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Chapter 1 

High Aspect Ratio Metallic Nanostructures: A Critical Survey  

 

This chapter describes a critical survey of various methods for the shape and size 
selective synthesis of anisotropic nanostructures of gold, silver and similar metals. A 
brief account of all recent developments on different synthetic  procedures for metallic 
nanowires and their remarkable  size dependant electronic structure and properties is 
given. The growth mechanism is also discussed for such structures illustrating the 
importance of several key variables like ligand to metal ion ratio, ligand chain length, 
nature of surfactants, solvent, temperature and the presence of foreign ions with special 
emphasis on silver. 
 

 
 
Several interesting (e.g. optical, electrical, mechanical and thermal) shape and size 
dependent properties of such nanostructures have been discussed elaborately. For 
example, gold nanorods show surface plasmon absorption peaks at 520 and 600 – 900 
nm corresponding to the transverse and longitudinal oscillations respectively, while silver 
nanorods give peaks at 350, 380, and 410 nm. Optical properties of nanoprisms of gold 
and silver are more interesting as they show several absorptions at 800, 1300 nm and 
350, 431, 465, 552 nm depending on their critical dimensions. Similarly, mechanical 
properties also show interesting variation as illustrated by the average value of the 
Young’s modulus of silver nanowires (30 nm diameter) to be 102 ± 23 GPa which is 
significantly  higher than that of bulk silver (83 GPa). Many applications of these high 
aspect ratio nanostructures also have been discussed with the help of specific recent 
examples. The chapter ends describing the overall organizations of the thesis, primary 
objectives of these investigations and an abstract of the present study. 
 
 
 

  

 
The Figure shows various 
types of representative  high 
aspect ratio nanostructures  
(not to the scale) rods (a), star-
shaped (b), and truncated 
triangular plate (e) of gold and 
cubes (c), wires (d), and 
truncated triangular plates (f) of 
silver. 
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1.1 Introduction 

“There is plenty of room at the bottom” – the famous statement made by Prof. 

Richard Feynman in 1959, has initiated a new branch of science which is presently 

known as ‘Nanoscience’ and ‘Nanotechnology’, where everything depends on our ability 

to manipulate and design materials atom by atom and molecule by molecule at the 

nanoscale.1 These nanoscale materials possess novel size and shape dependent 

properties useful for diverse applications in various fields of science and engineering. 

Accordingly, recent technological development makes it possible to generate structures 

or devices less than 100 nanometers in size with noteworthy functional advantages over 

conventional devices leading to the threshold of a revolution having the potential to 

change the entire scenario of present technology. Indeed, promises are so high that it 

can even cope up with the millennium goal of achieving affordable amenities to all 

human beings from equally distributed technological developments touching all major 

aspects of life.2 It is expected that the nanotechnology will have an impact from 

sophisticated weapons in the battle field to the day-to-day house hold materials and 

interestingly few of such changes already have been realized in the field of catalysis, 

microelectronics and composite materials.2b-d Further miniaturization in the field of 

electronics will lead to the faster, smarter devices for information storage operating at 

low power consumption.3 A list of recent review articles on nanoscience and 

nanotechnology has been compiled by El-Sayed and co-workers, signifying the 

importance, future expectations,  and different levels of growth in this field.4

The origin of unusual optical properties of nanostructured materials, however, could 

be dated back to 17th century when the brilliant color of some of these nanoparticles was 

used advantageously to make stained glass windows of cathedrals. Faraday explained 

the origin of their color as due to the presence of metallic gold nanoparticles especially in 

colloidal form. In 1908, Mie theoretically explained the origin of color of these 

nanoparticles by applying Maxwell’s equations.5 However, research on nanomaterials 

has got the momentum only during the last few decades. The term ‘Nanotechnology’ 

was christened by Norio Taniguchi of Tokyo Science University in 1974.6 According to 

him “Nanotechnology mainly consists of the processing of separation, consolidation, and 

deformation of materials by one atom or one molecule”. Further, real pace for the 

