However, the absorption spectra of gold nanoparticles synthesized using 12.5 in-D and 30
in-D extracts (curves 2 and 3 respectively, Figure 3.11) show two bands; one is transverse
surface plasmon band centered at ca. 584 nm and anther is longitudinal surface plasmon

band, which appears to be red shifted beyond 1200 nm.

500 nm 5. 1k

E.“ . o :

2

Figure 3.12: Representative TEM images of the gold nanoparticles synthesized using in-D
extract obtained from 3 kDa (A, B) 12.5 kDa (C, D) and 30 kDa (E, F) dialysis bags. Insets of
Figure B and C show histogram analysis of edge-to-edge length of triangles synthesized using 3
and 12.5 in-D extract respectively. Inset of Figure F show a high magnification TEM image of
gold nanocubes.
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A large red shift in longitudinal band indicates the synthesis of triangular
nanoparticles with increased edge-to-edge length, which is also confirmed by the TEM
analysis. TEM images of gold nanoparticles synthesized using 3 in-D extract show that a
large population of spherical and aggregated nanoparticles along with gold nanotriangles
of size 1.25 + 0.4 pm are formed (Figure 3.12A, B and inset of Figure 3.12B). TEM
images (Figure 3.12C and D) also show that gold nanotriangles along with spherical
nanoparticles are synthesized using 12.5 in-D extract. The edge length of gold
nanotriangles is 2.4 + 0.4 pm (inset of Figure 3.11C) and spherical particles below the
thin triangles can easily be distinguished in the TEM image. The population of gold
nanotriangles synthesized using 12.5 in-D extract is larger (45%) in comparison to gold
nanotriangles formed using 3 in-D extract (30%) as shown in the histogram plot (Figure
3.13A). The gold nanoparticles synthesized using 3 and 12.5 in-D extract also show

mostly truncated triangles with a large number of hexagonal particles.
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Figure 3.13: Histogram plot A and B show the population of gold nanotriangles synthesis using
dialyzed extract obtained from inside and outside different cut-off dialysis bags respectively.

The concentrations of in-D extract obtained from the different dialysis bags were
in order of 3 kDa>12.5 kDa>30 kDA bags and hence the reduction rate of AuCly ion
solution was fast for the 3 in-D extract in comparison to the other dialyzed extract.
Therefore, the population and edge-to-edge length of gold nanotriangles synthesized
using 3 in-D extract was less as compared to the 12.5 in-D extract (Figure 3.12 B and C).

On the other hand, the gold nanoparticles synthesized using 30 in-D extract have unusual
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morphology and mostly gold nanocubes are observed in the TEM images (Figure 3.12E
and F). It is observed that the gold nanocubes are made of assembly of smaller spherical
gold nanoparticles, which has been described earlier. The inset of Figure 3.12F shows the
high magnification TEM image of the gold nanocubes with no sharp edges and corners.
These gold nanocubes are similar to the cubes that were obtained by the reduction of gold
ions inside 30 kDa dialysis bag during dialysis of extract against HAuCl, solution (Figure
3.5E and F). It should be noticed here that the histogram plot does not show the
population of gold nanotriangles in the case of nanoparticles synthesized using 30 in-D

extract (Figure 3.13A).

3.3.2.3 UV-vis-NIR spectroscopy and TEM analysis of nanoparticles synthesized

using dialyzed extract from outside bags:

Figure 3.14 shows UV-vis-NIR spectra of gold nanoparticles synthesized using

concentrated out-D extract obtained from the different cut-off dialysis bags.
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Figure 3.14: Curves 1-3 correspond for UV-vis-NIR spectra of the gold nanoparticles
synthesized using 3, 12.5 and 30 out-D extract respectively.

The UV-vis-NIR spectrum of gold nanoparticles synthesized using concentrated 3
out-D extract shows a broad surface plasmon absorption band with a small hump at ca.
557 nm (curve 1, Figure 3.14). The absorption spectrum of the gold nanoparticles
synthesized using concentrated 12.5 out-D extract (curve 2, Figure 3.14) shows the

transverse surface plasmon band at 576 nm along with the longitudinal surface plasmon
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band at ca. 1280 nm. The interesting change is observed in the optical property of gold

nanoparticles synthesized using concentrated 30 out-D extract (curve 3, Figure 3.14).
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Figure 3.15: Representative TEM images of the gold nanoparticles synthesized using out-D
extract obtained from 3 kDa (A, B), 12.5 kDa (C, D) and 30 kDa (E, F) cut-off bags. Insets of
Figure A and C show higher magnification TEM image while the insets of D and F show the

histogram analysis of edge-to-edge length of gold nanotriangles synthesized using 12.5 and 30
out-D extract respectively.
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The UV-vis-NIR spectrum (curve 3, Figure 3.14) shows a very broad absorption
band with SPR peak centered at 610 nm, which appears to be red shifted by 40 nm
relative to the transverse SPR band of gold nanoparticles synthesized using 3 and 12.5
out-D extracts (curves 1 and 2 respectively, Figure 3.14). The red shift is due to
aggregation of nanoparticles in the solution that can be seen in the TEM images (Figure
3.15E and F). The TEM images (Figure 3.15A and B) show that flat anisotropic
nanoparticles, deformed nanotriangles and aggregated spherical nanoparticles are
synthesized using concentrated 3 out-D extract. The concentrations of out-D extract
obtained from the different cut-off dialysis bags were in the reversed order (3 kDa<12.5
kDa<30 kDa) to the concentrations of in-D extracts. It is highly likely that low
concentration of 3 out-D extract is insufficient to reduce all gold ions present in the
solution and thus a small population of deformed and plate like nanostructures are
formed. The inset of Figure 3.15A shows the rudimentary stage of gold nanotriangle,
wherein smaller spherical nanoparticles are assembled in the form of nanotriangles. It is
believed that these nanotriangles are formed due to assembly and sintering of smaller
spherical nanoparticles [36b]. The fluidity of spherical nanoparticles required to assemble
and form triangular or hexagonal nanoparticles could be provided by ketonic functional
groups of biomolecules present in lemongrass extract [36b]. Klabunde’s group has also
reported the assembly of monodisperse spherical nanoparticle into triangular and
hexagonal superlattices in the solution [54]. Few reports are also available on oriented
assembly of spherical nanoparticles into triangular nanoparticles [16a, 40c, 55].

TEM images (Figure 3.15C, D and inset of Figure 3.15D) show that spherical
nanoparticles along with gold nanotriangles of size 600 + 5 nm are synthesized using
concentrated 12.5 out-D extract. The inset of Figure 3.15C shows the high magnification
TEM image of gold nanotriangles with corrugated edges. The gold nanotriangles of
small-sized (250 + 30 nm) along with spherical nanoparticles are synthesized using
concentrated 30 out-D extract (Figure 3.15E and F and inset of Figure 3.15F). The high
concentration of 30 out-D extract in comparison to the other dialyzed extract caused rapid
reduction of the gold ions to synthesize small-sized gold nanotriangles, when compared
to the 3 and 12 out-D extract experiments (Figure 3.15 A-D). This result is similar to the
TEM image of gold nanotriangles formed outside the 30 kDa dialysis bag during dialysis
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of lemongrass extract against 10° M HAuCl, solution (Figure 3.7E and F). Therefore, the
initially formed gold nanoparticles (nuclei) during synthesis and biomolecules of extract
below 30 kDa play a major role in the formation of gold nanotriangles. The histogram
plot shows that the population of gold nanotriangles synthesized using concentrated 12.5
out-D extract is 45% while those synthesized using concentrated 3 and 30 out-D extract
are 30% and 42% respectively (Figure 3.13B) due to the different rate of reduction of

AuCly ion solution.
3.3.2.4 FTIR analysis:

Figure 3.16 shows the FTIR spectra of gold nanoparticles synthesized using dialyzed

lemongrass extract obtained from different dialysis bags.
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Figure 3.16: Curves 1-3 in Panel A and B correspond for FTIR spectra of the gold nanoparticles
synthesized using 3, 12.5 and 30 in-D and out-D extract respectively.

FTIR spectra of gold nanoparticles synthesized using in-D extract obtained from the
different dialysis bags show peaks at 1638, 1380 cm™ (curves 1-3, Figure 3.16A) and
peaks at 1119 and 1090 cm™ appeared only for the gold nanoparticles synthesized using 3
in-D extract (curve 1, Figure 3.16A). The gold nanoparticles synthesized using out-D
extract from the different dialysis bags show the FTIR peaks (curves 1-3, Figure 3.16B)
at the same positions as was seen for the nanoparticles formed by the in-D extract.
Furthermore, the FTIR spectrum (curve 1, Figure 3.16A) of gold nanoparticles

synthesized using 3 in-D extract is similar to the FTIR spectrum of gold nanoparticles
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synthesized using 30 out-D extract (curve 3, Figure 3.16B), which indicates that the
compositions of dialyzed extracts are almost same in both cases. The peaks from different
spectra are assigned to the functional groups from citral, citronellal and other alcoholic
compounds present in lemongrass extract which might act as reducing and shape

directing agent for the gold nanotriangle formation.
3.4 Conclusion:

In conclusion, a green chemical approach for the synthesis of triangular and
hexagonal gold nanoparticles using natural reducing and shape directing agents has been
described. The yield and thickness of the gold nanotriangles are 45% and 18 nm
respectively, which are better than other chemical and physical methods reported for the
synthesis of triangular gold nanoparticles. Dialysis is used for the size selective
separation of biomolecules of lemongrass extract through different cut-off (3, 12.5 and 30
kDa) bags. Biomolecules that have size below the pore size of dialysis bags diffuse from
bags and reduce gold ions present outside the dialysis bags to form nanoparticles.
Biomolecules of lemongrass extract, which have size below 30 kDa, act as reducing and
capping agent to promote the synthesis of gold nanotriangles. Biomolecules selectively
bind to the (111) lattice plane of initially formed smaller gold nanoparticles (nuclei) and
inhibit the growth in the <111> direction and therefore advance the growth in the <110>
direction to form gold nanotriangles [40b, c]. The variation in size and yield of gold
nanoparticles and consequently change in the optical properties are observed for gold
nanoparticles synthesized inside and outside different cut-off dialysis bags. Biomolecules
of the extract larger than 30 kDa size are found to form a large percentage of the gold

nanocubes at room temperature.
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Chapter 1V

Synthesis of Triangular Gold-Silver
and Spherical Gold-Titania Core-Shell

Nanoparticles

10 nm

50 nm

In this chapter, we discuss the synthesis of anisotropic Au core-Ag shell nanoparticles using
ascorbic acid as a reducing agent under alkaline conditions. The silver ions bind to the surface of
negatively charged gold nanotriangles through electrostatic interaction. Ascorbic acid has
different reduction ability towards silver ions under varying pH conditions. The bound silver ions
on the surface of nanotriangles are reduced by ascorbic acid under alkaline conditions and show a
gradual blue shift in the surface plasmon resonance band in the UV-vis-NIR spectra. The
thickness of the silver shell around gold nanotriangle is ca. 5 nm that is validated by the AFM and
TEM measurements. Biological synthesis of spherical gold-titania core-shell nanoparticles is also
described in the chapter. A hydrolyzing enzyme is isolated and purified from the plant pathogenic
fungus Fusarium Oxysporum. It is cationic in nature and has two protein components of 21 and
24 KDa molecular weight. The hydrolyzing enzyme is capped on the surface of aspartic acid
modified gold nanoparticles and after challenging with K,TiF¢ solution, leads to the formation of
spherical gold-titania core-shell nanoparticles. The synthesized titania shells on the surface of
gold nanoparticles show brookite and rutile polymorphs of titania.

Part of the work presented in this chapter has been published:

1) Rai, A.; Chaudhary, M.; Ahmad, A.; Bhargava, S.; Sastry, M. Mater. Res. Bull. 2006,
accepted.
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4.1 Introduction:

Bimetallic nanoparticles either in the form of core-shell or alloy structures are
being investigated in many fields of science and technology. Core-shell nanoparticles, in
particular, have been the subject of extensive research due to their potential applications
in many areas such as optoelectronic, catalysis, magnetic and optical devices [1-7].
Various groups have demonstrated that the properties such as surface plasmon resonance
(SPR) [8] and Surface Enhanced Raman Scattering (SERS) associated with gold and
silver nanoparticles [9] can be tailored by synthesizing these nanoparticles in the core-
shell configuration. The deposition of one metal on the preformed monometallic
nanoparticle surface of another metal appears to be very effective and is desirable from
the application point of view. Bimetallic nanoparticles from the metal salts can be
synthesized by two recipes: first is co-reduction of the metal salts to form alloy
nanoparticles and second is successive reduction that leads to the formation of core-shell
nanostructures. It is postulated that unique physiochemical and catalytic properties of
core-shell nanoparticles are improved over their single component counterparts, which
are result from the combination of two different metals and their fine structures [10].
These properties strongly depend upon the size, shape and composition of nanoparticles,
so extensive research has been carried out on the size, shape and compositions controlled
synthesis of core-shell nanoparticles. Various combinations of the core-shell
nanoparticles have been fabricated including metal/metal [1], metal/semiconductor [2],
semiconductor/semiconductor [3], metal/oxide [4], oxide/metal [5], metal/carbon [6] and
metal/magnetic materials [7].

In one report, Sastry and coworkers have shown the phase pure synthesis of
spherical Au core-Ag shell nanoparticles using Keggin ions as a reducing agent while in
another report, tyrosine was used as a reducing agent under alkaline condition to
synthesize Au core-Ag shell nanoparticles [1]. Except for the bulk efforts towards
synthesis of spherical core-shell nanoparticles [1], only few attempts have been made
towards anisotropic core-shell nanoparticle synthesis, for example, triangular [11], rod
[1d, 12], dumbbell [13] and rattle [14] shaped nanoparticle using various chemicals
methods. Recently, the synthesis of anisotropic core-shell nanoparticles has attracted

immense attention due to significant local field enhancement (lightning rod effect) [15]
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and enhanced SERS activity over individual metal nanoparticles and therefore, efforts
have been made towards the synthesis of various shape of anisotropic nanoparticles [8-
11]. Mirkin’s group has demonstrated the synthesis of triangular nanoframe made of gold
and silver [16] as well as triangular and corrugated Ag core-Au shell nanoparticles using
seed mediated approach [11b].

Except for the synthesis of bimetallic core-shell nanoparticles, coating of
inorganic oxides on metals nanoparticles has also evinced keen interest in nanoscience
due to numerous applications in catalysis [17], photocatalysis [18], organic waste
removal from polluted water [19], biodetection [20] and development of photochromic
materials [21]. In the case of oxide nanoparticles, silica is widely used for coating of
metals [22], semiconductors [23] and magnetic nanoparticles [24]. Titania is another
oxide material, which has strong impact on the industry due to catalytic and
photocatalytic property [25]. Several methods such as doping [26], reduction of particle
size to nanoscale and synthesis of core-shell configuration [27] are available in the
literature for the enhancement of catalytic activity of titania nanoparticles. Kamat’s group
has shown the photocatalytic activity and surface plasmon modulation of Ag core-TiO,
shell nanoparticles under UV light [27]. However, unsupported high surface area form of
titania is unstable at high temperature for catalytic purpose and therefore many methods
have been employed for its coating on the surface of metal [27,28], silica and alumina
nanoparticles [29]. Liz Marzan’s group has shown a one pot synthesis of Ag core-TiO;
shell by simultaneous reduction of silver ions and condensation of titanium butaoxide
[28a]. Caruso’s group has also shown the synthesis of Au-TiO, core-shell nanoparticles
by polyelectrolytes complexation with titania precursor [28b]. Recently, Ag core-TiO,
shell nanowires with smooth and bristled surfaces were synthesized without using a
template [30].

This chapter describes an elegant method for the synthesis of anisotropic
triangular Au core-Ag shell nanoparticles at room temperature. Triangular gold
nanoparticles are synthesized using lemongrass extract, which has been described in the
previous chapter. The cationic silver ions bind to the surface of anionic gold
nanotriangles through electrostatic interaction. Ascorbic acid is used as a reducing agent

for the reduction of bound silver ions under alkaline condition. The optical properties of
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core-shell nanoparticles and thickness of silver shell can be tailored using different
concentrations of silver ions and different pH of solutions for the reduction of bound
silver ions. A part of this chapter describes the synthesis of spherical gold-titania core-
shell nanoparticles using the hydrolyzing enzyme. This method is first of its kind for the
synthesis of core-shell nanoparticles using a biological source like protein. The
hydrolyzing enzyme was isolated and purified from fungus Fusarium oxysporum after
challenging with K,TiF¢ solution. The enzyme was immobilized on gold nanoparticles
followed by exposure to K,TiFs, which lead to the formation of spherical gold-titania

core shell nanoparticles.

4.2 Synthesis of anisotropic core-shell nanoparticles:

4.2.1 Experimental Details:

The gold nanotriangles used for the synthesis of core-shell nanoparticles were
prepared by addition of 8 mL of lemongrass leaf extract in 100 mL of 10~ M aqueous
HAuCly solution, as discussed in section 3.2 of chapter 3. The UV-vis-NIR spectra were
recorded after allowing the reaction medium to stand for 48 h when the reduction of Au®"
ions had reached saturation. Using this proportion of lemongrass extract and HAuCly
solution, the gold nanotriangles exhibiting longitudinal SPR band at 1080 nm could be
obtained. The percentage of nanotriangles in the reaction medium could be enhanced by
three times centrifugation at 4000 rpm and redispersion of the pellet in water. The pellet
of purified nanotriangles was finally diluted to 80 mL in water. Different volumes of 10
M aqueous AgNO; solution were added to 9 ml solutions of purified nanotriangles to
yield different concentrations of silver ions (5 x 10°M, 10°M, 5 x 10*M, 10" M and 10"
> M) in the solutions. The solutions were kept for 24 h to facilitate the binding of Ag”
ions onto the surface of negative charged gold nanotriangles following which, the gold
nanotriangles were separated from the solution by centrifugation at 10000 rpm to get rid
of unbound Ag" ions present in the reaction medium. The pellet was dissolved in 50 mL
Milli-Q water (Millipore Corp., Bedford, MA) following which, the surface bound Ag"
ions were reduced using ascorbic acid (10~ M) under alkaline conditions with pH varying
from 7 to 12. The various stages of reaction for the synthesis of triangular Au core-Ag

shell nanoparticles were followed by UV-vis-NIR spectroscopy measurements at room

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 4 102

temperature. Gold nanotriangles and triangular Au core-Ag shell nanoparticles films
prepared by solution casting onto highly oriented pyrolytic graphite (HOPG) substrate
were analyzed by atomic force microscopy (AFM) in the contact mode.