……………………………………………………………………………………………………………………………..
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research on these materials took place when Eric Drexler popularized and supported 

nanotechnology during 1980’s although many others later horrified general public by a 

hypothetical explanation of ending of the world due to the formation of self-replicated 

robots (grey goo) as the outcome of nanotechnology.7  

Research on nanomaterials is driven by two motivating factors: (i) they exhibit 

interesting properties at nanometer size scale different from that of bulk materials and (ii) 

application of these properties for devices (especially linked with health – bio-inspired 

nanotechnology) for the prosperity of mankind. As the size of materials enters 

nanometer level, electronic motion is restricted to a smaller space comparable to that of 

the mean free path of electrons leading to the stronger confinement of electronic motion 

(spatial confinement). These materials do not follow the classical theory of electronic 

motion at this size regime and a new set of laws govern their electronic motion which 

exhibits quantum effect.  The quantization of electronic motion in metallic nanoparticles 

restricts them into certain discrete energy levels making the valence and conduction 

band no longer inseparable. This energy gap between valence band and conduction 

band (Kubo gap) becomes comparable to or larger than thermal energy (kBT) at certain 

size regime and hence metallic nanomaterials become semiconductors. Further 

reduction of size causes higher confinement and reaches a stage when the material 

becomes an insulator. At this size regime materials behave differently towards various 

perturbations and exhibit properties not achievable from its individual counterparts or 

from the bulk.8a   

Apart from the size dependence of various properties of nanomaterials, they also 

exhibit interesting shape dependence due to the execution of electronic motion in 

different dimensions.8-12 For example, electron tunneling phenomena observed for 0-D 

nanostructures is the key concept used for building artificial atoms and devices like 

single electron transistors.9 Similarly, electrons can oscillate in two distinct ways in 1-D 

nanostructures under an electromagnetic field, namely in longitudinal and transverse 

modes. The way electrons execute its motion alters their various properties and thus, 

nanorods and nanotubes give two surface plasmon absorption peaks due to the two 

different types of electronic motion.10, 11  
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1.2 Definition and Classification of Nanostructured Materials 

According to Hunt, “Nanomaterials are an enabling component of the popularly 

labeled area of ‘nanotechnology’, but are generally not well understood by the materials 

community at large”.13 Although a variety of prosaic definitions of nanotechnology is 

available, almost all lack definitional precision despite providing a deeper insight into the 

subject. One of such definitions described in Scientific American states: “The field is a 

vast grab bag of stuff that has to do with creating tiny things that sometimes just happen 

to be useful. It borrows liberally from condensed-matter physics, engineering, molecular 

biology and large swaths of chemistry”.14 However, a more comprehensive definition is 

given by the US National Nanotechnology Initiative (NNI)15 as: (i) research and 

technology development at the atomic, molecular, or macromolecular levels, 

approximately 1-100 nanometers in length, (ii) creation and use of structures, devices, 

and systems that have novel properties and functions because of their small and/or 

intermediate size, and (iii) ability to control or manipulate on the atomic scale. Another 

definition given by ‘The Royal Society’ and ‘The Royal Academy of Engineering’ states: 

‘nanotechnology as the design, characterization, production, and application of 

structures, devices, and systems by controlling shape and size at the nanometer 

scale’.16 Thus, improvement of properties of materials by controlling their nanoscale 

structures is the heart of nanotechnology or can be better called as incremental 

nanotechnology. Similarly, another term radical nanotechnology means the development 

of nanoscale machines that would exist at the convergence of nanotechnology, 

biotechnology, information technology, and cognitive technology. Another most 

commonly used word to describe nanotechnology is evolutionary nanotechnology. 

Evolutionary nanotechnology takes advantage of the changes that can occur in materials 

at the nanoscale related to both, increase in chemical reactivity and quantum effects. 

The best known examples are nanoscale sensors that exploit the large surface area of 

nanotubes and semiconductor nanostructures such as quantum dots and quantum wells 

or nanowires.17 Silica-based nanomaterials, molecular imprinted polymers, silver 

nanowires, and silicon platforms are envisioned for collection, concentration, and 

detection of chemical and biological weapons and other related compounds in security 

and defense applications. The biggest steps are being made in evolutionary 

nanotechnology, with more and more products expected to appear in the coming 

……………………………………………………………………………………………………………………………..
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days.16,18 However, each new technology has its potential drawbacks and may be a 

threat to the society, unless the implications of such development are not understood 

properly.19 Similarly, as nanotechnology has created brighter future, simultaneously it 

generates a general apprehension that nanotechnology will pose severe risks. 

Therefore, opponents of nanotechnology sometimes gain momentum, demanding a 

complete halt on such research at least in few places (anti-nanotechnology).20   

Metallic nanoparticles can be classified as bi-metallic or tri-metallic depending on the 

number of constituent metallic parts. Most of the cases, they form alloys, and commonly 

known as alloy nanoparticles. Similarly, core-shell nanoparticles constitute another class 

of nanomaterials which are cross-linked nanosized particles with a chemical composition 

that is different on the surface compared to the core region.21 Non-metallic nanoparticles 

(nanotubes) are another class consisting of non metals and organic molecules with 

interesting electrical behavior which can be tuned to be insulating or metallic based on 

size and composition.22 The most familiar example of non-metallic nanoparticle is 

Fullerenes which constitute a different class of nanomaterials.23 Carbon nanotubes 

constitute another celebrated class of nanomaterials that can be metallic or 

semiconducting depending on their diameter and chirality.24  

Another way of classifying nanomaterials is based on their dimensionality. If we 

consider the three dimensional space vectors for a specific nanomaterial and length 

scales are in the critical regime of 1-100 nm, they can be  known as 0-dimensional 

particles or quantum dots, typical examples being spherical (1-10 nm diameter) 

nanoparticles of Au, Ag, CdS, CdSe etc. Similarly, if two spatial vectors are restricted in 

that critical length scale allowing nanomaterial to grow only in the third direction, then the 

resultant nanomaterial is known as 1D nanostructure (quantum wires), specific examples 

being nanorods, nanowires, etc. Single walled carbon nanotubes can be considered as 

an important example of such material. In 2D nanostructures, only one dimension is 

restricted to that critical length scale and these nanomaterials (quantum sheets) are 

allowed to grow along the other two spatial directions.  

A more interesting method of classifying nanomaterials is based on their shape. 

Thus, nanomaterials are known as quantum dots or nanoparticles (monolayer protected 

nanoclusters, MPCs or simply NPs), nanowires, nanorods, nanoribbons, nanobelts, 

nanobipods, nanotetrapods, nanocubes, nanoboxes, nanotriangles, etc. Nanoparticles 
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that consist of homogeneous material, especially those that are almost spherical or 

cubical in shape are called quantum dots. Nanostructures that are shaped like long 

sticks or dowels, with a diameter in the nanoscale and a length very much longer are 

known as nanorods or nanowires. If a normal nanorod is coated with a different metal 

layer, then it is known as core-sell nanorod or coaxial nanocables.25a, b Similarly, if the 

inside of a nanorod is hollow, then it is known as nanotubes or nanorods with hollow 

interiors.25c Nanoparticles of triangular or prismatic shape are called nanoprisms or 

nanotriangles.25d All such nanomaterials having aspect ratio (R, division of length by 

diameter or more precisely, division of length along the major axis by the length along 

the minor axis), R >1 come under a broad term high aspect ratio nanostructures. 

Accordingly, an enormous number of differently shaped nanomaterials of metals, non 

metals, and semiconductors have been categorized as high aspect ratio nanomaterials 

and reviewed recently.25e The present review, however, discusses only the metallic 
high aspect ratio nanostructures, especially nanomaterials of gold and silver 
since our studies are mainly focused on these two metals.  
 