UV-vis spectroscopy, Transmission electron microscopy (TEM), High-resolution
transmission electron microscopy (HRTEM) were carried out to investigate the synthesis
of triangular Au core-Ag shell nanoparticles. High-resolution TEM (HRTEM)
measurements were carried out on a JEOL-JEM-2010 UHR instrument operated at a
lattice image resolution of 0.14 nm. X-ray photoelectron spectroscopy (XPS) analysis of
triangular Au core-Ag shell nanoparticle film deposited on Si (111) wafer was also done
to confirm the synthesis of core-shell nanoparticles. The core level binding energies

(BEs) were aligned according to the adventitious carbon binding energy of 285 eV.
4.2.2 Optimization of silver ions for shell formation:

The ideal concentration of silver ions (AgNO3) to get a perfect shell on the gold
nanoparticles surface was followed by UV-vis-NIR spectroscopy analysis of different
concentrations of silver ions added to the lemongrass reduced gold nanotriangles
solutions. Curve 1 of Figure 4.1A shows the UV-vis-NIR spectrum of the gold
nanoparticles solution containing triangular and spherical nanoparticles, which is
synthesized by using lemongrass extract. Curve 1 exhibits two surface plasmon bands;
one at 543 nm due to the excitation of dipole surface plasmon resonance of spherical
nanoparticles and the transverse component (out of plane vibrations) of SPR band of
triangular nanoparticles while another at 1080 nm due to the longitudinal component of
SPR band (in-plane vibrations) [11b, 15, 33]. The optical absorption in the NIR region of
electromagnetic spectrum is due to the presence of triangular nanoparticles in solution,
which is confirmed by the TEM measurement [33a, b]. The TEM measurement (Figure
4.1B) also shows a large population of gold nanotriangles along with few spherical
nanoparticles. Some of the gold nanotriangles have truncated vertices, which can be seen
in the TEM image. The higher magnification TEM image (Figure 4.1C) shows a single
gold nanotriangle, which has sharp tips and smooth edges. The contrast around gold
nanotriangles is uniform, which indicates that no material except gold and biomolecules
of lemongrass extract are present on the surface of gold nanotriangles. The histogram

analysis shows that edge-to-edge length of the gold nanotriangles is 205+8 nm (Figure
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4.1D). The small size of gold nanotriangles causes the presence of a distinct band at 1080
nm in the NIR region, which can be changed by varying the edge lengths of anisotropic
gold nanoparticles [33b].
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Figure 4.1:A) UV-vis-NIR spectra recorded from, curve 1: lemongrass reduced gold
nanotriangles solution, curves 2-6: after addition of 107, 5 x 10, 10, 5x10° and 10° M silver
ions respectively to the gold nanotriangles. B) Lower magnification TEM image of lemongrass
reduced gold nanotriangles. C) Higher magnification TEM image of a single gold nanotriangle.
D) The histogram analysis for edge-to-edge length of the gold nanotriangles.

Addition of any additives in the nanotriangles solution could easily be monitored
by using UV-vis-NIR spectroscopy due to the change in intensity and the position of
surface plasmon (SP) band of the gold nanoparticles. The presence of different
concentrations of silver ions in the gold nanotriangles solution change the dielectric
environment of gold nanoparticles and hence alter the optical absorption properties of the
gold nanoparticles. Curves 2-6 in Figure 4.1A show the UV-vis-NIR spectra of different
concentrations (10>, 5 x 10, 10*, 5 x 10 and 10° M) of Ag" ions bound gold
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nanotriangles solutions incubated for 24 h. We believe that positively charged silver ions
bind with negatively charged gold nanotriangles through electrostatic interaction. The
negative charge on gold nanotriangles is due to the presence of ketonic and aldehydic
compounds of lemongrass extract on the surface of particles [34a]. A broad absorption
band ranging from 380 to 430 nm and a small hump at 380 nm, which correspond for
surface plasmon (SP) band of silver nanoparticles are appeared in curves 2 and 3
respectively due to the partial reduction of Ag' ions on the surface of the gold
nanotriangles by biomolecules present on the surface of nanotriangles. A blue shift of 10
nm at 543 nm for the gold nanoparticles is also observed in curves 2 and 3. A decrease in
the intensity of SP band at 543 and 1080 nm of gold nanoparticles can also be observed
(curves 2 and 3), which clearly indicates that silver nanoparticles have been synthesized
on the surface of nanotriangles that cause the damping in the absorption band of the gold
nanoparticles [15b]. Curves 4-6 also show a decrease in the intensity of SP band of gold
nanoparticles along with the absence of SP band of silver nanoparticles at 380 nm. The
absence of SP band of silver nanoparticles can be due to the presence of low
concentrations of silver ions on the surface of gold nanotriangles. Other groups have also
reported that lower concentrations of silver ions do not contribute in the generation of SP
band of silver nanoparticles in the absorption spectra of core-shell morphology [34].
From the UV-vis-NIR spectra data, it can be concluded that 10°M concentration of silver

ions are appropriate for the deposition of silver shell around gold nanotriangles.
4.2.3 Time duration for binding of silver ions on triangular Au core nanoparticles:

The ideal time duration for binding of silver ions on the surface of gold
nanotriangles is an important factor for the growth of the silver shell. The time duration
for binding of 10° M Ag" ions onto the surface of gold nanotriangles was monitored by
UV-vis-NIR spectroscopy analysis (Figure 4.2A). The bound Ag™ ions are eventually
reduced by biomolecules of lemongrass extract, which are present on the surface of
nanotriangles. Curves 1 and 2 in Figure 4.2A show the SPR band for the gold
nanotriangles after 6 and 12 h deposition of Ag" ions respectively while curve 3 shows
the SPR band at ca. 392 nm for silver nanoparticles as a small shoulder after 18 h
deposition along with the absorption band for gold nanotriangles. Curve 4 shows a small

hump at 390 nm for the silver nanoparticles and a decrease in the intensity of longitudinal
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component of triangular Au core nanoparticles after 24 h deposition of the silver ions. It
is concluded that 24 h exposure of Ag  ions is important prior to the reduction by
ascorbic acid at pH 12. Figure 4.2B and C show TEM micrographs of gold nanoparticles
recorded after 6 and 12 h respectively for the binding of silver ions on the nanotriangles

surface and subsequent reduction by ascorbic acid.
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Figure 4.2:A) UV-vis-NIR spectra recorded for 6 h (curve 1), 12 h (curve 2), 18 h (curve 3) and
24 h (curve 4) deposition of 10°M silver ions on the surface of gold nanotriangles. B and C)
TEM images recorded for the deposited silver ions on gold nanotriangles after 6 h and 12 h
respectively and subsequently reduction of bound silver ions by ascorbic acid at pH 12.

Figure 4.2B clearly shows that there is no apparent shell around the nanotriangles
and the edges and surfaces of nanotriangles are smooth after binding of Ag" ions for 6 h
while Figure 4.2C shows small bulb like structures that have grown around the gold
nanotriangles after binding of Ag" ions for 12 h followed by reduction using ascorbic

acid at pH 12. At closer inspection of gold nanotriangles in the TEM image (Figure
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4.2C), it seems that the nanotriangles surface is not smooth and it has coarse texture on it,
which is not present in the gold nanotriangles after 6 h deposition of Ag” ions (Figure

4.2B) as well as control gold nanotriangles (Figure 4.1B and C).

4.2.4 Coating of silver atoms on the surface of nanotriangles:

4.2.4.a UV-vis-NIR spectroscopy analysis:

In order to get complete reduction of silver ions and the formation of silver shell
around the surface of gold nanotriangles, ascorbic acid was used as a reducing agent
under alkaline condition. Ascorbic acid has two dissociation constants; one at 4.10 (pKa,)
and another at 11.79 (pKay) [35]. At low pH, ascorbic acid does not have the ability to
reduce silver ions. Ascorbic acid is well known to reduce silver ions under alkaline
condition where monoanionic ascorbate ions facilitate the reduction of silver ions. The
bound silver ions on the surface of gold nanotriangles were reduced by ascorbic acid
under alkaline conditions and thus, we could expect the deposition of reduced silver

atoms onto the surface of gold nanotriangles under alkaline pH.
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Figure 4.3: UV-vis-NIR spectra recorded for gold nanotriangles (curve 1) and for core-shell
nanoparticles synthesized by ascorbic acid at pH 7 (curve 2), pH 10 (curve 3) and pH 12 (curve
4).

Curve 1 in Figure 4.3 shows the UV-vis-NIR spectrum of gold nanotriangles
without any addition of silver ions while curves 2 to 4 show the UV-vis-NIR spectra of

triangular Au core-Ag shell nanoparticles at pH 7, 10 and 12 respectively. As the pH of

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 4 107

solution increase from 7 to 12, a gradual blue shift in the longitudinal plasmon band of
gold nanotriangles and appearance of SP band at 405 nm for silver nanoparticles
synthesized on the surface of gold nanotriangles using ascorbic acid can be observed
(curves 2-4). A decrease in the intensity of SP peak centered at 528 nm accompanied with
a small blue shift of 5 nm can be seen in the UV-vis-NIR spectra of triangular Au core-
Ag shell nanoparticles synthesized at pH 7 and 10 respectively (curves 2 and 3). A large
blue shift of 20 nm and a decrease in the intensity of SP peak at 511 nm in comparison to
the absorption spectrum of gold nanotriangles is observed for silver shell synthesized on
the surface of gold nanotriangles at pH 12 (curve 4). It is well known that a blue shift in
the surface plasmon (SP) band of gold nanoparticles may be due to the change in
dielectric environment (dielectric function of silver is different from gold and varies with
thickness of shell), due to an increase of electron density on the metal nanoparticles or
due to the formation of Au-Ag interface [1d, 35d, 36]. Therefore, the blue shift and
decrease in the intensity of SP band of triangular Au core-Ag shell nanoparticles at
different pH could be due to the varying thickness of silver shell around the gold

nanotriangles and change in aspect ratio of nanoparticles [1d].
4.2.4.b TEM Analysis:

TEM measurements were performed to observe the morphology of triangular Au
core-Ag shell nanoparticles synthesized using ascorbic acid at pH 12. Figure 4.4A shows
a low magnification TEM image of core-shell nanoparticles wherein the gold
nanotriangles are coated with silver shells. The reduction of silver ions bound to the gold
nanotriangles by ascorbate ions results in the formation of silver atoms, which nucleate
and grow on the surface of the gold nanotriangle to form silver shell. The TEM
micrographs clearly show that the contrast of silver shell is lower than core gold
nanotriangles and shell completely covers the gold nanotriangles. The darker contrast
observed in the nucleus of core-shell nanoparticles suggests the presence of Au core,
because this metal has higher efficiency to scatter electrons. This finding suggests that
gold nanoparticles act as seeds for silver deposition, as has also been reported by other
groups [13, 35a, 35d, 37]. The inset of Figure 4.4A shows that the surface of
nanotriangles has a grainy texture because of the presence of silver nanoparticles on the

nanotriangle surface. It can also be seen that small silver nanoparticles assemble on the
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surface of gold nanotriangle and then form continuous shell around gold nanotriangle.
Figure 4.4B and C show higher magnification TEM images of triangular Au core-Ag
shell nanoparticles. It can be observed that some spherical gold nanoparticles present

along with nanotriangles are also coated with silver shells.
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Figure 4.4: A) Lower magnification TEM image of triangular Au core-Ag shell nanoparticles
synthesized at pH 12. The inset of figure 4.4A shows the silver nanoparticles around gold
nanotriangle. B and C) Higher magnification TEM images of the core-shell nanoparticles. D)
Histogram analysis for edge-to-edge length of Au core-Ag shell nanoparticles.

The TEM images clearly indicate that the silver nanoparticles are deposited on
(111) lattice plane and edges of gold nanotriangles and the thickness of shell around
nanotriangle edges is uniform. The histogram analysis of core-shell nanoparticles shows
that edge-to-edge length of triangular Au-Ag core-shell nanoparticles is 214.4 £ 4 nm
(Figure 4.4D). By comparing the edge-to-edge length of nanotriangles and core-shell
nanoparticles, the thickness of silver shell synthesized around the gold nanotriangle using

ascorbic acid is estimated to be ca. 5 nm. The mechanism behind the growth of triangular
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core-shell nanoparticles can be explained as follows: the gold nanotriangles consist of
two {111} facets at top and bottom and six narrow side {111} facets (Scheme 4.1). The
silver shells having two {111} facets on top and bottom and twin pair of 12 alternative
{100} and {111} side facets are grown on these triangular core plates. It may be possible
that capping agent selectively binds to the six side twin {100} facets and promote the
growth of silver shell on the {100} facets. Tsuji’s group has also reported the synthesis of
triangular Au-Ag core-shell nanoparticles using polyol method with a similar mechanism

[11a].

1) Ag Shell
Nz —Nx.

Scheme 4.1: Schematic diagram for the gold nanotriangles and triangular Au core-Ag shell
nanoparticles.

Figure 4.5 shows a high-resolution TEM (HRTEM) image of a triangular Au core-Ag

shell nanoparticle.

— | Au

E Ag Cu

2

g u
£

3 6 9 12
_Energy (KeV)

Figure 4.5: A) High-resolution TEM (HRTEM) image of core gold nanoparticles. The inset
shows energy dispersive analysis of X-rays (EDAX) of triangular core-shell nanoparticles. B)
HRTEM image of the silver shell of triangular Au core-Ag shell nanoparticles.

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 4 110

A lattice spacing of 2.34A is observed from edge of the core gold nanotriangles
(Figure 4.5A), which does not match with the already reported lattice spacing of
1/3{422}-reflection plane of silver nanotriangles [38]. The lattice spacing of 2.34A is
close to the standard value of 2.36A for fcc gold (111) lattice that indicates that the edge
of the gold nanotriangle has possibly (111) plane. Figure 4.5B shows a lattice spacing of
2.35A for the silver shell around gold nanotriangle, which corresponds to the (111) lattice
plane of fcc silver nanoparticles. It would be worth noticing here that though the lattice
planes could be imaged at particular instances in general, the lattices of core-shell
nanoparticles were very unstable at the boundary under the incident electron beam of the
microscope and could not be imaged together. The inset of the Figure 4.5A shows the
energy dispersive analysis of X-rays (EDAX) of Au core-Ag shell nanoparticles. EDAX
data reveals strong signals of Au and Ag in the sample, which clearly indicates the
presence of both in triangular core-shell nanoparticles. There is also a strong signal of Cu

in the EDAX data that usually comes from the carbon coated copper TEM grid.

4.2.4.c AFM analysis:

Atomic force microscopy (AFM) measurement was done to analyze the precise
thickness of silver shell in the triangular Au core-Ag shell nanoparticles. TEM is able to
measure the particle dimension in x-y plane (parallel to TEM grid surface) while AFM
can also give accurate height in z direction (perpendicular to the silicon wafer surface).
The AFM image of a gold nanotriangle synthesized using lemongrass extract is shown in
Figure 4.6A. The truncation of vertices in the gold nanotriangle is clearly evident in the
AFM image. These features have repeatedly been seen for a large fraction of the
nanotriangles obtained biologically which is also confirmed by the TEM images (Figure
4.1B and C). Indeed, such nanotriangles have also been observed for silver [38, 39] and
gold nanoprisms [40] obtained by chemical methods. A 3-dimensional AFM image
(Figure 4.6B) of the gold nanotriangle shows that nanotriangle surface is atomically flat
which is strongly supported by 1/3{422} reflection observed in SAED pattern of the gold
nanotriangles as shown in Figure 3.2C in chapter three. A topographic height analysis of
nanotriangle along the direction indicated by black line in the image is shown in the

lower panel of Figure 4.6A, which shows that the gold nanotriangle has an average
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thickness of 18 nm. By an analysis of a large number of nanotriangles, the thickness of
nanotriangles is found to be 18 + 2 nm. The AFM image of Au core-Ag shell
nanotriangle are shown in Figure 4.6C. It can be observed that the edge of the
nanotriangle has more contrast than that of the plane gold nanotriangle (Figure 4.6A),
which is due to the reduction of silver ions on the surface and edges of the gold

nanotriangles using ascorbic acid at pH 12.

0 100 nm 200 300

Figure 4.6: A) AFM image of triangular gold nanoparticles. B) 3D AFM image of the gold
nanotriangle. C) AFM image of triangular Au core-Ag shell nanoparticles synthesized at pH 12.
D) 3D AFM image of the core-shell nanoparticles. Bottom parts of Figure 4.6 A and C show the
line profile plots of triangles and core-shell nanoparticles respectively.

It can also be seen in 3-dimensional AFM image (Figure 4.6D) that the surface
and edges of core-shell nanotriangle are very rough and their morphology is much
different from that of the control gold nanotriangles. The line profile analysis of the core-

shell nanoparticle along the direction shown in the lower part of Figure 4.6C shows the
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thickness to be ca. 23 nm. The thickness of core-shell nanoparticles after measurements
of a large number of particles is found to be 23 + 2 nm. These results clearly indicate the
synthesis of triangular core-shell nanostructures with the thickness of the silver shell
varying from 2-5 nm that is in good agreement with measurement from the TEM analysis

(Figure 4.1B and C).
4.2.4.d Chemical analysis:

It is important to know the fine structure of bimetallic nanoparticles, which can be
studied by the XPS measurement. A chemical analysis of triangular Au core-Ag shell
nanoparticles synthesized at pH 12, drop coated on Si(111) wafer, was done by X-rays
photoemission spectroscopy (XPS).
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Figure 4.7: XPS spectra of (A) Ag 3d and (B) Au 4f core level of triangular Au core-Ag shell
nanoparticles synthesized at pH 12 without background correction.

Figure 4.7A and B show the XPS spectra of Ag 3d and Au 4f core levels
respectively without background correction for triangular Au core-Ag shell nanoparticles
but accounting for charging of the film (with respect to adventitious C 1s signal of 285
eV BE). A small increase in the background associated with the Au 4f core level in
comparison with the Ag 3d core level is observed. The background in the XPS core level

spectra arises due to inelastic scattering of electrons during transport within the surface
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prior to emission. In the case of Au core-Ag shell nanostructure, the Au 4f electrons
stemming from the core are expected to be more effectively scattered by the Ag shell
compared to the Ag 3d electrons, thereby giving rise to the difference in the background
signals mentioned above. Thus, careful analysis of the background can yield a wealth of
information regarding the nature of surfaces and attest the presence of core-shell
structures in the sample. The different core levels were then background corrected using
the Shirley algorithm [41] prior to curve resolution, and the core levels were aligned with
respect to adventitious C Is binding energy (BE) of 285 eV. C 1s photoemission
spectrum is rather complex and could be deconvoluted into three chemically distinct
components (Figure 4.8A). In addition to the adventitious C 1s BE peak at 285 eV, peaks
at 286.7 and 288.7 eV are also observed. The high BE peak at 288.7 eV is attributed to
electron emission from carbons in carbonyl groups (aldehydic or ketonic carbons) [43]
while the peak at 286.6 eV is most likely from a carbons to the carbonyl groups.
Induction effects are know to influence the BEs of carbons complexed with electron

withdrawing functional groups such as carbonyls [43].
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Figure 4.8: XPS spectra of (A) C 1s (B) Au 4f and (C) Ag 3d core level of triangular core-shell
nanoparticles after background correction using the Shirley algorithm.