1.3 Significance of High Aspect Ratio Nanomaterials 

High aspect ratio nanostructures are of particular interest since their shape 

anisotropy offers additional degrees of freedom for manipulation of their properties as 

compared to that of spherical particles.26 One of their fascinating properties is optical 

properties, which strongly depends on both the particle size and shape. This is because 

optical measurements are one of the easiest ways to monitor electron transfer or other 

surface processes. Subsequently, many feasibility studies of molecules on anisotropic 

metal surfaces have been carried out with techniques such as surface enhanced Raman 

spectroscopy (SERS) and various such geometries have been proposed for molecular 

recognition. Apart from SERS studies, these high aspect ratio nanostructures are also 

important for the high density circuitry.27 Similarly, they exhibit thermal properties 

important for biomedical community for the treatment of cancer cells as they generate 

local heating under near-IR irradiation due to specific absorptions at particular 

wavelength, generally not harmful towards the normal living cells. For example, 

irradiation of living tissues by NIR light (700-1,000 nm, usually from a laser) does not 

affect or damage the intervening cells or tissues, while nanorods and nanoshells absorb 
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it and cause local heating, which can be used for the destruction of tumor cells.28 

Another fact of general interest is that they provide experimental confirmation of 

theoretical predictions, which describes the unique properties of high aspect ratio 

nanomaterials based on few theoretical approaches such as the discrete dipole 

approximation (DDA), finite difference time domain methods (FDTD), and the modified 

long wavelength approximation (MLWA).10, 29 In essence, apart from their aesthetic 

appeal, synthesis of high aspect ratio nanostructures is compelling for many 

fundamental and technological reasons leading to the understanding of intrinsic shape-

dependent properties of metal and semiconductor nanocrystals and their application 

opportunities.  

 

1.4 Theoretical Background on High Aspect Ratio Nanomaterials 
High aspect ratio nanomaterials have drawn special interest as several theoretical 

calculations can simultaneously provide explanations for the optical spectra, made 

predictions, and set guidelines for synthesis. It has been predicted that Ag nanowires 

with circular and polygonal cross-sectional symmetry would exhibit different resonances, 

and that a dielectric coating would lead to a red-shift of the SPR band.30 For example, 

Kottmann et al. have investigated numerically the surface plasmon spectrum of metallic 

nanowires with a non-regular cross section, in the 20-50 nm range by solving the 

Maxwell’s equation.30a, b In this model, a complete description of the material properties 

of metal is encompassed in the dispersion relation, which gives the complex permittivity, 

ε(ω), as a function of the frequency (wavelength). Near the metal plasma frequency (ωp) 

of the metal, the dispersion relation is governed by the interaction between light and the 

conduction electron gas or expressed with their quantum counterparts by the photon-

plasmon interaction. For certain metals such as silver and gold, ωp is in the visible 

frequency range and plasmon resonances can be excited at specific permittivity values, 

which strongly depend on the particle size and shape. For example, in a small sphere 

one single resonance can be excited, when ε = -2 whereas a cylinder is in resonance 

when ε = -1. More than one resonance can be excited in a non regular structure, 

irrespective of its size. For instance, a small ellipse exhibits two resonances, while a 

triangular nanoparticle has several resonances (more than five distinct resonances) for 

each illumination direction.30b The spectral range covered by these different resonances 
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becomes very large, giving to the particle distinct colors. When the particles are in 

resonance, dramatic field enhancement has been observed at the vicinity of non-regular 

particles, where the field amplitude can reach several hundred times than that of the 

illumination field. This corresponds to the surface-enhanced Raman scattering 

enhancement locally in excess of 1012. This is indeed the basis for the single molecule 

detection by SERS technique.31 The strong localization of near field at specific positions 

around the metallic particle, as well as its rapid decay when one moves further away 

from the particle surface, can also explain the experimentally determined “hot spots” 

observed in SERS experiments.32

 

 
Figure 1.1: Displacement of the conduction electron charge cloud relative to the nuclei of a 
sphere. [Adopted from 10]. 
 

When a small spherical metallic particle is irradiated by light, the oscillating electric 

field causes the conduction electrons to oscillate coherently, known as dipole surface 

plasmon resonance (Figure 1.1). The restoring forces due to the Coulombic attraction of 

electrons with nuclei oppose the displacement of electrons with incoming electric field 

ultimately leading to the oscillations, frequency of which is strongly influenced by: (1) 

density of electrons, (2) the effective electron mass, and (3) the shape and size of the 

charge distribution. Higher modes of plasmon excitation can also occur, such as 

quadrupole mode where half of the electrons moves parallel to the electric field and the 

other half moves anti-parallel.10    

……………………………………………………………………………………………………………………………..

Several approaches have been made for the explanation of light scattering from 

nanoparticles of arbitrary shape, where extinction is considered as the sum of scattering 

and absorption. 5, 10, 33, 34 The refinement of the Mie’s equation leads to the better 

understanding of the optical properties of high aspect ratio metal nanoparticles.35 One of 

such theoretical approaches is DDA, which has been the most successful one in 
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explaining such properties of nanoparticles with arbitrary shapes. 29f-j For instance, a 

metal nanorod exhibits two plasmon bands corresponding to the longitudinal and 

transverse oscillations of plasmon electrons. The transverse band is relatively fixed, 

while longitudinal mode of oscillations generally varies with the aspect ratio (R), as  

31.472)31.4634.33(31.47231.4634.33max +−=+−= mmm RR εεελ    (1.1) 

where, λmax is the maximum of the longitudinal plasmon band and εm is the medium 

dielectric constant. 

Similarly, Gray and co-workers have studied the propagation of light in metallic 

nanowire arrays based on FDTD calculations.30c They showed that reasonable 

estimation of scattering and absorption cross sections for metallic nanoscale objects can 

be obtained by such calculations. The intensity of light developing and propagating 

between the parallel double chains of nanowires can be significantly enhanced by 

varying the distance between the parallel chains, cylinder radii, relative placements, and 

wavelength and propagation direction of incident light. Similarly, several other attempts 

have been made to understand plasmon resonances of isolated nanowires with non-

regular shapes, dielectrically coated metallic nanowires, and arrays of metal 

nanoprisms.8a, 30b, d  

These theoretical studies have stimulated much of the subsequent experimental 

work on the growth and synthesis of gold and metal nanoparticles of different shapes. 

For example, atomistic simulations to study the effect of free surfaces on the yield of 

gold nanowires showed that the magnitudes of the tensile and compressive yield stress 

of <100> nanowires increase and decrease, respectively, with a decrease of the wire 

width.36 The critical resolved shear stress (RSS) by external forces depends on wire 

width, orientation and loading condition (tension vs. compression). Free surfaces play 

two important roles in the generation of nanowires: (i) free surfaces act as preferential 

nucleation sites for defects, (ii) surface stresses exist on the free surfaces of nanowires. 

The implication is that if the material growth parameters can be controlled, materials with 

tunable properties can be synthesized. In particular, several similar theoretical 

calculations form the basis for modern applications of such nanomaterials in near-field 

optical microscopy, non-radiative optical transfer, and for building new active optical 

components.37         
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1.5 Synthesis 
 
1.5.1 Nanorods and Nanowires: Several advanced methods enable present day 

researchers to synthesize well defined high aspect ratio nanostructures with surprisingly 

subtle precision.27 Few of such techniques are photolithography, nanoimprinting, 

microcontact printing, and other soft lithography methods.38 These techniques are 

advantageously utilized for the patterned generation of metallic and semiconductor 

arrays of nanowires. However, they also constitute a part of techniques for the general 

preparation of nanowires. Accordingly, a clear demarcation amongst these procedures 

for generation of different types of nanowires does not exist; instead these procedures 

are more general and can be applied for few metallic as well as semiconducting 

nanowires. Therefore, a brief description of such synthetic procedures is presented 

below irrespective of metallic or semiconductor nanowires or other structures, which will 

be helpful to draw a comparison between these advanced techniques to that of solution 

based techniques.  