The complex Cls spectrum could be due to carbon coordinated to hydroxyl
groups of sugar molecules present in lemongrass extract and bound with the gold
nanotriangles. [34a]. The Au 4f;, core level could be split into two chemically distinct

components centered at 83.9 and 85.7 eV BEs that correspond to Au(0) and Au(l)
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respectively (Figure 4.8B). The relatively small amount of Au(I) present on the surface of
the gold nanoparticles is responsible for the additional peak at high BE and stabilizes the
particles electrostatically against aggregation in solution [44]. The Ag 3d spectrum could
also be stripped into two chemically distinct spin-orbit pairs. The two chemically distinct
Ag 3ds;, components are observed at 368.3 and 369.4 eV BEs (Figure 4.8C). The low BE
component is attributed to electron emission from silver nanoparticles (nanoshell) [45]
while the high binding energy component arises from silver ions indicating that a small
fraction of unreduced Ag’ remains bound to the surface of nanoparticles. The XPS
signals from Au and Ag in triangular core-shell nanoparticles are strongly evinced by

EDAX data (inset of Figure 4.5A).
4.3 Summary:

A facile method for the synthesis of triangular Au core-Ag shell nanoparticles at
room temperature has been described in this chapter. The silver ions interact
electrostatically with negatively charged gold nanotriangles and bind onto their surface.
Ascorbic acid acts as a reducing agent under alkaline conditions for the reduction of
bound silver ions on the surface of gold nanotriangles. By varying the pH of solutions,

different thickness of silver shells can be coated on the surface of gold nanotriangles.
4.4 Synthesis of spherical gold-titania core-shell nanoparticles:
4.4.1 Experimental Details:

The aqueous gold nanoparticle solution was synthesized by sodium borohydride
reduction of chloroauric acid (addition of 0.1 gm NaBH,in 100 mL of 10™* M of aqueous
solution of HAuCly) as described in our earlier report [31]. This procedure results in ruby
red solution of gold nanoparticles at room temperature. The colloidal gold nanoparticle
solution was dialyzed for 24 h in Milli-Q water using a 12.5 kDa cut-off dialysis
membrane to remove the excess free borohydride ions and unreduced chloroaurate ions
present in the solution. Before dialysis, the bag was boiled in Milli-Q water for 10
minutes followed by repeated washing with water to remove all contamination. The
surface functionalization of dialyzed gold nanoparticles was done by the addition of 5 mL
of 10” M aspartic acid in 20 mL of the colloidal gold solution, which was kept for 24 h at

room temperature. Then this solution was again dialyzed for 24 h to remove
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uncoordinated aspartic acid from the gold nanoparticles. UV-vis spectroscopy analysis
was done for the borohydride reduced gold nanoparticles and aspartic acid modified gold
nanoparticles. The isolation and purification of hydrolyzing enzyme from fungus
Fusarium Oxysporum was done by the procedure reported previously [32]. 20 g of
thoroughly washed and sterile fungus biomass was suspended in 100 mL of sterile
deionized water in 500 mL Erlenmeyer flask under shaking condition (200 rpm) at 25 -
28 'C. The extracellular component (mainly proteins) secreted by the fungus in water
after 24 h were collected by filtration and concentrated by lyophilization. The lyophilized
extracellular fraction containing a mixture of proteins was dialyzed against deionized
water (using a 12.5 kDa cut-off dialysis membrane) and further purified using CM
sephadex cation exchange matrix. 100 pL of hydrolyzing enzyme was added in 1 mL
aspartic acid modified gold nanoparticles solution and incubated for 24 h at 4 "C. Dialysis
was again done against Milli-Q water at 4 °C to remove the unbound protein from
solution using 12.5 kDa cut-off dialysis membrane. The low temperature dialysis is
important to prevent the denaturation of hydrolyzing protein. 500 pL. K, TiF¢ solution was
added in 1 mL of the hydrolyzing enzyme bound gold nanoparticle solution and
incubated for 24 h at 4 "C, which led to the formation of spherical gold-titania core-shell
nanoparticles. The unreacted K,TiFs was removed from core-shell solution by
centrifugation at 15000 rpm for 30 minutes prior to analysis by Transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), X ray diffraction
(XRD) and X ray photoemission spectroscopy (XPS) analysis.

4.4.2 TEM analysis:

Figure 4.9A shows a low magnification TEM image of borohydride reduced gold
nanoparticles. The TEM image clearly shows that the particles are monodisperse and the
particles are in close contact after water evaporation during sample preparation in some
places in the TEM grid. After surface modification of the gold nanoparticles with anionic
aspartic acid, the particles are still spherical with some aggregation, which lead to the
formation of elongated nanoparticles as observed in the TEM image (Figure 4.9B). The
selected area electron diffraction (SAED) pattern of the borohydride reduced gold
nanoparticles (Figure 4.9C) shows that gold nanoparticles are polycrystalline in nature.

SAED pattern shows (111), (200), (311) and (220) Bragg’s reflections corresponding to
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fcc gold with the lattice spacing of 2.35, 2.03, 1.23 and 1.17A respectively. The
hydrolyzing enzyme from fungus Fusarium oxysporum was used for the synthesis of
gold-titania core-shell nanoparticles [32]. The purified hydrolyzing enzyme is capped on
the surface of aspartic acid modified gold nanoparticles. We believe that the cationic

hydrolyzing protein interacts with the anionic aspartic acid modified gold nanoparticles

and completely cover the surface of gold nanoparticles.

Figure 4.9: Representative TEM images of A) Borohydride reduced gold nanoparticles. B)
Aspartic acid modified gold nanoparticles. C) Selected area electron diffraction pattern of the
borohydride reduced gold nanoparticles. D) The hydrolyzing enzyme-capped aspartic acid
modified gold nanoparticles.

The TEM image (Figure 4.9D) of protein capped gold nanoparticles shows that
the morphology of particles is spherical and nanowire like few gold nanostructures can
also be observed due to assembly or aggregation of spherical gold nanoparticles. After

exposing the hydrolyzing protein capped gold nanoparticles with K,TiFg solution at 4 ‘C,
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TiF¢ ions are selectively hydrolyzed on the surface of gold nanoparticles and form gold-
titania core-shell nanoparticles. A large population of spherical gold-titania core-shell
nanoparticles can be observed in the lower magnification TEM images (Figure 4.10A and
B). The contrast of titania shell is different from core gold nanoparticles that can be seen
in the higher magnification TEM image (Figure 4.10C). The variation in contrast of core
and shell nanoparticles clearly confirms the successful synthesis of core-shell
nanoparticles [35]. The higher magnification TEM image (Figure 4.10C) shows that the
thickness of titania shell around gold nanoparticles is uniform and envelope gold

nanoparticle inside the titania shell.

Figure 4.10: A and B) Lower magnification TEM image of the gold-titania core-shell
nanoparticles. C) Higher magnification TEM image of core-shell nanoparticles. D) Selected area
electron diffraction (SAED) pattern of gold-titania core-shell nanoparticles.

Figure 4.10D shows the selected area electron diffraction (SAED) analysis of

gold-titania core-shell nanoparticles that clearly indicates the crystalline nature of gold
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core and titania shell in the core-shell nanoparticles. The selected area electron diffraction
pattern shows (111), (200) and (311) lattice plane of the core gold nanoparticles that
match with Bragg reflection of fcc gold and simultaneously also shows (111), (121),
(200), and (012) lattice plane of brookite phase of the titania shell. The diffraction spots
are indexed from standard d values of brookite polymorph of TiO, [3.47 A (111),2.9 A
(121), 2.729 A (200) and 2.476 A (012)] [46]. A high-resolution transmission electron
microscopy (HRTEM) study was done to identify the lattice planes of core and shell from

gold-titania core-shell nanoparticles.

Figure 4.11: A) High-resolution TEM (HRTEM) image of gold-titania core-shell nanoparticle.
B) Magnified image of one part of HRTEM image.

Figure 4.11A shows the HRTEM image of core-shell nanoparticles wherein the
lattice plane of the core gold nanoparticle is clearly seen. Figure 4.11B shows high
magnification of one part of the HRTEM image that reveals the d spacing of 2.35 A
(corresponds to (111) plane of fcc gold) and 2.47A (corresponds to (012) lattice plane of
brookite phase) values for the gold nanoparticle and titania shell nanoparticles
respectively. The HRTEM analysis shows the crystalline nature of titania shell on the

surface of gold nanoparticles.

4.4.3 UV-vis Spectroscopy analysis:

The formation of gold-titania core-shell nanoparticles was monitored by UV-vis

spectroscopy. Figure 4.12 shows the UV-visible spectra recorded from borohydride
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reduced gold nanoparticles, aspartic acid modified gold nanoparticles and gold-titania
core-shell nanoparticles. The colour of gold nanoparticles solution synthesized using
borohydride reduction method is ruby red. The peak maximum corresponding to plasmon
excitation of gold nanoparticles in the aqueous phase occurs at 530 nm (curve 1). The
exact position of surface plasmon (SP) peak depends upon particles size and shape and to

the electronic and optical properties of medium surrounding the particles [47].
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Figure 4.12: UV-vis spectra recorded from borohydride reduced gold nanoparticles (curve 1),
aspartic acid modified gold nanoparticles (curve 2) and the hydrolyzing enzyme capped aspartic
acid modified gold nanoparticles (curve 3).

After the surface modification with aspartic acid, the UV-vis spectrum (curve 2)
shows a red shift and a broadening of surface plasmon (SP) peak, which indicates the
complexation of aspartic acid with the surface of gold nanoparticles along with some
percentage of aggregation in the solution [48] which is strongly supported by the TEM
image (Figure 4.9B). On the visual inspection of solution, the colour of gold
nanoparticles turned into slight bluish in nature after the modification that was also
authenticated by UV-vis spectroscopy analysis. Anionic aspartic acid was chosen for the
surface modification because it imparts negative charge on the gold nanoparticles after
surface modification. Curve 3 of Figure 4.12 shows the UV-vis spectrum of gold-titania
core-shell nanoparticles and demonstrates a broad absorption surface plasmon band with
a large red shift of 50 nm when compared with curve 1. A red shift in SP band of gold
nanoparticles could be due to the following reasons; first due to the encapsulation of

inorganic layers on the metal nanoparticles surface and second due to an increase in
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particles size of the gold nanoparticles [4d, 49]. Titania has a high refractive index of ca.
2.5 which is higher that that of solvent of core-shell nanoparticles [50]. The encapsulation
of titania shells on the gold cores causes a change in the dielectric constant of
surrounding medium of gold nanoparticles [47] and a red shift in the surface plasmon
band of gold-titania core-shell nanoparticles. The UV-vis spectrum of gold-titania core-
shell nanoparticles is corroborated with the TEM images (Figure 4.10A-C). An increase
in the shell thickness also leads to the broadening of surface plasmon peak. The peak
width is related to collision time because metal clusters are more isolated from the nearby
nanoparticles due to an increase in the thickness of the oxide shell. Therefore, an increase
in the surface plasmon width for smaller particles is related to the confinement of free

electrons in the metal core [28d].
4.4.4 Fourier Transform Infrared Spectroscopy (FTIR) analysis:

FTIR measurements were carried out to investigate the presence of hydrolyzing

protein and titania shell on the surface of gold nanoparticles.
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Figure 4.13: The FTIR spectra recorded from the hydrolyzing enzyme (curve 1) and gold-titania
core-shell nanoparticles synthesized using the hydrolyzing enzyme (curve 2).

Figure 4.13 shows the FTIR spectra of hydrolyzing protein isolated from fungus
(curve 1) and core-shell nanoparticles (curve 2). The peaks at 1632 and 1409 cm™ of
curve 1 are attributed to C=O stretching (amide I) and N-H vibration (amide II)

respectively, which are characteristic for the presence of protein. The strong FTIR peak at
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1109 cm™ in curve 2 is assigned to the excitation of Ti-O-Ti vibration mode while a weak
band at 950 cm™ is attributed to the excitation of Ti-O asymmetric stretching of Ti-O-Ti
bond [51] in titania shells of the core-shell nanoparticles [52]. Curve 2 also shows the
1632 and 1409 cm™ peaks of amide bands for the presence of hydrolyzing enzyme in the
core-shell nanoparticles. The FTIR data clearly shows the presence of titania in the core-

shell nanoparticles.
4.4.5 X-ray Diffraction (XRD) analysis:

X-ray diffraction analysis of borohydride reduced gold nanoparticles (curve 1)
and gold-titania core-shell nanoparticles (curve 2) were carried out to know the lattice
planes of gold nanoparticles and different phases of the synthesized titania shell

nanoparticles in the core-shell nanoparticles (Figure 4.14).
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Figure 4.14: XRD diffraction spectra recorded from the borohydride reduced gold nanoparticles
(curve 1) and gold-titania core-shell nanoparticles (curve 2).

Curve 1 shows Bragg reflections from (111), (220), (311) and (222) lattice planes
of fcc gold nanoparticles. The XRD spectrum of gold-titania core-shell nanoparticles
(curve 2) shows the diffraction peaks for (111), (220), (311), (222) lattice planes of the
core gold nanoparticles as well as brookite and rutile phase of titania shell nanoparticles
[(111), (121), (200), (012), (032) and (240) for brookite and (111) and (220) lattice planes
of rutile phase]. The XRD analysis clearly shows that the crystalline and mixed phase of

titania shells are formed in core-shell nanoparticles by the hydrolyzing protein which is in
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good agreement with the HRTEM result (Figure 4.11). In earlier report from our
laboratory, it has been shown that rutile and brookite phase of titania nanoparticles are
formed by the hydrolyzing protein from fungus Fusarium oxysporum [32]. Bragg
reflections of gold core nanoparticles and titania shell nanoparticles from the XRD
analysis of core-shell nanoparticles match with the selected area electron diffraction
pattern (SAED) (Figure 4.10D) which clearly indicates that the morphology of gold-
titania core-shell nanoparticles after drop coating on the glass slide are intact and stable in

form of film on the substrate.

4.4.6 X-ray Photoemission Spectroscopy (XPS) analysis:

A chemical analysis of gold-titania core-shell nanoparticles drop coated on

Si(111) substrate was carried out by X-ray photoemission spectroscopy (Figure 4.15).
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Figure 4.15: XPS spectra recorded from (A) C 1s, (B) Au 4f and (C) Ti 2p core levels of gold-
titania core-shell nanoparticles.

Figure 4.15a shows the XPS spectrum for C 1s of gold-titania core-shell
nanoparticles. C 1s core level photoemission spectrum is complex and could be stripped
into three chemically distinct components. In addition to C 1s peak at 285 eV BE from
hydrocarbon chains, peaks at 281.6 and 287.9 eV are also observed. The low BE peak at
281.6 eV is attributed to aromatic carbon from the hydrolyzing protein while the high BE
peak at 287.9 eV is assigned to electron emission from carbon present in the carbonyl
groups (ketones or carboxylic group of protein) [43]. The Au 4f7, core level could be

decomposed into two distinct components centered at 83.5 and 86.5 eV that correspond
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to Au(0) and Au(l) species respectively (Figure 4.15B). The peaks at 83.5 eV can be
ascribed to the presence of metallic gold core in core-shell nanoparticles. The Ti 2p core
level could also be resolved into the two spin orbit pairs with 2ps, at 459 eV and 2p,,; at
465 eV binding energies, which are assigned to the Ti*" oxidation state of TiO, (Figure
4.15C) [53]. The spin-orbit splitting between 2ps, and 2p,, core level is 6 eV, which
shows the presence of +4 oxidation state of titania in core-shell nanoparticles [54]. The
presence of Ti signal in the XPS spectra clearly shows the presence of TiO, on the

surface of gold nanoparticles.
4.4.7 Summary:

This part of the chapter describes the biological synthesis of gold-titania core-
shell nanoparticles using the hydrolyzing protein. The UV-vis spectra and TEM analysis
clearly shows the presence of core-shell nanoparticles in the sample. The synthesized
core-shell nanoparticles are spherical and rutile and brookite polymorphs of titania are

present in shell which are confirmed by the SAED and XRD analyses.
4.5 Conclusion:

Facile protocols for the synthesis of spherical and anisotropic core-shell
nanoparticles have been described in this chapter. The triangular Au core-Ag shell
nanoparticles are synthesized at room temperature using ascorbic acid as a reducing
agent. Ascorbic acid has propensity to reduce silver ions under alkaline conditions, so by
varying the pH of gold nanotriangles solutions, different thickness of silver shell could be
deposited on the surface of nanoparticles. A large blue shift and a dampening of
longitudinal plasmon peak of gold nanotriangles in the UV-vis-NIR spectra is a
characteristic feature for the synthesis of triangular core-shell nanoparticles. Owing to
highly roughened surface of the core-shell nanoparticles, triangular core-shell
nanoparticles might be having potential application in the detection of biomolecules and
as a better substrate for Surface Enhance Raman Spectroscopy (SERS) compared to other
analogous nanoparticles with smooth surface. The commercially important gold-titania
core-shell nanoparticles are also synthesized using hydrolyzing enzyme from fungus
Fusarium oxysporum at room temperature. The thickness of titania shell is uniform and

brookite and rutile phase of titania nanoparticles are synthesized around the surface of
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gold core nanoparticles. The spherical gold-titania core-shell nanoparticles can be used as
multicolour photochromic material that changes colour reversibly [21] and in

photocatalysis under visible and UV light [25].
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Chapter V

Morphological Transformation of
Gold Nanotriangles Using
Chemical Approaches

100 nm 100 nm

This chapter describes the morphological transformation of gold nanotriangles using different
halide ions (F°, CI', Br, I'). Halide ions form an incommensurate adlayer on Au (111) lattice
planes, in which iodide ions have the highest mismatch with the underlying Au (111) plane in
comparison with bromide, chloride and fluoride ions respectively. lodide ions completely hinder
the growth of nanotriangles while bromide ions promote the synthesis of spherical and triangular
nanoparticles. Chloride and fluoride ions do not significantly affect the morphology of triangular
gold nanoparticles during their synthesis. Halide ions also transform the morphology of already
synthesized gold nanotriangles. lodide and bromide ions transform nanotriangles into circular
plate structures and corrugated edged nanotriangles respectively, while chloride and fluoride ions
do not impose any transformation on the morphology of nanotriangles. CTAB also has the ability
to transform nanotriangles into circular nanoplates, while CTAC does not impart morphological
changes in nanotriangles. An attempt has been made to investigate the reversible transformation
of circular plate nanoparticles into plane edged gold nanotriangles. Different concentrations of
gold ions in the presence of CTAB or CTAC have been used for the modification of gold
nanotriangles into highly complex nanostructures, which has also been discussed in this chapter.