One of the convenient ways of patterning or aligning materials is 

photolithography.39 To overcome the drawbacks associated with photolithography, 

Electron Beam Lithography (EBL) has been developed.40a EBL uses a focused beam of 

electrons to form the circuit patterns needed for material deposition on (or removal from) 

the substrate, in contrast with optical lithography which uses light for the same 

purpose.  Electron lithography offers higher patterning resolution than optical lithography 

because of the shorter wavelength possessed by the 10-50 keV electrons that it 

employs.  The resolution of optical lithography is limited by diffraction, but this is not a 

problem for electron lithography.40 Another important technique used by the 

semiconductor industry is molecular beam epitaxy (MBE) as demonstrated by fabricating 

aligned metal nanowires through a one-step deposition process.27 This so called 

“superlattice nanowire pattern transfer  process” (SNAP) does not rely on 

photolithography or EBL providing advantages of fabricating thinner metal wires with 

narrow spacings. Similarly, scanning tunneling microscopy provides a convenient way of 

patterning by selective etching and has been applied for the generation of Ag nanowire 

arrays on Cu (100) substrates.41 Another technique called local oxidation 

nanolithography (LON) is developed by advancing STM methods and uses tip induced 
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local oxidation on surfaces as tool to perform an astonishing variety of pattern 

generation. For example, a clever combination of self-assembly monolayers (SAM) and 

LON can be useful for the fabrication of conjugated molecular tracks, gold patterns, and 

nanowires onto SAM templates. In this way gold wires and electrodes were fabricated  

by immersing a pre-modified amino terminated SAM surface in a solution containing gold 

nanoclusters (Au55).42 Schmid et al. have demonstrated recently the quasi 1D 

nanostructures of Au55 clusters by electron beam lithographic technique and measured 

their electrical properties at room temperatures (RT).43 Another technique especially 

used for the nanoscale patterning is dip-pen nanolithography (DPN), initially reported by 

Jashke and Butt and later re-discovered and further developed by Mirkin and co-

workers.44, 45

Despite the development of all these advanced techniques, the solution based 

(commonly known as soft solution synthesis) preparation of such novel materials is a 

preferred choice to other methods because of easily available and inexpensive 

materials, versatility, and simplicity in synthetic procedures. The field is remarkably 

developed since the introduction of Brust’s method for synthesizing thiol protected 

spherical gold nanoclusters.46 The current trend is to utilize knowledge of solution 

chemistry to generate non-spherical nanoparticles where not only the size, but also other 

topological aspects can be controlled through a judicious choice of experimental 

conditions and additives. Unlike other techniques as discussed earlier, solution 

chemistry is highly specific for different materials.  

 

1.5.1.1 Gold  
Diverse procedures for gold nanorods and nanowires have been developed under 

different experimental conditions using various surfactants, solvents, and reducing 

agents with moderate success. All these methods can be classified as (i) template 

methods, (ii) electrochemical methods, and (iii) seeded growth methods. 

 
(i) Template Method: This method involves the use of templates such as alumina or 

polymeric membranes with highly ordered nanochannel-array where gold is deposited 

electrochemically into the pores.47 The membrane is initially sputtered with Ag or Cu at 

the rear side to provide electrical contact and electrodeposition occurs at the front side 
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followed by the electrochemical growth of nanorods within the pores. In the successive 

steps, the membrane can be selectively dissolved in the presence of stabilizers such as 

poly (N-vinyl pyrrolidone) (PVP) to get the nanorods and finally nanorods are dispersed 

in solvents using appropriate methods such as sonication. Pioneering work carried out 

by Martin, Moskovits, and Searson on different Au nanorods and nanowires illustrates 

the details of this methodology.48 This method has been extended to synthesize gold 

nanorods with controlled diameter by tuning the pore diameter and selectively leaching 

out the membrane by chemical methods.49 Similarly, desired length of the nanorods can 

also be achieved by controlled deposition of gold.50 Further, the method is extended 

using membranes other than alumina to synthesize nanorods and nanowires of several 

other metals.51 Template technique is also useful for the preparation of free-standing 

nanowire arrays, which can be used as electrodes to study their electrochemical 

properties.52 Subsequent development of similar techniques lead to the synthesis of 

nanowires with hollow interiors or nanotubes, coaxial nanotubes etc. of gold and various 

other materials.25c, 53 More recently, high aspect ratio nanowires and nanotubes of 

Prussian blue, TiO2, single crystalline bismuth, PbTiO3, Nickel etc. have been reported 

by adopting similar or slightly modified template methods.54 Similarly, the photochemical 

template uses reduction of gold salts by UV-irradiation using cationic micelles.55 

Interestingly, capillaries of carbon nanotubes can also be used as template for the 

growth of metal nanowires; accordingly, nanowires of Au, Ag, Pd, and Pt have been 

synthesized by this intercalation method.56, 57 Although several such advances have 

been made, the template method suffers from the very low yield.   