Part of the work presented in this chapter has been published:
Rai, A.; Singh, A.; Ahmad, A.; Sastry, M. Langmuir 2006, 22, 736.
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5.1 Introduction:

Morphology controlled synthesis of nanoparticles is a great challenge in materials
chemistry because of the strong correlation between the shape and the chemical, physical,
optical, electronic, magnetic and catalytic properties of nanoparticles [1]. A wealth of
chemical methods have been developed for the synthesis of well-controlled nanoparticle
morphologies including prisms [2], rods [3], cubes [4], wires [5], belts [6] and branched
multipods [7]. The size and shape controlled synthesis of nanoparticles requires template-
based methods (e.g. surfactants [4b,c, f] and anodic porous alumina membranes [8]) and
controlled growth condition [9] in the reaction medium.

Though the mechanisms for crystal growth of nanorods have been established by
various groups, few attempts have been made to completely understand the growth of
triangular nanoparticles. Murphy and coworkers had extensively studied the synthesis of
nanorods in the presence of CTAB and attributed the formation of rod-like micelles in
solution for the growth of anisotropic nanoparticles. However, they later postulated that
CTAB preferentially adsorbs to the long axis crystal faces of nanorods [4c,d, f]. Pileni’s
group had synthesized copper nanorods in reverse micelles and attributed the shape of
nanoparticles to the shape of the micelles [10]. The general strategy to synthesize
anisotropic nanoparticles is to induce different relative growth rates of different
crystallographic facets. Anisotropic growth of nanoparticles can be achieved by the
presence of specific molecules in the growth medium that have preferential binding to
different crystallographic facets, while the particles nucleate and grow in solution [2g,
11]. Assembly and sintering of small sized nanoparticles into silver nanotriangles in
solution using photo-irradiation approach was proposed by Mirkin’s group [2a,b].
Recently, defects and presence of twin planes in silver and gold nanoparticles has been
attributed to direct the shape of initially formed nanoparticles into nanotriangles or high
aspect ratio platelets [12].

In chapter 3, synthesis of triangular nanoparticles using lemongrass extract was
described. It was observed that several ions and molecules are present in the reaction
solution, which might be responsible for the growth of gold nanotriangles [2c, d].
Broadly, ketonic and aldehydic functional groups as well as molecules below the size of

30 kDa were claimed to be responsible for the growth of nanotriangles. It is highly
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possible that not a single molecule, but many molecules together play a synergistic role
and adsorb on certain crystallographic faces of initially formed metal nuclei to promote
the growth of triangular morphology. In this chapter, an attempt has been made to
understand the role of a single molecule for crystal growth of nanotriangles, in greater
detail. In order to study the effect of various halide ions on gold nanoparticle
morphology, different salts containing a common cation, but varying halide ions viz. KF,
KCl, KBr and KI were individually added in the lemongrass-gold ion (AuCly") growth
medium and the effect of these halide ions on the crystal morphology was observed.
Iodide and bromide ions are known to be capable of replacing chloride ions from the gold
nanotriangles and forming adlayers on the underlying Au (111) lattice planes [13]. Our
principal observation is that chloride ions promote the synthesis of nanotriangles while
bromide and iodide ions inhibit their growth. Fluoride ions are unable to impose any
affect on the crystal growth of nanotriangles. lodide ions are well known to chemisorb
and form an adlayer on the underlying gold, which have largest mismatch with Au (111)
lattice plane as compared to other halide ions [14]. The mismatch between gold lattice
plane and the iodide ion adlayer creates a strain on the surface of initially formed
nanoparticles that inhibits the growth of nanotriangles. Recently, the role of halide ions
on crystal growth has gained much attention. Pileni’s group has demonstrated that
presence of halide ions does not change the morphology of micellar template but
drastically change the morphology of copper crystal formed in the solution. They found
that NaCl and NaBr promote the synthesis of rod and cubic copper nanocrystals
respectively while NaF does not promote any specific shape [13]. Sastry’s group has
recently shown the effect of halide ions on the morphology of citric acid reduced gold
nanotriangles [15]. The effect of chloride ions on the syntheses of silver and copper
nanoparticles has also been shown by Xia ef al. and Roberts ef al. respectively [16].

An attempt has also been made in this chapter to understand the role of halide
ions on the morphology of already formed gold nanotriangles. We observe that iodide
ions completely transform the preformed gold nanotriangles into circular plate like
structures, while bromide ions induce corrugation at the edges of nanotriangles. In the

case of iodide ions, the strain developed on the nanotriangles after adsorption on (111)
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lattice planes modifies the nanotriangles into circular disc like nanostructures. Chloride
and fluoride ions do not impart any effect on the morphology of gold nanotriangles.
Studies on the morphological change induced by cationic surfactants such as
cetyl-trimethylammonium bromide (CTAB) and -cetyl-trimethylammonium chloride
(CTAC) has also been discussed in this chapter. Though, 10> M CTAB significantly
alters the morphology of triangles to circular plates and corrugated-edged triangles, lower
concentrations (10° M to 10° M) of CTAB do not have significant affect on the
morphology. Halas’ group has shown reshaping of metallodielectric nanoparticles upon
exposure to CTAB in the aqueous solution [17]. The morphology of gold nanotriangles
after treatment with various concentrations of CTAC (10> M to 10° M) is intact and
similar to lemongrass reduced gold nanotriangles. The reversible transformation of
circular nanoplates into triangular nanoparticles using a dialysis method indicates the
physical adsorption of surfactants on the surface of gold nanoparticles. Stoeva et al. have
demonstrated the reversible transformation of gold nanoparticle morphology using
alkanethiols and positively charged surfactant didodecyldimethylammonium bromide
(DDAB) [18]. It remains a challenge to develop synthesis procedures to achieve complex
metal nanostructures because of their wide range of application in catalysis, optical and
electronic properties [19]. The addition of different concentrations of gold ions on the
CTAB or CTAC bound gold nanotriangles lead to highly complex nanostructures, which
is also described in this chapter. The high concentration of gold ions (102 M) convert
CTAB bound gold nanotriangles into highly branched nanostructures while the lower
concentration (10 M) of gold ions oxidize the sharp tips of nanotriangles into circular
tips. Gold ions are known to oxidize gold nanoparticles in the presence of CTAB.
Nanocoral and nanoflower like structures are obtained after addition of varying

concentrations of gold ions in the CTAC bound gold nanotriangles.

5.2 Effect of halide ions on the morphology of gold nanotriangles during

synthesis:

5.2.1 Experimental Details:

The effect of different halide ions on the morphology of gold nanoparticles during
synthesis was investigated by adding 1 mL of 10> M respective KX solution (KX=KF,
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KCI, KBr and KI) in 9 mL of 10° M HAuCl, solutions containing 0.8 mL of lemongrass
extract. The synthesis of gold nanoparticles was investigated using UV-vis-NIR
spectroscopy and TEM analysis. The UV-vis-NIR spectra of gold nanoparticles solution

containing different halide ions were recorded after 24 h of reactions.
5.2.2 UV-vis-NIR spectroscopy and TEM analysis:

Figure 5.1 shows the UV-vis-NIR spectra of gold nanoparticles synthesized using
lemongrass extract in absence (curve 1) and presence of different halide ions (10° M KF,
KCI, KBr and KI) (curves 2-5 respectively). The spectra were recorded after 24 h of
reaction. The gold nanotriangle solution without halide ions shows two distinct
absorption bands (curve 1) centered at 538 nm (transverse SPR band) and 1035 nm
(longitudinal SPR band) [2, 3].

Absorbance (a.u.)

500 750 1000 1250
Wavelength (nm)

Figure 5.1:UV-vis-NIR spectra recorded from the gold nanotriangles synthesized using
lemongrass extract in the absence of halide ions (curves 1) and presence of KF (curve 2), KCl
(curve 3), KBr (curve 4) and KI (curve 5).

The TEM image (Figure 5.2A) recorded from this solution indeed shows highly
anisotropic flat gold nanotriangles along with spherical nanoparticles. Some of the gold
nanotriangles have truncated vertices with edge-to-edge length of ca. 250 nm. The gold
nanoparticles synthesized by lemongrass extract possibly have sugar derivative molecules
on their surface [4c, d] along with chloride ions contributed from the chloroaurate ions

during the reduction process, which has been discussed in the chapter 3. The optical
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absorption spectrum of gold nanoparticles synthesized in the presence of KF (curve 2,
Figure 5.1) shows a blue shift of 25 nm in the longitudinal SPR band of gold
nanotriangles relative to gold nanotriangles synthesized in the absence of halide ions.
Along with a blue shift, it is observed that an intensity of both absorption bands has
decreased. The size and shape of gold nanotriangles synthesized in the presence of KF
are essentially same as compared to nanoparticles synthesized in the absence of halide
ions and have well-faceted and truncated morphology (Figure 5.2B). The gold
nanoparticles synthesized in the presence of KCI show a large red shift of 80 nm in the

longitudinal SPR band (in plane vibration) of gold nanotriangles (curve 3, Figure 5.1).
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Figure 5.2: TEM images recorded from the gold nanotriangles synthesized in the absence of
halide ions (A) and presence of KF (B), KCI (C), KBr (D) and KI (E). The insets of Figure 5.2 D
and E show the higher magnification TEM images of gold nanoparticles synthesized in presence
of KBr and KI respectively. (F) The histogram analysis of percentage of gold nanotriangles
synthesized in the presence of different halide ions.

The TEM image (Figure 5.2C) of gold nanotriangles formed in the presence of
KCI shows that the gold nanotriangles are larger in size than control (Figure 5.2A) and
have edge length of ca. 320 nm that is in good agreement with the UV-vis-NIR data
(curve 1). A pronounced change was observed in the UV-vis-NIR spectrum of gold
nanoparticles synthesized in the presence of KBr (curve 4, Figure 5.1). The position of

longitudinal SPR band appears to be red shift beyond 1400 nm and is accompanied by an
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increase in transverse component of SPR band. The TEM image (Figure 5.2C) shows a
large percentage of spherical particles with a marginal increased in edge length of flat
gold nanotriangles, which is corroborated with curve 4 of Figure 5.1. The inset of Figure
5.2D shows the higher magnification TEM image of gold nanoparticles synthesized in
presence of Br ions. It is observed that the smooth-edged gold nanotriangles and
hexagons are synthesized in the presence of Br ions. A drastic change was observed in
the UV-vis-NIR spectrum of gold nanoparticles formed in the presence of KI wherein, an
intense SPR band positioned at 554 nm is observed with no evidence of band in the NIR
region of the electromagnetic spectrum (curve 5, Figure 5.1). The change in behavior of
the UV-vis-NIR spectrum is mirrored in the TEM image of gold nanoparticles (Figure
5.2E). The TEM image of gold nanoparticles synthesized in the presence of I ions shows
mostly spherical particles with absence of triangular nanoparticles (Figure 5.2E). A small
percentage of spherical aggregated nanoparticles can also be seen in the TEM image.
I' ions thus appear to strongly suppress the growth of triangular nanoparticles. The inset
of Figure 5.2E shows the higher magnification TEM image of aggregated spherical gold
nanoparticles, which is consistent with the corresponding UV-vis-NIR spectrum (curve 5,
Figure 5.1), where a single intense absorption band centered at ca. 554 nm is observed.
Similar aggregated nanostructures were also observed by Cheng et al. in their study of
the effect of aqueous KI solution on the morphology of spherical citrate reduced gold
nanoparticles, synthesized under boiling conditions [21]. Figure 5.2F shows the relative
population of gold nanotriangles when chloroaurate ions were reduced using lemongrass
extract in the presence of different halide ions. The population of gold nanotriangles is
drastically decreased when different halide ions (KX) were added in the reaction solution
during synthesis. Thus, the number of gold nanotriangles is decreased from 45% in
control to 4% in the presence of I ion, while F', CI', and Br" ions show intermittent
population. This result is consistent with the UV-vis-NIR data and TEM results for the
corresponding halide ions (Figure 5.1 and 5.2 respectively).

The change in morphology of gold nanoparticles in presence of different halide
ions during the synthesis may be rationalized as follows: F ions are found not to strongly
chemisorb on the surface of gold nanoparticles [22]. Thus, the presence of F~ ions does

not significantly alter the size and shape of nanotriangle to any noticeable extent. This is
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concomitant with the UV-vis-NIR data and TEM images. On the other side, CI', Br and I
ions have the ability to chemisorb on nanoparticle surface and form
Au-X bond with force constants in the order of I' > Br" > CI" [22, 23]. These halide ions
have different binding strengths to compete with biomolecules and chloride ions to bind
to the nanoparticles surface due to their varying ligating abilities. It is reported that thiols
and phosphines, which have better charge transfer ability and polarizability, strongly
interact with gold surface in comparison with other functional groups like alcoholic group
[24]. The structures of adlayer formed on the surface of gold by CI', Br  and I" ions have
been well characterized and formation of an incommensurate adlayer of halide ions on

gold surface is well established [14, 25].

@Au Ocr

Scheme 5.1: Schematic showing the adlayer of chloride ions on the Au (111) lattice plane.

Chloride ions are known to form hexagonal close packed adlayer on Au (111)
lattice planes, which is better aligned with the underlying lattice plane of gold. The
scheme 5.1 shows the hexagonal packed adlayer of CI” ions on the surface of gold
nanotriangles. The slight mismatch between the CI ions adlayer and the gold lattice plane
causes development of residual strain on the surface of smaller nanoparticles synthesized
during initial period of reaction. The strain develops defects like twin planes on the
surface, which leads to the oriented growth of smaller nanoparticles into gold
nanotriangles. Lofton and Sigmund have also showed that defects in seed nanoparticles
play a crucial role in the growth of two-dimensional nanostructures like nanotriangles
[12a]. It is also possible that the formation of flat [111] oriented gold nanotriangles or

truncated nanotriangles is a result of cooperative effect of CI” ions and the biomolecules
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present in lemongrass extract. The observed changes in the UV-vis-NIR spectrum could
thus be a result of the variation in the relative concentration of competing anions and
surface-active biomolecules, which may lead to change in the size and shape of gold

nanoparticles.

@Au @B Ocr

Scheme 5.2: Schematic showing the adlayer of bromide ions on the edges of gold nanotriangle.

Bromide ions are also known to chemisorb on the surface of gold and form
hexagonal packed adlayer with more mismatch with the underlying Au (111) lattice plane
relative to chloride ions adlayer on Au (111) plane [25], which is shown in the Scheme
5.2. The mismatch hinders the insignificant growth of gold nanotriangles and promotes
the synthesis of spherical nanoparticles, which is in accord with the UV-vis-NIR data and

TEM images (Figure 5.1 and 5.2E respectively).

Scheme 5.3: Schematic showing the adlayer of iodide ions on the (111) plane of gold

nanotriangle.
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The I' ions adlayer has the largest mismatch with Au (111) lattice plane in
comparison with other halide ions adlayers (Scheme 5.3) [14], and thus develops
interfacial strain, which is not favorable for the formation of gold nanoparticles with
extended (111) plane as required for nanotriangle synthesis. We believe that high strain
developed on the surface of initially formed nanoparticles prevents two-dimensional
growth of nanoparticles and therefore promotes the synthesis of spherical nanoparticles
as shown in the TEM image (Figure 5.2E). The aggregation of nanoparticles in the
presence of KI could be due to increased covalency of Au-I bond as compared to the

other Au-X bonds [21,23].

5.3 Morphological transformation of preformed gold nanotriangles

induced by halide ions:
5.3.1 Experimental Details:

Gold nanotriangles were synthesized using the same protocol, which has
previously been described in chapter three. The gold nanotriangle solution was purified
by repeated centrifugation at 1000 rpm for 15 min (three cycles) followed by redispersion
of gold nanotriangles pellet in water. The three times of centrifugation enhanced the
percentage of gold nanotriangles relative to spherical nanoparticles from 45 to 95%. To
study the effect of halide ions on the morphology of already synthesized and purified
gold nanotriangles, 1 mL of 102 M KX (KF, KCl, KBr and KI) solutions were added in 9
mL of purified gold nanotriangle solutions so that the final concentrations of halide ions
became 10°M in 10 mL of solutions and the solutions were further incubated at room
temperature for 24 h. UV-vis-NIR spectroscopy, TEM and AFM measurements were
done to investigate the change in morphology of gold nanotriangles. AFM measurement
was performed in the contact mode to analyze the morphology of nanoparticles. Before
doing the XPS measurement, gold nanotriangle solutions treated with halide ions were

centrifuged three times to remove the unbound halide ions.
5.3.2 UV-vis-NIR spectroscopy and TEM analysis:

It is interesting to investigate the effect of different halide ions on the morphology

of already synthesized lemongrass reduced gold nanotriangles. It is clear that I" ions
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among all other halide ions exert most strain on the surface of gold nanoparticles due to
largest mismatch with Au (111) plane and therefore they have highest ability to transform
the morphology of gold nanoparticles surface [14]. Figure 5.3 shows the UV-vis-NIR
spectra of purified gold nanotriangles after treatment with 10° M concentration of
different halide ions (KX) and the spectra were recorded after 24 h of reaction. Curve 1 in
Figure 5.3, corresponding to the UV-vis-NIR spectrum of purified gold nanotriangles
shows two absorption bands; one at ca. 540 nm as the transverse SPR band and another at
ca. 1240 nm as the longitudinal SPR band. A pronounced decrease in the intensity of
transverse band in comparison with the corresponding band in the spectrum of as
prepared gold nanoparticles (curve 1, Figure 5.1) clearly indicates the removal of

maximum population of spherical particles from gold nanotriangle solution.
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Figure 5.3: UV-vis-NIR spectra recorded for purified gold nanotriangles in the absence of halide
ions (curve 1) and after treatment with KF (curve 2), KCI (curve 3), KBr (curve 4) and KI (curve
5).

These purified gold nanotriangles are used for the further experiments. The TEM
image (Figure 5.4A) recorded from this solution shows gold nanotriangles with sharp tips
as well as with truncated vertices, without the presence of any spherical nanoparticles,
which is consistent with the UV-vis-NIR spectrum of purified gold nanotriangles (curve
1, Figure 5.3). The gold nanotriangles have plane and well-defined faceted edges (Figure
5.4A). The UV-vis-NIR spectra of gold nanotriangles treated with 10° M KF, KCI and
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KBr show no shift in the absorption bands as compared to control (curves 2 to 4) and
only minor decrease in the intensity of longitudinal band are observed. The addition of
KF and KCI1 did not show any noticeable change in the morphology of gold nanotriangles
as observed in the TEM analysis (Figure 5.4B and C), which is in good agreement with
the UV-vis-NIR data. Fluoride ions do not have affinity to chemisorb on the surface of
gold while CI ions preferentially adsorb on surfaces and form adlayer, which is
incommensurate with underlying Au (111) plane [22,23]. These ions do not induce
interfacial strain and hence change in the morphology of gold nanotriangles is not
observed in the TEM images. Though, addition of KBr does not show any change in the
UV-vis-NIR data, a small change in the morphology of nanotriangles is observed in the

TEM analysis (Figure 5.4D).
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Figure 5.4: TEM images of (A) purified gold nanotriangles in the absence of halide ions and gold
nanotriangles treated with (B) KF, (C) KCI, (D) KBr and (E) KI. The insets of Figure 5.4D and E
show higher magnification TEM image of nanotriangles treated with KBr and KI respectively.
(F) Histogram analysis of percentage of gold nanotriangles after treatment with different halide
ions.

It is seen that most of the nanotriangle edges have undergone some changes but
the morphology of triangles is still intact in most of the nanoparticles. The edges of
nanotriangles are corrugated and have lost the faceted structure after exposure to KBr.

The inset of Figure 5.4D shows the higher magnification TEM image of corrugated-
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edged gold nanotriangles along with elongated plate like nanostructures after treatment
with KBr. Thus, Br ions seem to have more inclination to interact with edges of gold
nanotriangles as shown in scheme 5.2. It is reported that Br™ ions interact specifically with
(110) plane instead of (111) plane [13]. As discussed in earlier chapter, the edges of gold
nanotriangles have (110) and (111) planes [26], so Br™ ions chemisorb on the (110) plane
of gold nanotriangles as is also evident during nanorod formation [3]. Br ions adsorption
on the surface is observed to induce reconstruction and hence leads to transformation of
plane edged nanotriangles into wavy edged and ill-faceted nanotriangles. No change in
the UV-vis-NIR spectrum but a noticeable change in the morphology of nanotriangles in
the TEM images clearly reveals that transformation of edges of nanotriangles does not
lead to thickening or change in the lateral dimensions of gold nanotriangles. The
treatment of gold nanotriangles with KI is observed to have much influence on the
morphology and the nanoparticles are transformed into circular and disc like
nanostructures (Figure 5.4E). The inset of Figure 5.4 E shows the higher magnification
TEM image of circular nanoplates with serrated edges. lodide ions are reported to have
the largest mismatch with underlying Au (111) lattice plane and thus induce more strain
on the Au surface, which facilitates the transformation of triangular morphology into
circular plate structures to relieve the imposed strain [25]. In fact, I" ions are known to
induce surface reconstruction in case of bulk gold [25c]. Since the nanotriangles are
around 20 nm thick, the strain developed on the surface of nanoparticles translates
throughout the crystal and completely transforms the triangular structure into circular
plate like morphology. It is possible that the strain on surface is relieved via
transformation of the morphology. Figure 5.4F shows the histogram analysis of
percentage of gold nanotriangles present in solutions after treatment with different halide
ions. In case of KF and KClI treated solutions, nanotriangles population are same (100%)
as the control while 30% and 40% of nanotriangles are transformed into wavy edged and

circular plate like structures in the presence of KBr and KI respectively.
5.3.3 Atomic force microscopy (AFM) analysis:
Figure 5.5 shows the contact mode AFM images of gold nanotriangles treated

with KCl, KBr and KI respectively. Figure 5.5A, which corresponds to KCl treated gold

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 5 142

nanotriangles, shows truncated gold nanotriangles. It can clearly be seen from the AFM
image that the tips and edges of nanotriangles are sharp and the modification in the
morphology of nanotriangles is not observed. In case of KBr treated gold nanotriangles
(Figure 5.5B), the tips of the nanotriangles are transformed into circular structures but the
overall morphology is still triangular. Conversely, the gold nanotriangles are totally
modified into circular plate like nanostructures upon exposure to KI (Figure 5.5C). AFM
results of halide ions treated gold nanotriangles are in good agreement with

corresponding TEM images (Figure 5.4C-E).

101 nm

0nm 0 nm

Figure 5.5: Contact mode AFM images of gold nanotriangles after treatment with KCI (A), KBr
(B) and KI (C). The AFM images (A, B and C) are height mode image.

5.3.4 X-ray photoemission spectroscopy (XPS) analysis:

The presence or absence of different halide ions on the surface of already
synthesized gold nanotriangles after exposure to KF, KCl, KBr and KI were investigated
by XPS measurements (Figure 5.6). The gold nanotriangles after treatment with different
halide ions were thoroughly washed with water by centrifugation in order to remove
unbound halide ions on the surface, prior to casting the thin film on Si (111) substrate for
the XPS analysis. In the case of gold nanotriangles exposed to KF, the F 1s core level
signal was very poor and below the detection limits of the instrument used (Figure 5.6A).
This clearly indicates that F ions do not play a crucial role in the morphological
alternation of gold nanotriangles. Fluoride ions are unable to displace surface bound
chloride ions from the surface of nanoparticles that arises as a by-product during the
reduction of HAuCly using lemongrass extract. The presence of small amount of chloride
ions on the surface of gold nanotriangles has been discussed in third chapter. The XPS

spectrum of chloride ions treated gold nanotriangles shows detectable signal of CI 2p
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core level due to adsorption of chlorine on the surface (Figure 5.6B). In the case of KBr
and KI treated gold nanotriangles, the strong signals of Br 3d and I 3d core levels are
obtained, which indicate that these ions strongly bind to the surface of nanoparticles and
induce morphological alternation to the gold nanotriangles (Figure 5.6C and D). These
results are consistent with the TEM images (Figure 5.4) wherein the morphology

alternations are observed after exposure to KBr and KI respectively.
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Figure 5.6: XPS spectra recorded for F 1s (A), Cl 2p (B), Br 3d (C) and I 3d (D) core levels,
arising from gold nanotriangles treated with KF, KCI, KBr and KI respectively.

5.4 Effect of cationic surfactants on the morphology of gold
nanotriangles:

5.4.1 Experimental Details:

To study the effect of different cationic surfactants (CTAB and CTAC) on the
morphology of already synthesized gold nanotriangles, different volumes of 107" M
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CTAB and CTAC were added in 9 mL of purified gold nanotriangle solutions to yield
different concentrations of surfactants (10> M, 10° M, 10* M and 10° M respectively)
and appropriate amount of water was added in solutions to make up final volume 10 mL.
For studying the reversible transformation of nanotriangle morphology, 12.5 kDa dialysis
bag (Sigma Chemicals) was preprocessed to remove the impurities as instructed by the
manufacture. 10° M CTAB treated gold nanotriangle solution was dialyzed for 24 h to
remove unbound CTAB from the gold nanotriangles solution with frequent change of
Milli-Q water. UV-vis-NIR spectroscopy, Fourier transform infrared spectroscopy
(FTIR), Transmission electron microscopy (TEM), Atomic force microscopy (AFM) and
X-rays photoemission spectroscopy (XPS) were carried out to analyze the change in
morphology of gold nanotriangles. The core level spectra were background corrected
using the Shirley algorithm [20] and chemically distinct species were resolved using a
nonlinear least squares procedure. The core level binding energies (BEs) were aligned
with adventitious carbon binding energy of 285 eV. For all the XPS measurements, gold
nanoparticle solutions after surfactants treatments were subjected to four cycles of
centrifugation and redispersion in deionized water in order to free the nanoparticles from

any unbound ions/molecules present in the initial solutions.
5.4.2 UV-vis-NIR and TEM analysis:

Figure 5.7A and B show the UV-vis-NIR spectra of gold nanotriangles treated
with different concentrations (102 M, 10° M, 10* M and 10” M respectively) of cetyl-
trimethylammonium bromide (CTAB) and cetyl-trimethylammonium chloride (CTAC)
respectively. Curve 1 in Figure 5.7A and B, which corresponds to purified gold
nanotriangles, show the transverse component of the surface plasmon (SP) band centered
at 540 nm while the longitudinal component appears to go beyond 1400 nm in the NIR
region. The optical absorption spectra of gold nanotriangles treated with different
concentrations of CTAB and CTAC (curves 2 to 4 of Figure 5.7A and B correspond to
10° M, 10* M and 10 M concentrations of CTAB and CTAC respectively) show the
surface plasmon (SP) band similar to purified gold nanotriangles (curve 1). The UV-vis-
NIR spectra of gold nanotriangles treated with 10> M CTAB and CTAC (curve 5 of
Figure 5.7A and B) show distinct longitudinal plasmon peak at 1250 nm along with the

transverse peak at 540 nm.
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Figure 5.7: A and B) UV-vis-NIR spectra of the purified gold nanotriangles (curve 1) and gold
nanotriangles treated with 10° M (curve 2), 10 M (curve 3), 10° M (curve 4) and 10 M (curve
5) concentration of CTAB (panel A) and CTAC (panel B) respectively.

The change in optical absorption spectra of gold nanotriangles treated with 102 M
concentration of CTAB and CTAC clearly indicates the change in the morphology of
gold nanotriangles, which is further confirmed by the TEM analysis (Figure 5.8). Figure
5.8A shows that most of the gold nanotriangles are modified into wavy-edged gold
nanotriangles along with circular plate structures after treatment with 102 M
concentration of CTAB. It is observed that the particles still have triangular morphology
with corrugated edges, which has also been observed in the case of KBr treated gold
nanotriangles (Figure 5.4D). The inset of Figure 5.8 A shows truncated nanotriangles and
hexagonal nanoparticles with sharp edges without treatment with any surfactant as a
control. Figure 5.8B and C show the TEM images of gold nanotriangles after exposure
with 10° M and 10™ M concentrations of CTAB respectively. In this case, few gold
nanotriangles are converted into serrated-edged nanotriangles and elongated
nanoparticles. The inset of Figure 5.8C shows the higher magnification TEM image of
corrugated-edged gold nanotriangles. The curvature at the tips of nanotriangle is not
observed in the TEM image (Figure 5.8C). The gold nanoparticles treated with 10° M
concentration of CTAB have plane-edged and sharp tips (Figure 5.8D), which are similar
to the control (inset of Figure 5.8A). Therefore, the ideal concentration of CTAB is
important to induce morphological change in the gold nanotriangles. The 10° M — 10° M
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concentrations of CTAB do not have prominent effect on the morphology, while 102 M
concentration of CTAB changes smooth-edged nanotriangles into corrugated-edged
nanotriangles, which is strongly supported by the UV-vis-NIR and TEM analysis (Figure
5.7 and 5.8 respectively).

200 nm 500 nm

Figure 5.8: Representative TEM images of gold nanotriangles treated with 10” M (A), 10° M
(B), 10*M (C) and 10° M (D) concentrations of CTAB. The inset of Figure 5.8A and C show the
TEM images of purified gold nanotriangles and higher magnification TEM image of 10* M
CTAB treated gold nanotriangle respectively.

It has been discussed earlier in this chapter that halide ions have varying ability to
chemisorb on the surface of gold nanoparticles. The bromide ions of CTAB also adsorb
on the surface of gold nanoparticles and form Au-Br bond with already present gold ions
on the surface of nanoparticles [17, 21, 23]. It is reported that adsorption of halide ions on
the surface of gold nanoparticles is accompanied by a high mobility of gold surface atoms
that causes change in the morphology of nanoparticles [29]. Many reports are also

available on chemical specificity of CTAB as well as on the synthesis of gold nanorods in
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the presence of CTAB and cosurfactants [4]. These surfactants generally bind to highly
unstable (110) facets of nanoparticles and promote the growth in [111] direction to form
nanorods. In the case of gold nanotriangles, CTAB could possibly bind to (110) plane of
nanotriangles, which is present at edges of nanotriangles, and thus may lead to change in
the morphology of nanotriangles. It may be possible that higher concentration of CTAB
(10 M) imparts strain on (110) lattice planes of nanotriangles and thus induces changes
in the morphology of nanotriangles into corrugated-edged nanotriangles and circular plate

nanostructures (Figure 5.8A).
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Figure 5.9: Representative TEM images of gold nanotriangles treated with 10> M (A), 10° M
(B), 10*M (C) and 10° M (D) concentrations of CTAC.

However, other concentrations of CTAB (10~ M and 10™* M) do not impart much
strain on the surface and only few nanotriangles are converted into corrugated-edged gold
nanotriangles, while 10° M concentration of CTAB is too low to induce changes in the

morphology of gold nanotriangles (Figure 5.8B-D). Halas’ group has also reported the
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reshaping of gold shell of metallodielectric nanoparticles in the presence of CTAB. They
have demonstrated that adsorption of bromide ions on this high-energy (110) plane
results in unusual strong Raman signal at 174 cm” for Au-Br bond vibration [17].
Chloride ions of CTAC do not have high affinity to interact with gold in comparison with
the bromide ions of CTAB and hence do not impart strain on the surface of nanoparticles.
Therefore, change in the morphology of nanotriangles is not observed for varying
concentrations (107 M, 10° M, 10* M and 10”° M respectively) of CTAC (Figure 5.9A-
D). For all the concentrations of CTAC used (Figure 5.9), the morphology of
nanotriangles is intact and edges of nanotriangles are smooth as similar to that of control
(inset of Figure 5.8A). It can be rationalized from this analysis that bromide ions and
specific concentration of surfactants are important for the shape modification of

nanoparticles.

5.4.3 Atomic force microscopy (AFM) analysis:

The contact mode AFM image of gold nanotriangles treated with 10> M CTAB
(Figure 5.10A) shows that the sharp tips of nanotriangles are converted into circular

structures but the overall morphology still looks like triangular.

128 nm

0 nm

Figure 5.10: Contact mode AFM images of gold nanotriangle treated with 10°M CTAB (A), 10~
M CTAB (B) and 10”>M CTAC (C). All the AFM images are taken in the height mode.

Figure 5.10B shows elongated gold nanoparticles after exposure to 10° M CTAB
as was observed previously in the TEM image (Figure 5.8B). The AFM image (Figure
5.10C) of 10? M CTAC treated gold nanotriangles shows that the nanoparticles have
plane edges and sharp tips. The curvature at the tip of nanotriangles is not observed in the

AFM image, which is in good agreement with the TEM results (Figure 5.9A).
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5.4.4 X-ray photoemission spectroscopy (XPS) analysis:

XPS measurements were carried out to investigate the presence of CTAB and
CTAC on the surface of gold nanotriangles. In case of CTAB treated gold nanotriangles,
a strong Br 3d signal is observed which clearly indicates that bromine ions of CTAB

strongly bind to the surface of gold nanotriangles.
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Figure 5.11: XPS spectra of Br 3d (A) and N 1s (B) core levels of CTAB treated gold
nanotriangles. The insets of Figure 5.11A and B show C 1s and Au 4f core levels from CTAB
treated gold nanotriangles. Figure 5.11C and D show CI 2p and N 1s core levels of CTAC treated
gold nanotriangles.

The Br 3d signal could be stripped into two distinct spin-orbit pairs centered at
67.6 and 68.3 eV binding energies which are attributed to 3ds, and 3d3, core levels of
the bromine present in CTAB (Figure 5.11A). The bromine is in form of Br” ion in a
CTAB molecule and is attached to N* of long chain hydrocarbon, due to which Br 3ds)
core level is shifted towards lower binding energy of 67.6 eV [30]. The N 1s core level
could be deconvoluted into two peaks centered at 398.9 and 402.3 eV that could be
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assigned to N’ and N' species of nitrogen respectively (Figure 5.11B). The inset of
Figure 5.11A shows the XPS spectrum of C 1s core level which could be again
deconvoluted into two chemically distinct peaks; one is centered at 285 eV for carbon
from hydrocarbon chain of CTAB, while another peak is centered at 288 eV for C-N
bond of CTAB. Au 4f core level could be stripped into two peaks centered at 83.6 and 86
eV which is assigned to Au(0) and Au(I) species respectively present in the gold
nanotriangles (inset of Figure 5.11B) [2d]. It may be possible that the bromide ions
interact with Au(I) and form complex (Au-Br bond) on the surface of nanotriangles.

The photoemission spectrum of Cl 2p core level of CTAC treated gold
nanotriangles is shown in Figure 5.11C. Cl 2p core level could be deconvoluted into two
chemically distinct peaks at 197.1 and 200 eV for 2ps;, and 2p;,,; respectively. Binding
energy of Cl 2p;. is lower than standard core level energy of 2ps» (199 eV) due to the
interaction with N" species of CTAC. The weak Cl 2p spectrum confirms the poor
adsorption of CTAC on the surface of gold nanotriangles. N 1s core level shows two
peaks centered at 398 eV for N” and 402 eV for N* states of CTAC [30]. The poor signal
of N 1s core level also indicates that CTAC adsorbs inadequately on the surface of gold
nanotriangles. The XPS results strongly support the TEM results (Figure 5.8 and 5.9) that
CTAB adsorbs strongly on the surface and alter the morphology of nanotriangles while
the poor adsorption of CTAC on the surface of nanotriangle does not affect the

nanotriangles’ morphology.
5.4.5 FTIR analysis:

FTIR analyses of CTAB and CTAC treated gold nanotriangles were carried out
on Si(111) substrate in the form of thin films (Figure 5.12). The FTIR spectra of CTAB
and CTAC capped gold nanotriangles show characteristic CH, and CHj; vibration peaks
for long chain hydrocarbon of surfactants (curves 3 and 4 respectively), which are similar
to CH;, and CHj; vibration peaks for free CTAB and CTAC (curves 1 and 2 respectively)
[28]. It is well known that the symmetric and anti-symmetric vibration of methylene
segments can be used as a sensitive indicator of ordering of alkyl chain and the higher
energy of CH, vibration corresponds to the frequency of gauche defects in the
hydrocarbon chain of surfactant [28]. The symmetric and anti-symmetric vibrations of

CH; segments of CTAB and CTAC capped gold nanotriangles are located at 2876 and

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 5 151

2945 cm™ respectively and show a little shift to higher frequency in comparison with CH,
vibration (symmetric and anti-symmetric) of pure CTAB and CTAC which are present at
2848 and 2920 cm™ respectively. The shift of methylene band to higher energy indicates
higher surface coverage of CTAB on the gold nanotriangles [27, 31]. In case of CTAC
capped gold nanotriangles, the FTIR spectrum (curve 4) shows a weak intensity of CH;
vibration, which indicates a weak adsorption of CTAC on the surface of gold
nanotriangles. In the lower frequency region, free CTAB and CTAC show (curves 3 and

4) bands at 917, 942 and 966 cm™' that correspond to C-N" stretching bond.
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Figure 5.12: FTIR spectra of CTAB (curve 1), CTAC (curve 2), CTAB treated gold
nanotriangles (curve 3) and CTAC treated gold nanotriangles (curve 4).

The FTIR spectrum of CTAB treated gold nanotriangles shows peak at 1054 cm™
for stretching mode of C-N' to the gold surface [32]. While CTAC treated gold
nanotriangles shows a weak band near 1054 cm™, which clearly indicates that CTAC
adsorbs poorly on the surface of gold nanotriangles. This data strongly supports the XPS
data of CTAC treated gold nanotriangles (Figure 5.11C and D).

5.4.5 Reversible morphology transformation of CTAB modified gold nanotriangles:

Figure 5.13 shows the reversible transformation of circular nanoplates and wavy-
edged gold nanotriangles into plane-edged gold nanotriangles using dialysis method at

room temperature. The circular plate nanostructures and wavy-edged gold nanotriangles
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(Figure 5.13A), formed after exposure of 10% M concentration of CTAB to gold
nanotriangles, were dialyzed against water using 12.5 kDa dialysis bag for 24 h. The
TEM image of dialyzed gold nanoparticles shows plane-edged gold nanotriangles without
any curvature at tips and edges of the gold nanotriangles (Figure 5.13B). The reversible
transformation of nanotriangular morphology clearly indicates physical association of
surfactants on the surface of nanoparticles, which can be removed via a simple dialysis
protocol. Conversely, Klabunde’s group has reported the reversible transformation of
gold nanoparticle morphology using harsh chemical protocol under reflux condition. The
morphological transformation was carried out by changing ratio of reactive, competing

reagents and more specifically alkylthiols versus tetralkylammonium salts [18].

" 500 nm

Figure 5.13: Representative TEM images of CTAB modified gold nanotriangles (A) and after
dialysis of CTAB modified gold nanotriangles for 24 h (B).

5.5 Effect of gold ions on the morphology of CTAB and CTAC bound

gold nanotriangles:

5.5.1 Experimental Details:

To investigate the effect of gold ions (AuCly) on 10> M CTAB bound gold
nanotriangles or 10> M CTAC bound gold nanotriangle solutions, different volumes of
10" M concentration of HAuCl, solutions were added to 9 mL of nanotriangles-CTAB or
nanotriangles-CTAC solutions so that the final concentrations of gold ions became 107
M, 5 x 10* M, and 10™° M in nanoparticle solutions. All the reaction solutions were kept

at room temperature for 24 h, following which they were analyzed by UV-vis-NIR
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spectroscopy, TEM and AFM measurements. Prior to performing measurements, these
solutions were subjected centrifugation and subsequent washing with water (four times)

in order to remove the unreacted gold ions and surfactants.

5.5.2 UV-vis-NIR spectroscopy analysis:

It is also interesting to investigate the effect of gold ions on the morphology of
CTAB and CTAC bound gold nanotriangles. Gold ions are known to oxidize gold
nanoparticles in the presence of CTAB due to the change in reduction potential of AuCly
upon complexation with CTAB [33]. Figure 5.14A and B correspond to the UV-vis-NIR
spectra recorded after addition of varying concentrations (10> M, 5 x 10* M, and 10° M
respectively) of gold ions (AuCly) in 10° M CTAB bound gold nanotriangles and 10” M
CTAC bound gold nanotriangles complex respectively. The UV-vis-NIR spectrum of
gold nanotriangle solution without treatment with surfactants as a control shows two
absorption bands as discussed previously in section 5.4.2 (curve 1 of Figure 5.14A and
B). CTAB and CTAC treated gold nanotriangle solutions also show two optical
absorption bands at 540 nm (transverse SP band) and 1250 nm (longitudinal SP band)
(curve 2 of Figure 5.14A and B). The UV-vis-NIR spectra of CTAB bound gold
nanotriangles after the addition of 10° M and 5 x 10 M concentration of AuCly” (curves
3 and 4 respectively) show different absorption spectra in comparison to the control
(curve 1). A large blue shift of 70 nm in the transverse surface plasmon (SP) band along
with the appearance of new absorption band at 400 nm due to the complexation of Au’"
with CTAB is observed in the absorption spectra (curves 3 and 4). The presence of SP
peak at 400 nm is due to interband transition with some contribution from light scattering
as discussed by Liz-Marzan’s group [33]. The longitudinal band of gold nanotriangles is
totally diminished after addition of 10° M and 5 x 10 M concentrations of gold ions, as
can be seen in the inset of Figure 5.14 (curves 3 and 4). In the case of 10°M and 5 x 10™
M concentrations of gold ions treated CTAC bound gold nanotriangle solutions, the UV-
vis-NIR spectra (curves 3 and 4 of Figure 5.14B respectively) show a complete
disappearance of longitudinal band and simultaneously show the presence of new
absorption bands (336 and 324 nm in curve 3 and 4 respectively) in the UV region of

electromagnetic spectra.
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Figure 5.14: A and B represent the effect of different concentrations of Au’” ions on CTAB
modified gold nanotriangles and CTAC modified gold nanotriangles respectively. The UV-vis
NIR spectra recorded for gold nanotriangles (curve 1), CTAB modified gold nanotriangles (curve
2 in panel A) and CTAC modified gold nanotriangles (curve 2 in panel B) are shown. Curves 3 to
5 in panel A and B represent the UV-vis-NIR spectra of CTAB and CTAC modified gold
nanotriangles after addition of 10° M, 5x10* M and 10° M Au’" ions respectively. The insets in
panel A and B show magnified spectra in the NIR region for curves 1 to 5.

The appearance of a new band at 336 and 324 nm in the UV region may be due to
the presence of CTAC-Au’" complexes in solution. The presence of new bands and
disappearance of longitudinal band in case of gold ions treated CTAB bound gold
nanotriangles and CTAC bound gold nanotriangles suggests the generation of new
morphology from gold nanotriangles. Lower concentration of gold ions (10™ M) does not
show any detectable changes in the optical absorption spectra of CTAB or CTAC treated
gold nanotriangles (curve 5 of Figure 5.14A and B).

5.5.3 TEM and AFM analysis:

The evolution of new morphology after the addition of different concentrations of
gold ions (AuCly) to CTAB or CTAC bound gold nanotriangle complex was monitored
using TEM and AFM. Figure 5.15A and B correspond to the TEM micrographs after
addition of 10® M concentration of gold ions to the 10> M CTAB bound gold

nanotriangle solution.
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A

200 nm

Figure 5.15: Representative TEM images after addition of 10° M Au’" ions (A, B) and 10° M
Au*"ions (C, D) in CTAB bound gold nanotriangles. The inset of Figure 5.15C shows the TEM
image of gold nanotriangles from other part of copper grid.

The TEM images clearly demonstrate a drastic change in the morphology of gold
nanotriangles to the highly branched nanostructures. At closure inspection of the TEM
image, it can be observed that the central part of nanostructure has triangle like
morphology and secondary growth occurred from edges and tips of the central region.
The already grown secondary structures are highly branched and irregular in the shape.
Since, CTAB principally binds to the edges and tips of nanotriangles, it is possible that
secondary growth of nanoparticles could have occurred from edges and tips of the gold
nanotriangles. CTAB used for this experiment is above critical micelle concentration
(cmc) and hence forms micelle. The flux of micelles and added gold ions is more at the
tips of nanotriangles [34] and thus gold ions present in the micelles are reduced at the tips
to form highly branched nanostructures. The contact mode AFM image also shows
branched nanostructures that are formed after assembly of small sized nanoparticles

(Figure 5.16A), which is in good agreement with the TEM images. In case of addition of
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10° M concentration of Au’" to the CTAB bound gold nanotriangle solution, the
oxidation of tips of nanotriangles and hexagons is observed, which converts sharp tips
into circular tips (Figure 5.15C, D and the inset of Figure 5.15C). The oxidation of gold
nanorods at higher curvature surface by using the gold ions in the presence of CTAB has
been reported by Liz-Marzan’s group [33]. Addition of gold ions to CTAC bound gold
nanotriangle solution also forms fascinating complex nanostructures, as observed in the

TEM images (Figure 5.17).

2156 nm

0 nm

Figure 5.16: (A) Contact mode AFM image after the addition of 10 M concentration of Au**
jons to the CTAB bound gold nanotriangles. (B and C) AFM images after addition of 10> M and
10° M concentrations of Au’" ions to the CTAC bound gold nanotriangles respectively. All the
AFM images are taken in height mode.

The TEM images recorded for the addition of 10° M concentration of AuCly to
the CTAC bound gold nanotriangle solution show coral like nanostructures (Figure 5.17A
and B). Aggregated nanostructures can be seen in the central part of the coral
nanostructures, which are joined to outer flat type of particles through thread like
elongated nanostructures (inset of Figure 5.17A). Figure 5.17B distinctly shows that the
periphery of coral particle has flat nanostructures, which is joined to the central part with
elongated nanostructures. A careful observation of nanoparticle shows that outer part is
made of irregular and flat shaped smaller nanoparticles. The atomic force microscopy
(contact mode AFM) image (Figure 5.16B) also shows the ring like nanostructures in
which thick gold nanoparticles on the periphery surround the gold nanoparticles present
in the central part of rings. Figure 5.17C shows the TEM image of gold nanoparticles
after addition of 10° M concentration of AuCly to CTAC bound gold nanotriangle
solution. The central part of nanostructures is made of branched and aggregated

nanostructures, which are surrounded by the flat petal like nanoparticles. The
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nanoparticles synthesized in this reaction infact look like nanoflowers. The higher
magnification TEM image shows that petal like particles have random shape and that

cover the central part of nanoflowers (Figure 5.17D).
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Figure 5.17: Representative TEM images after addition of 10° M (A, B) and 10°M (C, D) Au’*"
ions in CTAC bound gold nanotriangles. The inset of Figure 5.18A shows higher magnification
TEM image of gold nanoparticle after addition of 10° M AuCly ions in the CTAC bound gold
nanotriangles.

Recently, Au-Pt bimetallic nanoflowers fabricated on the polyamidoamine
dendrimers modified surface by electrodeposition have been reported [35]. The AFM
image (Figure 5.16C) also demonstrates the presence of flat and elongated nanostructures
in the gold nanoflower. The flat particles are smaller in size and assemble together to

form an elongated nanoparticle.

5.6 Conclusion:

The chapter describes the halide ions mediated shape transformation of the gold

nanotriangles. lodide ions form adlayer on Au (111) plane and have the largest mismatch
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with underlying lattice plane of gold (111) in comparison to the adlayers of bromide,
chloride and fluoride ions. Moreover, iodide ions have the highest ability to transform
nanotriangles into circular plate like nanostructures while the bromide ions form
corrugated edge nanotriangles. Chloride and fluoride ions do not change the morphology
of gold nanotriangles. During the synthesis of nanoparticles using lemongrass extract, the
iodide ions completely hinder the growth of gold nanotriangles and form spherical and
aggregated nanoparticles, while the bromide and chloride ions promote the synthesis of
nanotriangles. The morphological transformation of gold nanotriangles using various
concentrations of cationic surfactants such as CTAB and CTAC show that halide ions are
important for the shape modification of nanotriangles. A long chain hydrocarbon of
surfactant does not play much role in the shape transformation of gold nanotriangles. 107
M concentration of CTAB modify plane-edged gold nanotriangles into wavy-edged
nanotriangles and circular plate nanoparticles while 10° M to 10° M concentrations of
CTAB do not significantly affect the morphology of nanotriangles. On the other hand, 10
> M to 10° M concentrations of CTAC do not play any role in morphological
transformation of gold nanotriangles. The reversible transformation of gold nanotriangle
morphology using dialysis at room temperature has also been discussed. The reversible
transformation strongly signifies the physical association of surfactants on the surface of
gold nanoparticles. Gold ions also change the morphology of CTAB or CTAC bound
gold nanotriangles. The highly branched nanostructures and nanocoral are synthesized
after addition of 10 M concentration of gold ions to the CTAB bound gold nanotriangles
and CTAC bound gold nanotriangles solutions respectively. While 5 x 10° M
concentration of gold ions oxidize sharp tips of nanotriangles into rounded structure for
CTAB bound gold nanotriangles and also form nanoflower with CTAC bound gold
nanotriangle solution. The ability to transform morphology and fabricate complex
structures in situ opens new regime to control the optical and structural properties of the

metal nanoparticles.
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Chapter VI

Photofragmentation of Gold
Nanotriangles by UV Light and
Synthesis of Gold Nanotriangles at

Different Temperatures

Photofragmentation
>

UV Light

200 nm

In this chapter, room temperature synthesis of gold nanoparticles using lemongrass extract, in the
presence of different concentrations of Keggin ions (phosphotungstate ions) has been described.
Higher concentration (10 M) of Keggin ions inhibits the growth of gold nanotriangles, while
lower concentrations (10~ M to 10”° M) of Keggin ions do not significantly affect the synthesis of
gold nanotriangles. Keggin ions may bind to certain crystallographic plane(s) of initially formed
gold nanoparticles and hinder the growth of nanotriangles. The synthesized gold nanoparticles
were irradiated by UV light in the presence of Keggin ions in order to fragment the triangular
nanoparticles into spherical nanoparticles. An attempt has been also made to fragment the already
synthesized gold nanotriangles into spherical nanoparticles by UV light. Various degree of
fragmentation has been achieved by using different concentrations of Keggin ions. The reaction
temperature is a crucial factor to control the yield and morphology of nanoparticles formed.
Synthesis of gold nanotriangles using lemongrass extract at different temperatures (40-80 °C) has
also been discussed in this chapter.

Part of the work presented in this chapter has been published:
Rai, A.; Singh, A.; Ahmad, A.; Sastry, M. Langmuir 2006, 22, 736.
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6.1 Introduction:

Small metal and semiconductor nanoparticles have been used in many different
fields including catalysis, microelectronics and nanosensors since they exhibit optical
and/or electronic properties different from their bulk counterparts owing to their
nanometer-order size [1]. While the particle size is an important factor in controlling
different properties of nanoparticles, the shape of nanoparticles also play a crucial role in
modulating these properties [2]. In this context, it is significant to develop a low cost and
effective method to synthesize nanoparticles with the desired shape. In previous chapter,
morphological transformation of gold nanotriangles using various halide ions and
surfactants was described. This chapter deals with physical means to control the
morphology and yield of nanoparticles formed. Recently, along with chemical means [3],
physical means [4] have also received an immense interest to modulate the morphology
of preformed nanoparticles. However, once the particles are formed, it is difficult to alter
the morphology of nanoparticles in situ and therefore numerous methods have been
established to modulate the morphology of nanoparticles in solution.

A physical method called “laser ablation” has been used to synthesize metal
nanoparticles in solution [5]. The size distribution of nanoparticles tends to be wide
because aggregation of ablated atoms and clusters is difficult to control. Recently, laser
assisted size reduction method has been developed to shatter metal nanoparticles into
smaller nanoparticles through selective heating caused by resonant electronic vibration of
the parent nanoparticles [4e, 6]. Several reports are available in the literature on the laser
assisted size reduction of metal nanoparticles in solution using different lasers [4a, b]. For
instance, gold nanorods can be thermally shattered into spherical nanoparticles by a
femtosecond laser or fragmented into smaller nanoparticles by a nanosecond laser
irradiation [7]. Conversely, Mirkin’s group has shown the photoinduced conversion of
spherical nanoparticles to nanoprisms by a 40 W fluorescent light source [8]. Callegari et
al. have shown that the particle size and shape can be controlled by using choosing
wavelength(s) of light in order to drive photochemical growth [9]. Though most of the
reports deal with the synthesis [10] or fragmentation [4-6] of metal nanoparticles using
different laser sources, so far only few attempts have been made to synthesize or

fragment the nanoparticles using UV light. Sastry and coworkers have shown the
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preparation of core-shell nanoparticles of various compositions in the presence of Keggin
ions using UV light irradiation [11]. They have also shown the synthesis and assembly of
Au, Ag, CdS and CaCO; nanoparticles in the presence of Keggin ions by UV light
irradiation [12]. Chen’s group has shown the shape-controlled synthesis of gold
nanoparticles using UV light irradiation [13]. Synthesis of Ag, Au, Pt and Pd
nanoparticles using reduced form of polyoxometallates [(PW12040)3' and (SiW1204O)4']
have also been reported [14].

Polyoxometallates (POM) have well defined structures and properties with
diverse applications in the field of biochemistry, analytical chemistry and solid state
devices and have also been used as antiviral and antitumor agents [15]. Keggin ions is a
subset of POM and have the general formula (XM12040)(8'“)', where M corresponds to W
or Mo and X corresponds to a hetroatom such as P, Si, Ge, with n being the valency of X
[16]. Keggin ions containing cations and other components such as water, are arranged in
a well defined secondary three-dimensional structures and the stability of Keggin ion
molecules depends on the nature of counter ions and amount of water [17]. Under UV
light irradiation, Keggin ions get electrons from secondary alcohols and undergo
multielectron redox processes without any appreciable disruption to the original
structures [18]. They can be reduced photochemically, electrolytically as well as with
reducing agents. The reduced form of Keggin ions has typical dark blue colour due to
intervalent charge transfer between tungsten atoms and due to d-d transition [18]. Hence,
polyoxometallates are also called hetropoly blues [19].

In this chapter, synthesis of gold nanoparticles using lemongrass extract in the
presence of different concentrations of phosphotungstate ions (PTA) has been described.
Phosphotungstate ion (PW,04)° is a large molecule with a molecular weight of 2880.
Higher concentration (102 M) of phosphotungstate ions inhibits the growth of gold
nanotriangles, while lower concentrations do not affect the synthesis of nanotriangles.
The synthesized gold nanotriangles after exposure to UV light undergo
photofragmentation, which leads to the formation of spherical nanoparticles. Different
concentrations of PTA molecules have also been used to get varying percentage of
fragmentation of already synthesized gold nanotriangles under UV light irradiation. It

should be noticed here that phosphotungstate ions (PTA) have been used in all
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experiments discussed in this chapter and mentioned as Keggin ions throughout the text.
The temperature of reaction medium is another parameter, which governs the yield and
morphology of nanoparticles formed. There are various reports on the shape-controlled
synthesis of spherical, cubes, and triangular Au nanoparticles as well as Au-Pt bimetallic
nanoparticles at higher temperature [20]. In this chapter, an attempt has also been made to
synthesize gold nanotriangles using lemongrass extract at different temperatures. The rate
of reduction of gold ions plays an important role in determining the synthesis of gold
nanotriangles. At higher temperatures, the percentage of gold nanotriangles relative to
spherical particles is significantly reduced, while lower reaction temperatures promote

nanotriangles formation.

6.2 Effect of Keggin ions during synthesis of gold nanotriangles and UV

light irradiation of synthesized nanoparticles:

6.2.1 Experimental Details:

Gold nanotriangles were synthesized using lemongrass extract in the presence of
different concentrations of Keggin ions. Different volumes of 10" M concentration of
Keggin ions (phophotungstic acid (H;PW,049) purchased from Aldrich Chemicals and
used as received) were added in 10 mL of 10° M HAuCly solutions containing 0.8 mL of
lemongrass extract to yield different concentrations of Keggin ions (102 M, 10 M and
10* M). These solutions were kept at room temperature for 24 h to allow the reactions to
reach saturation. 1 mL isopropyl alcohol was added in the synthesized gold nanoparticle
solutions. Thereafter, these solutions were deaerated with nitrogen gas by purging for 15
minutes to remove free oxygen from the solutions, following which they were irradiated
by UV light (pyrex filter > 280 nm, 450 W Hanovia medium pressure lamp) for 3 h. UV-
vis-NIR spectroscopy and TEM measurements were carried out to investigate the optical

properties and morphology of gold nanoparticles formed.
6.2.2 UV-vis-NIR spectroscopy and TEM analysis:

Figure 6.1A shows the UV-vis-NIR spectra of gold nanoparticles synthesized
using lemongrass extract in the presence of different concentrations (10~ M, 10 M and

10™* M) of Keggin ions. Curve 1 in Figure 6.1A corresponds to the UV-vis-NIR spectrum
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of gold nanoparticles synthesized in the absence of Keggin ions, which shows two
absorption bands; one at 540 nm due to transverse component of surface plasmon (SP)
and another in the NIR region of the electromagnetic spectra (longitudinal component of
SP), which extends beyond 1200 nm [21]. Two absorption bands in the spectrum clearly
suggest the presence of spherical and triangular nanoparticles in solution as further shown

in the TEM image (Figure 6.1B).

A
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Figure 6.1: A) UV-vis-NIR spectra recorded from lemongrass reduced gold nanoparticles (curve
1) and gold nanoparticles synthesized using lemongrass extract in the presence of 10> M (curve
2), 10° M (curve 3) and 10 M (curve 4) concentrations of Keggin ions. B) Representative TEM
image of gold nanoparticles synthesized in the absence of Keggin ions.

The UV-vis-NIR spectrum of gold nanoparticles synthesized in the presence of
107 M concentration of Keggin ions shows an intense transverse SP band at 552 nm
along with a weak and broad longitudinal SP band in range from 770 nm to 1000 nm
(curve 2, Figure 6.1A). The TEM image (Figure 6.2A) shows the presence of spherical
and triangular nanoparticles in the solution. An intense transverse SP band clearly shows
the synthesis of a large population of spherical particles (73%) in comparison to gold
nanotriangles (27%) (Figure 6.2B), which indicates that high concentration of Keggin
ions hinders the growth of triangular nanoparticles. It is possible that 107 M
concentration of Keggin ions bind to crystallographic facets of initially formed smaller
nanoparticles and inhibit the two dimensional growth of gold nanotriangles in the
reaction solution. Keggin ion (phosphotungstate ion) is a large complex and may bind to
most of initially formed gold nanoparticle lattice planes. Therefore, remaining gold ions

in the solution may not be able to access lattice planes of initially formed nanoparticles
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and would not contribute to advancing the growth of gold nanotriangles. However, lower

concentrations (10° M and 10 M) of Keggin ions are not sufficient for binding on the

most of lattice plane of smaller nanoparticles and so a high yield of gold nanotriangles

are synthesized using lemongrass extract in presence of these concentrations in

comparison to 10 M Keggin ions experiment.
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Figure 6.2: Representative TEM images of gold nanoparticles synthesized in the presence of (A)
107 M, (C) 10° M and (E) 10" M concentrations of Keggin ions and corresponding histogram

plots are shown in Figure B, D and F respectively.
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Curve 3 in Figure 6.1A corresponds to the gold nanoparticles synthesized in the
presence of 10° M concentration of Keggin ions, which shows a strong transverse SP
band at 552 nm along with a weak longitudinal SP band that appears to go beyond 1200
nm in the NIR region. The TEM image (Figure 6.2C) shows that spherical and triangular
nanoparticles are synthesized in the solution using lemongrass extract in the presence of
10° M Keggin ions. The histogram plot (Figure 6.2D) shows that a low yield of gold
nanotriangles (34%) and a high yield of spherical nanoparticles (66%) are synthesized,
which is strongly supported by the UV-vis-NIR data (curve 3, Figure 6.1A). In case of
curve 2 and 3, a small red shift of 16 nm is observed in transverse band, which indicates a
small aggregation of the gold nanoparticles in the solutions, as also observed in the TEM
image (Figure 6.2A and C). The UV-vis-NIR spectrum of gold nanoparticles synthesized
in the presence of 10™* M concentration of Keggin ions demonstrates a transverse band at
540 nm along with a high intensity longitudinal SP band, which appears to go beyond
1200 nm in the NIR region. The TEM image (Figure 6.2E) clearly shows the synthesis of
gold nanotriangles with smooth edges and sharp tips. The histogram plot (Figure 6.2F)
shows that a high yield of gold nanotriangles (72%) in comparison to the spherical
nanoparticles is synthesized in the presence of 10* M concentration of Keggin ions,

which is strongly corroborated with the UV-vis-NIR data (curve 4).
6.2.3 UV-vis-NIR spectroscopy and TEM analysis after UV light irradiation:

Figure 6.3A shows the UV-vis-NIR spectra of UV light irradiated gold
nanoparticle synthesized in the presence of different concentrations of Keggin ions.
Curve 1 shows the UV-vis-NIR spectrum of UV light irradiated gold nanoparticles
solution without Keggin ions (control). The spectrum (curve 1) shows two surface
plasmon bands centered at 540 nm (transverse SP band) and 1180 nm (longitudinal SP
band). The absorption spectrum (curve 1, Figure 6.3A) is similar to the UV-vis-NIR
spectrum of gold nanoparticles synthesized in the absence of Keggin ions (curve 1,
Figure 6.1A), which indicates that the morphology of nanoparticles was not changed after
UV light irradiation. The TEM image (Figure 6.3B) also shows that the morphology of
nanoparticles after UV light irradiation is spherical and triangular, which is analogous to
the TEM image of gold nanoparticles synthesized in the absence of Keggin ions (Figure
6.1B). Curve 2 shows the UV-vis-NIR spectrum of aqueous 10 M Keggin ions solution
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before irradiation. The spectrum does not show a band in the visible or NIR region due to
the colourless solution of Keggin ions. This is due to the charge transfer transition that
occurs between the tungsten metal, which has a vacant d-orbital (+6 or d° oxidation state)
and the donor oxygen ion [19]. Curve 3 corresponds to UV light irradiated gold
nanoparticles synthesized in the presence of 10> M Keggin ions and shows that
transverse and longitudinal peak of gold nanotriangles are totally diminished and new
peaks at ca. 500 and 760 nm arise after UV light irradiation, which are signatures of the
dark blue colour solution. From a dramatic decrease in the absorbance of longitudinal
band, we can infer that triangular nanoparticles have been fragmented into spherical

nanoparticles.
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Figure 6.3: A) UV-vis-NIR spectra recorded from UV light irradiated gold nanoparticles,
synthesized in absence of Keggin ions (curve 1) and in the presence of 102 M (curve 3), 10° M
(curve 4) and 10* M (curve 5) concentrations of Keggin ions. Curve 2 corresponds to UV-vis-
NIR spectrum of unreduced 107 M Keggin ions. B) Representative TEM image of UV light
irradiated gold nanoparticles, synthesized in the absence of Keggin ions.

The peak at 760 nm is due to the intervalent metal transition between one tungsten
atom (d' state) and another tungsten atom (d° state) as well as due to the d-d transition
[19]. The dark blue solution (reduced state of Keggin ions) is stable only for a few hours,
which suggests the aerial oxidation of reduced state to the original ground state. The
TEM image (Figure 6.4A) of gold nanoparticles fragmented in the presence of 102 M
Keggin ions shows that a large percentage of spherical nanoparticles have been formed

due to the photofragmentation of triangular nanoparticles by using UV light. The
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histogram analysis (Figure 6.4B) also shows that only 12% triangular nanoparticles
remain in the solution after UV light irradiation in comparison to 27% population of
nanotriangles, which are present in the original solution (Figure 6.2B). There are two
possible mechanisms for the photofragmentation of gold nanoparticles: (1) thermal

explosion [6a] (2) charge induced explosion [22].
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Figure 6.4: Representative TEM images of UV light irradiated gold nanoparticles, which are
synthesized in the presence of (A) 102 M, (C) 10° M and (E) 10™* M concentrations of Keggin
ions and corresponding histogram plots are shown in Figure B, D and F respectively.
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Thermal explosion mechanism does not work for the UV light irradiated gold
nanotriangles (synthesized in the absence of Keggin ions) experiment and the
fragmentation of nanotriangles is also not observed in the TEM image (Figure 6.3B). We
had measured the temperature of solution during irradiation and it was found to be 35 °C,
which is close to room temperature. Keggin ions are known to reduce in the presence of
secondary alcohol (isopropyl alcohol) under UV light at inert condition [19]. During the
reduction process under UV light, each Keggin ion molecule gets one electron from
secondary alcohol and Keggin ion molecules move to +5 oxidation state from the initial
+6 oxidation state [19]. Thus, a single Keggin ion becomes single electron rich after UV
light irradiation. Electron density on the surface of gold nanotriangles bound to Keggin
ions may be increased after UV light irradiation and gold nanotriangles will be efficiently
ionized to cause repulsive explosive [23]. Due to electron-electron charge repulsion on
the surface of nanotriangles, gold nanotriangles are believed to shatter into spherical
nanoparticles.

In case of UV light irradiated gold nanoparticles synthesized in the presence of
10° M Keggin ions, the UV-vis-NIR spectrum (curve 4, Figure 6.3A) shows transverse
peak at 540 nm and a weaker longitudinal peak at 1180 nm. Curve 4 also shows a weak
peak centered at 760 nm due to a small concentration of Keggin ions (10~ M) in solution.
The strong absorption peak at around 540 nm clearly indicates that nanotriangles have
been fragmented into spherical nanoparticles. The TEM image also demonstrates the
presence of spherical and aggregated nanoparticles along with a small percentage (16%)
of triangular nanoparticles (Figure 6.4C and D). It has been reported that the released
gold atoms during fragmentation have a strong tendency to rapidly aggregate into smaller
spherical nanoparticles [24]. Gold atoms or small gold nanoparticles could also diffuse to
and aggregate at the surface of triangular nanoparticles [6d], as observed in the TEM
image (Figure 6.4C). The histogram plot (Figure 6.4D) shows a large yield of spherical
nanoparticles (84%) in comparison to 66% population of spherical nanoparticles in the
original solution (Figure 6.2D).

Curve 5 (Figure 6.3A) corresponds to the UV-vis-NIR spectrum of gold
nanoparticles synthesized in the presence of 10* M concentration of Keggin ions. The

spectrum shows transverse and longitudinal SP peaks for spherical and triangular gold
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nanoparticles along with the absence of peak at 760 nm for reduced state of Keggin ions,
which is similar to the control (curve 1, Figure 6.3A). The TEM image recorded from this
solution shows a large percentage of triangular nanoparticles (65%) (Figure 6.4E and F).
The population of gold nanotriangles is nearly similar to the nanotriangles synthesized in
the presence of 10 M Keggin ions (Figure 6.2F). Gold nanotriangles have well faceted
edges and sharp tips, which are similar to the UV light irradiated gold nanotriangles (in
the absence of Keggin ions) (Figure 6.3B) and nanotriangles synthesized in the presence
of 10* M Keggin ions (Figure 6.2E). Therefore, a lower concentration of Keggin ions is
unable to fragment gold nanotriangles into spherical nanoparticles by UV light

irradiation.

6.3 Effect of UV light irradiation on the morphology of Keggin ion

bound gold nanotriangles:

6.3.1 Experimental Details:

In a typical experiment, 8 mL of lemongrass extract was added to 100 mL of 107
M HAuCly and the reaction was kept at room temperature for 24 h to facilitate complete
reduction of AuCly ions. Gold nanotriangles were purified by three times centrifugation
at 1000 rpm for 15 minutes [25]. The obtained gold nanotriangle pellet was diluted to 80
mL in Milli-Q water. To observe the effect of different concentrations of Keggin ions on
the morphology of already synthesized gold nanotriangles, different volumes of 10" M
Keggin ions were added to 8 mL of purified gold nanotriangle solutions in order to yield
different concentrations of Keggin ions (102 M, 10° M, 10* M, 10° M respectively) and
these solutions were allowed to stand at room temperature for 24 h for binding of Keggin
ions to the gold nanotriangles. These solutions were subjected to centrifugation (three
times) at 1000 rpm for 15 minutes to remove unbound Keggin ions from gold
nanotriangle solutions and the obtained pellets were diluted to 10 mL in Milli-Q water.
One mL of isopropyl alcohol was added in these solutions and the corresponding
solutions were deaerated by nitrogen gas for 15 minutes, following which irradiated for 3
h by UV light. To study the time dependent photofragmentation of gold nanotriangles,
102 M Keggin ions bound gold nanotriangle solutions were photo-irradiated for different

time (30, 60, 90 and 120 minutes respectively). UV-vis-NIR spectroscopy, TEM, FTIR,
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XRD and XPS measurements were carried out to investigate the effect of Keggin ions on

the morphology of gold nanotriangles.
6.3.2 Concentration dependent fragmentation of nanotriangles:
6.3.2.1 UV-vis-NIR spectroscopy and TEM analysis:

Figure 6.5 shows the UV-vis-NIR spectra of different concentrations of Keggin
ions bound gold nanotriangle solutions after photo-irradiation for 3 h. Curve 1 shows
UV-vis-NIR spectrum of UV light irradiated gold nanotriangles in the absence of Keggin
ions. The absorption spectrum shows two peaks; one peak is centered at 540 nm
(transverse SP band), while another peak is centered at 1320 nm (longitudinal SP band).
The TEM image (Figure 6.3B), which is discussed earlier in this chapter, indicates that
UV light does not fragment gold nanotriangles in the absence of Keggin ions. Curve 2
corresponds to UV-vis-NIR spectrum of 107 M Keggin ions bound gold nanotriangles
after UV light irradiation. A drastic change is observed in curve 2, which shows that the
intensity of transverse and longitudinal SP band of gold nanotriangles is decreased and a

new broad band at 760 nm is developed in comparison to curve 1.
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Figure 6.5: UV-vis-NIR spectra recorded from UV light irradiated gold nanotriangles (curve 1)
and UV light irradiated gold nanotriangles bound to 10> M (curve 2), 10° M (curve 3), 10* M
(curve 4) and 10” M (curve 5) concentrations of Keggin ions.

The origin of this band is due to forbidden d-d transition and also due to

Intervalent Charge Transfer (IVCT) band, which gives the solution a deep blue colour
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[19]. The TEM image of this solution shows that gold nanotriangles have fragmented into
spherical and aggregated nanoparticles (Figure 6.6A). Large aggregates of gold
nanoparticles could be formed due to a rapid aggregation of smaller gold nanoparticles,
which are formed during the fragmentation of nanotriangles. Some gold nanotriangles
and hexagonal nanoparticles along with the aggregates of small nanoparticles on the
surface of these nanoparticles are observed in the TEM image (inset of Figure 6.6A).
Curve 3 in Figure 6.5A corresponds to irradiated gold nanotriangles bound to 10~ M
Keggin ions and shows a similar absorption spectrum with decrease in the intensity of
transverse and longitudinal bands as well as a new 760 nm band in comparison to the

curve 1.

500 nm ' | |500 nm

Figure 6.6: Representative TEM images of UV light irradiated gold nanotriangles bound to 107
M (A and inset of A), 10° M (B and inset of B), 10* M (C) and 10 M (D) concentrations of
Keggin ions.

The TEM image recorded from this solution shows well-faceted edged gold
nanotriangles along with spherical nanoparticles (Figure 6.6B and inset of B). Large

aggregates of gold nanoparticles are not observed in the TEM image. Curves 4 and 5
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correspond to the UV-vis-NIR spectra of irradiated gold nanotriangle bound to 10 M
and 10° M Keggin ions respectively. Curves 4 and 5 show the transverse and longitudinal
bands of gold nanotriangles without the presence of a band at 760 nm, which are similar
to curve 1. The absence of the band at 760 nm clearly indicates that these concentrations
of Keggin ions are not sufficient to fragment the nanotriangles. The TEM images also
show that the morphology of nanotriangles is intact and aggregates of smaller
nanoparticles are also not observed (Figure 6.6C and D). From these results, it can be
rationalized that 10 M concentration of Keggin ions is sufficient to shatter nanotriangles

into spherical nanoparticles.
6.3.3 Time dependent UV light irradiation of nanotriangles:

UV light irradiation of 10 M Keggin ions bound gold nanotriangles was carried
out for different time intervals to identify the initial time of fragmentation of the gold

nanotriangles.
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Figure 6.7: Representative TEM images of 10? M keggin ions bound gold nanotriangles after
UV light irradiation for 30 minutes (A) and 60 minutes (C). Figure B and D show histogram plots
of spherical and triangular nanoparticles obtained after 30 and 60 minutes of UV light irradiation
respectively.
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The TEM image (Figure 6.7A) shows that the morphology of nanotriangle is
intact and nanotriangles have smooth edges and tips after irradiation for 30 minutes. The
population of gold nanotriangles is 94% after UV light irradiation for 30 minutes (Figure
6.7B). The TEM image of gold nanoparticles after irradiation for 60 minutes shows that
the morphology of nanotriangles is not distorted and the population of nanotriangles is
89% in comparison to spherical nanoparticles (Figure 6.7C and D). Spherical

nanoparticles and some spherical aggregates can also be observed in the TEM image
(Figure 6.7C).
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Figure 6.8: Representative TEM images of 107 M keggin ions bound gold nanotriangles after
UV light irradiation for 90 minutes (A) and 120 minutes (C). Figure B and D show histogram
plots of spherical and triangular nanoparticles obtained after 90 and 120 minutes of UV light
irradiation respectively.

Figure 6.8A and B show a large population (79%) of spherical nanoparticles,
which were formed during fragmentation of nanotriangles by UV light for 90 minutes.

Gold nanotriangles along with the aggregated spherical nanoparticles are observed in the
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TEM image (The inset of Figure 6.8A). Figure 6.8C corresponds to the TEM image of
gold nanoparticles formed after irradiation of gold nanotriangles bound to Keggin ions
for 120 minutes. The histogram analysis shows a large population of spherical and
aggregated nanoparticles (92%) in comparison to gold nanotriangles. At closer inspection
of nanotriangles in the TEM image (inset of Figure 6.8D), aggregates of spherical

nanoparticles can be seen on the surface of nanotriangles and hexagonal nanoparticles.
6.3.4 FTIR measurement:

Figure 6.9 represents the Fourier transform infrared (FTIR) spectra of pure
Keggin ion (curve 1), photo-irradiated gold nanotriangles bound to 102 M Keggin ions
(curve 2) and gold nanoparticles synthesized in the presence of 10 M Keggin ions (curve
3). Curve 1 shows the W-O asymmetric vibration frequency at 982 cm’, W-O-W

bending vibration at 890 cm™ and P-O asymmetric stretching vibration at 1081 cm™ [26].
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Figure 6.9: FTIR spectra recorded from pure Keggin ions (curve 1), UV light irradiated gold
nanoparticles bound to Keggin ions (curve 2) and gold nanoparticles synthesized in the presence
of 10” M Keggin ions (curve 3).

Comparing the curves 2 and 3 with curve 1, it is observed that the FTIR bands
occur at same wavenumber as that observed for the curve 1, which clearly indicate that

phosphotungstic acid molecules in the photo-irradiated Keggin ions bound gold
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nanotriangles and in the gold nanoparticles synthesized in the presence of Keggin ions

have not undergone the structural changes.
6.3.5 XPS measurement:

Figure 6.10 represents the XPS spectra of 10° M Keggin ions bound gold
nanotriangles after irradiation, which is recorded from a drop-coated film of the
corresponding solution. W 4f and Au 4f core level spectra were background corrected by
using the Shirley algorithm [27] and charge correction of core level was done with
respect to adventitious C s core level binding energy (285 eV). Figure 6.10A shows the
W core level spectrum, which could be resolved into 2 spin-orbit pairs (splitting ~ 2.18
eV) with a 4f;, binding energy of 36.74 eV, indicating that Keggin ions have W-O
binding [26¢]. The presence of 2 pairs suggests that W is likely to be present in W* and
W oxidation states. The presence W 4f core level spectrum strongly signifies that the
surface of gold nanotriangles is bound with Keggin ion molecules. Figure 6.10B
represents the Au 4f core level spectrum, which could be stripped into a single spin-orbit
pair with 4f;,, binding energy of 84 eV. The XPS spectrum does not show the presence of
additional component of Au 4fy,, which indicates that gold ions (Au’) present on the

gold nanotriangles were reduced by Keggin ions during UV light irradiation.
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Figure 6.10: XPS spectra of W 4f (A) and Au 4f (B) core level arising from UV light irradiated
Keggin ions bound gold nanotriangles together with the spin-orbit pairs.

Ph.D. Thesis, 2007 Akhilesh Rai University of Pune



Chapter 6 179

6.3.6 XRD measurement:

Figure 6.11 shows the X-ray diffraction spectra recorded from the UV light
irradiated gold nanotriangles bound to different concentrations of Keggin ions. Curve 1

corresponds to UV light irradiated gold nanotriangles bound to 10> M Keggin ions.
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Figure 6.11: XRD spectra recorded from UV light irradiated gold nanotriangles bound to 10> M
(curve 1), 10 M (curve 2), 10™* M (curve 3) and 10 M (curve 4) concentrations of Keggin ions.

‘Star’ marks on the curve 1 represent Bragg reflections from Keggin ions bound
on the surface of gold nanotriangles, while the ‘triangle’ marks show Bragg reflections
from the fcc structure of gold. A large number of Bragg reflections corresponding to
(210), (311), (004), (214), (512), (430), (043) and (516) lattice planes can be observed for
Keggin ions in the curve 1 [28]. Bragg reflections at 38.35, 43.75 and 64.85° correspond
to the (111), (200) and (220) lattice planes of gold (curve 1) [29]. Curve 2 (UV light
irradiated 10° M Keggin ion bound gold nanotriangles) shows Bragg reflections
corresponding to (430) and (111) lattice planes of Keggin ions and gold respectively.
Strong Bragg reflections corresponding to Keggin ions are not observed for 10* M and
10° M Keggin ions bound gold nanotriangles after photo-irradiation but Bragg reflection
(38.35°) for the gold is observed (curves 3 and 4 respectively), which evidently suggest
that these concentrations of Keggin ions are not sufficient to photofragment gold

nanotriangles, as was also observed during the TEM measurements (Figure 6.6C and D).
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6.3.7 Summary:

To summarize, it has been demonstrated that different concentrations of Keggin
ions (phosphotungstate ions) can control the yield of gold nanotriangles with respect to
spherical nanoparticles during synthesis using lemongrass extract. Gold nanotriangles
have been fragmented to spherical and aggregated nanoparticles under UV light in the
presence of different concentrations of Keggin ions. The varying percentage of

fragmentation can be achieved by using different concentrations of Keggin ions.
6.4 Temperature dependent synthesis of gold nanotriangles:

The temperature of the reaction medium is a critical factor that determines the
nature of nanoparticles formed. The yield and morphology of nanotriangles formed is
controlled by varying the rate of reduction of gold ions using lemongrass extract at

different temperatures.
6.4.1 Experimental Details:

The role of temperature on the morphology of the biologically prepared gold
nanoparticles was studied by carrying out the reaction of 0.8 mL of lemongrass leaf
extract with 10 mL of 10° M HAuCl, solution at 40, 50, 60, 70 and 80 °C for 5 h. UV-
vis-NIR spectroscopy and TEM measurement were carried out after 5 h of reaction for

the corresponding solutions.
6.4.2 UV-vis-NIR spectroscopy and TEM measurement:

Figure 6.12A shows the UV-vis-NIR spectra recorded after complete reduction of
gold ions using lemongrass extract at different temperatures. Curve 1 corresponds to gold
nanoparticles synthesized at room temperature and shows two absorption bands;
transverse band (out of plane vibration) centered at 540 nm, while the longitudinal band
(in plane vibration) appears to go beyond 1250 nm in the NIR region. Curves 2-6
correspond to gold nanoparticles formed at 40, 50, 60, 70 and 80 °C respectively.
Comparing the curves 2-6 with curve 1, it is observed that as the temperature of the
reaction medium increases, the longitudinal SP band shifts gradually to lower wavelength
from 1200 nm (curve 1) to ca. 800 nm at 80 °C (curve 6) along with an increase in the

transverse SP band.
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Figure 6.12: A) UV-vis-NIR spectra recorded from gold nanoparticles synthesized at room
temperature (curve 1), 40 °C (curve 2), 50 °C (curve 3), 60 °C (curve 4), 70 °C (curve 5) and 80
°C (curve 6). Figure B depicting the average edge length of gold nanotriangles synthesized at
different temperatures.

Sastry and coworkers have reported that a shift towards lower wavelength of the
longitudinal band is symptomatic of a reduction in the edge length of gold nanotriangles
or a decrease in the nanoparticle aspect ratio [25b]. Moreover, an increase in the intensity
of transverse SP band indicates the presence of an increasing percentage of spherical
nanoparticles in comparison to triangular nanoparticles, as the temperature of reaction
medium is increased. Figure 6.13A-E show the TEM images of gold nanoparticles
formed at different temperatures (40, 50, 60, 70 and 80 °C respectively). Figure 6.13A
and B show that a large population of nanotriangles is synthesized using lemongrass
extract at 40 and 50 °C respectively. Figure 6.13C-E show that the population of
nanotriangles decreases and concomitantly the population of spherical nanoparticles
increases, as the reaction temperature is increased form 60 to 80 °C, which is strongly
supported by the UV-vis-NIR spectra (Figure 6.12A). Some percentage of aggregation
can also be observed in the Figure 6.13C-E. Figure 6.13F shows the population of
spherical and triangular nanoparticles, which is estimated from Figure 6.13A-E and other
similar TEM images. The histogram plot (Figure 6.13F) shows that the population of
nanotriangles decreases monotonically, accompanied by an increase in the population of
spherical nanoparticles from 40 °C reaction to 80 °C reaction, again in good accord with

the UV-vis-NIR data (Figure 6.12A).
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Figure 6.13: Representative TEM images of gold nanoparticles synthesized at 40 °C (A), 50 °C
(B), 60 °C (C), 70 °C (D) and 80 °C (E). Figure F shows histogram plot of spherical and
triangular gold nanoparticles synthesized at different temperatures. Light hatches line represents
gold nanotriangles and dark hatches line represent spherical nanoparticles.

Figure 6.12B shows the average edge length of nanotriangles formed in the
different reactions, as the temperature is increased. An analysis of edge length of

triangular nanoparticles in the overall population shows that the average edge length of
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triangular nanoparticles decreases from ca. 180 nm (40 °C) to ca. 80 nm (80 °C) with
increasing temperatures. Increasing the reaction temperature during reduction of HAuCly
solution using lemongrass extract has led to an increase in the rate of reduction and thus
results in increase in nucleation, which tends to increase the population of spherical
nanoparticles. However, due to higher rate of reduction, most of the chloroaurate ions are
consumed in the formation of nuclei and thus the growth process onto the surface of the
preformed nuclei is stalled. Thus, we get much higher population of spherical
nanoparticles as compared to the triangular nanoparticles, when the temperature of the
reaction medium is increased (Fig 6.13E). The formation of the gold nanotriangles is a
kinetically driven process and is a result of aggregation and rearrangement of smaller
nanoparticles, which act as a nuclei for the further growth, leading to anisotropic
structures [30]. Hence, a slow rate of reduction of metal ions at lower temperature might
possibly facilitate the oriented growth of nuclei and thus should promote the formation of
anisotropic nanoparticles [3e]. Thus, simple variation in the temperature of the reaction
medium during reduction of gold ions by lemongrass extract enables tailoring of the size

of the triangular nanoparticles and thus, their optical properties.
6.4.3 Summary:

The varying yields and edge lengths of gold nanotriangles synthesized using
lemongrass extract at different reaction temperatures have been described in this chapter.
The reduction rate of reaction is a crucial parameter to control the morphology of
nanoparticles formed. As the temperature of the reaction medium increases from 40 °C to
80 °C, the edge length of triangular nanoparticles decreases steadily from ca. 180 nm to

ca. 80 nm and thus optical properties can be fine-tuned in the NIR region.
6.5 Conclusion:

In this chapter, we have shown that different concentrations of Keggin ions affect
the yield of gold nanotriangles during synthesis using lemongrass extract. Keggin ions
bind to certain crystallographic facets of initially formed gold nanoparticles and inhibit
two-dimensional growth of nanoparticles, leading to the growth of triangular
nanoparticle. After UV light irradiation of Keggin ion bound gold nanotriangles, the

photofragmentation of nanotriangles has been observed. Varying percentage of
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fragmentation can be achieved by using different concentrations of Keggin ions. The
increased charge repulsion on the surface of gold nanotriangles promotes the
fragmentation of gold nanotriangles. The photofragmentation of already synthesized gold
nanotriangles using different concentrations of Keggin ions under UV light irradiation
has also been described in this chapter. 10 M concentration of Keggin ions fragment
gold nanotriangles to spherical and aggregated nanoparticles, while lower concentrations
of Keggin ions is not sufficient enough to fragment gold nanotriangles. Keggin ions
bound to gold nanoparticles might have important applications as anti-
tumor/bacterial/viral drugs [15] and in removal of organic dyes from polluted water [31].
The temperature of reaction medium is another parameter, which controls the particle
size and yield of nanoparticles formed. In this chapter, the role of temperature on the
yield of nanotriangles synthesized using lemongrass extract has been described. With
increasing temperature, the gold nanotriangles become smaller and also of reduced
percentage relative to spherical particles. The ability to tailor the size/morphology of gold
nanoparticles and thus their optical properties by simple variation in experimental
conditions by a fully green chemistry approach could be important in applications such as

hyperthermia [32] and architectural optical coatings [25b].
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Conclusions

This chapter contains concluding remarks on the salient features of the work
described in the thesis and future potential developments in the area.
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7.1 Summary of the work:

The main emphasis of work presented in this thesis has been to demonstrate the
synthesis of gold nanotriangles, core-shell nanoparticles of various compositions and
shape modification using different chemical and physical means. The aspects that have
been covered in this thesis are: 1) Synthesis of gold nanotriangles using undialyzed and
dialyzed lemongrass extract at room temperature. 2) Synthesis of triangular Au core- Ag
shell nanoparticles and spherical gold-titania core-shell nanoparticles. 3) Shape
transformation of gold nanotriangles using different halide ions and surfactants. 4)
Photofragmentation of gold nanotriangles using Keggin ions under UV light irradiation.
5) Effect of temperatures on the synthesis of gold nanotriangles using lemongrass extract.

Room temperature and environmentally benign approach for the synthesis of gold
nanotriangles and hexagons using undialyzed lemongrass extract as reducing and shape-
directing agents has been demonstrated. The yield of gold nanotriangles synthesized
using lemongrass extract is found to be 45%, which is higher than the previously reported
chemical and photochemical methods. The AFM analysis showed that thickness of
nanotriangle was ca. 18 nm. Different cut-off dialysis bags (3, 12.5 and 30 kDa) were
used for dialysis of lemongrass extract against 10° M HAuCly solution. Biomolecules,
which have size below pore size of the dialysis bag used, diffuse from the inside bag to
the external gold ion solution in the direction of decreasing concentration and reduce gold
ions to synthesize spherical and triangular nanoparticles. The concentrations of extracts
inside the different bags were found to be in the following order: 3 kDa>12 kDa>30
kDa, while the concentrations of extract outside the bags were in the reverse order.
Spherical nanoparticles and a small percentage of gold nanotriangles were synthesized
inside 3 kDa bag due to the fast reduction of diffused gold ions inside the bag. A large
percentage of triangular and cubic nanoparticles were synthesized inside 12.5 and 30 kDa
bags respectively due to the slow reduction of gold ions. A varying yield and size of gold
nanotriangles were also found to be synthesized outside the different cut-off bags due to
different rate of reduction of gold ions by outside-diffused lemongrass extract. In another
experiments, lemongrass extract was dialyzed against water using 3, 12.5 and 30 kDa cut-
off bags and dialyzed extract obtained from both inside and outside bags were used for

the reduction of 10° M HAuCl, solution. Spherical nanoparticles along with the smaller
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nanotriangles were synthesized using dialyzed extract obtained from inside the 3 and 12.5
kDa bags, while the gold nanocubes were observed, when gold ions were reduced using
dialyzed extract obtained from inside a 30 kDa bag. Synthesis of different size and yield
of gold nanotriangles using dialyzed extract obtained from outside the different dialysis
bags have also been demonstrated. FTIR analysis showed that sugar derivatives and citral
molecules found in lemongrass extract act as reducing and shape-directing agent for the
synthesis of nanotriangles.

Synthesis of triangular Au core-Ag shell nanoparticles using ascorbic acid as a
weak reducing agent under alkaline pH has been demonstrated. It was shown that 10° M
concentration of silver ions was perfect to synthesize silver shell around gold core
nanoparticles. Positively charged silver ions interact with negatively charged gold
nanotriangles through electrostatic interaction. The bound silver ions on the surface of
gold nanotriangles were reduced by ascorbic acid under different alkaline pH to achieve
varying thickness of silver shell. The thickness of silver shell synthesized at pH 12 was
estimated to be ca. 5 nm. Synthesis of spherical gold-titania core-shell nanoparticles
using the hydrolyzing enzyme from fungus Fusarium oxysporum has also been
demonstrated. A hydrolyzing enzyme has ability to hydrolyze TiFs ions to titania
nanoparticles. The enzyme was immobilized on the surface of aspartic acid modified
spherical gold nanoparticles and subsequently exposed to TiFs ion solution leading to the
formation of spherical gold-titania core-shell nanoparticles. XRD analysis showed that
brookite and rutile polymorphs of titania were synthesized on the surface of gold
nanoparticles.

Shape transformation of already synthesized gold nanotriangles using halide ions
and the effect of halide ions on the growth of nanotriangles during synthesis using
lemongrass extract have been demonstrated. Fluoride and chloride ions do not affect the
morphology of gold nanotriangles, while bromide ions promote corrugation on the edges
of nanotriangles. A drastic change in the morphology of nanotriangles after treatment
with iodide ions was observed. lodide ions transform nanotriangles into circular plate like
nanostructures. lodide ions have highest ability to chemisorb on the surface of gold
nanotriangles compared to the other halide ions and thus create the highest strain on the

underlying Au (111) lattice planes. The shape transformation has been attributed to the
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strain developed by the adlayers of I' ions on the (111) lattice planes of gold
nanotriangles. Furthermore, the prominent effects of halide ions on the growth of
nanotriangles during synthesis have been demonstrated. It was shown that fluoride ions
do not affect the growth of nanotriangles, while chloride ions promote the synthesis of
triangular nanoparticles. It was proposed that Cl ions having the ability to chemisorb on
the (111) lattice of fcc gold with a hexagonal closed packed structure could be
responsible for the formation of <111> oriented gold nanotriangles and nanohexagons.
On the contrary, bromide and iodide ions inhibit the growth of nanotriangles due to their
higher tendency to chemosorb and produce strains on the surface of initially formed gold
nanoparticles. Similarly the effects of cationic surfactants such as CTAB and CTAC have
also been studied. 10° M concentration of CTAB transforms god nanotriangles into
circular plate like structures, while lower concentrations do not have significant effect on
the morphology of nanotriangles. On the other hand, CTAC does not affect the
morphology of gold nanotriangles due to the presence of chloride ions. Gold ions also
transform gold nanotriangles into highly branched nanostructures in the presence of 107
M concentration of CTAB, while modify them into nanocoral and nanoflowers like
structures in the presence of 10> M concentration of CTAC.

Photofragmentation of gold nanotriangles into spherical and aggregated
nanoparticles in the presence of Keggin ions under UV light irradiation has been
demonstrated. Different concentrations of Keggin ions (10> M to 10 M) were used to
achieve the varying percentage of fragmentation of already synthesized gold
nanotriangles. Keggin ions get reduce from M to M*" oxidation state in the presence of
iso-propyl alcohol under the UV light irradiation and therefore show dark blue colour
after reduction. The high electron density on the surface of gold nanotriangles bound with
Keggin ions after UV light irradiation cause fragmentation of triangles into spherical
nanoparticles due to charge repulsion. Gold nanotriangles synthesized in the presence of
different concentration of Keggin ions using lemongrass extract have also been
demonstrated. It is believed that high concentration (107 M) of Keggin ions binds to
lattice planes of initially formed gold nanoparticles and inhibits the growth of
nanoparticles in the <111> direction. Gold nanotriangles synthesized in the presence of

different concentrations of Keggin ions were also UV light irradiated in order to fragment
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nanotriangles into spherical nanoparticles. Synthesis of gold nanotriangles at different
temperatures using lemongrass extract has been described in the last chapter. Synthesis of
nanotriangles is a kinetically driven process and fast reduction at higher temperature
facilitates the synthesis of nanotriangles of a low population and smaller size. It has also
been shown that the NIR absorption peak of gold nanotriangles could be fine-tuned by
merely varying the edge length of gold nanotriangles.

7.2 Scope for future work:

The size-controlled synthesis of gold nanotriangles is an interesting result and
might have potential applications in many fields. It would be interesting to use these gold
nanoparticles for hyperthermic treatment of cancerous cells due to their high absorbance
in the NIR region of the electromagnetic spectrum. Since the human body tissues can
sufficiently transmit light in the range from 800 to 1100 nm, irradiation of suitably
surface modified gold nanotriangles with cancer cell specific antibody, which are
selectively localized near the cancerous tissue, may kill the cells in the local vicinity of
gold nanotriangles. Gold nanotriangles could also be used for delivery of drugs or genes.
Gold nanoparticles would act as a non-viral vector for the delivery of gene inside the
biological cells.

We have already studied the effect of different halide ions and cationic surfactants
on the morphology of gold nanoparticles during synthesis so it is worth to studying the
effect of different anionic surfactants on the growth of nanoparticles. It has been shown
in previous reports that presence of silver ions enhances the population and aspect ratio of
gold nanorods. Similar effect can be studied in the case of gold nanoparticles synthesize
using biological means. Polyoxometallates are well known for their diverse applications
such as degradation of dyes and antiviral as well as antitumor agents. Thus, it would be
significant to immobilize polyoxometallates on the surface of metal nanoparticles and
investigate their potential applications in biomedical areas and also in removal of waste

from polluted water.
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