 
(ii) Electrochemical Method: A general method for the synthesis of various nanowires 

using electrochemical techniques has been explicitly illustrated by Wang and co-workers 

for synthesizing gold nanowires.58 The method involves electrolysis using Au as 

sacrificial anode (3 × 1 × 0.05 cm) and another metal plate (3 × 1 × 0.05 cm) like Pt as 

cathode at 3 mA current passing for 30 min under constant sonication at ~ 310 K in 

presence of cationic surfactants, like hexadecyltrimethylammonium bromide (CnTAB, n = 

16), tetradodecylammonium bromide (TC12AB) or tetraoctylammonium bromide (C8TAB), 

as supporting electrolytes. The presence of these shape-inducing surfactants is very 

important for the growth and stabilization of gold nanorods. A controlled current 
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electrolysis leads to the dissolution of gold ions from the anode into the solution, which 

successively gets reduced at the cathode. The addition of appropriate amount of 

acetone and cyclohexane are also important for the loosening of micellar framework and 

 

 

Figure 1.2: TEM images of Au nanorods with two different mean aspect ratios: 2.7 (left) and 6.1 
(right). Scale bars represent 50 nm. [Adopted from 58b].  

enhancing elongation of rod-shaped micelles respectively. Interestingly, a silver plate 

immersed in the electrolytic solution can control the growth of gold nanorods.  The rate 

of generation of Ag+ ions from the silver plate by trans-metallic electrochemical reaction 

governs the aspect ratio, though a complete growth mechanism is still not known. This 

method was initially applied for the synthesis of different metal nanoparticles, such as 

transition metal nanoclusters.59, 60 The electrochemical method provides a simple 

technique to synthesize high yield of nanowires or nanorods with controlled aspect ratio 

(Figure 1.2). 

(iii) Seed Mediated Growth: Seeded growth technique is purely chemical and highly 

specific for nanorod or nanowire synthesis. Accordingly, different recipes have been 

developed to synthesize gold nanorods by different groups.  However, Henglein and co-

workers had initially used this method for the synthesis of spherical nanoparticles.61 

Natan and co-workers first pointed out that a substantial amount of gold nanorods can 

be synthesized by surface catalyzed reduction of Au3+ by hydroxylamine in presence of 
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seeds.62 Murphy and co-workers investigated systematically the role of seed 

concentration on the particle size using ascorbic acid as reducing agent and monitored 

the kinetics of particle growth improving the earlier work of Frens.63, 64 All these 

experiments involve reduction of aqueous gold salt by sodium borohydride, ascorbic acid 

or hydroxylamine in presence of surfactants. The growth of nanoparticles depends on 

several factors such as external surfactants, rate of reduction, nature of reducing agents 

and size of seed particles. In one of their experiments, Murphy and co-workers had 

found that presence of cationic surfactant C16TAB in controlled amount leads to the 

formation of gold nanorods. Subsequent development had enabled them to improve the 

yield from a mere 4 % to 90 % at controlled pH with aspect ratios 4.6, 13, 18.65, 66 

Mulvaney and co-workers pinpointed the actual parameters that control the growth of 

nanorods.67 They found that binding of AuIII and AuI ions into the cationic micelles 

present in the solution is the key phenomenon influenced by the local electrical double 

layer formation. The flux of solution-phase ions and micelles to the gold seed particle 

surface in the presence of this field increases with the local curvature and leads to the 

preferential growth at the tips. AuCl4– can be reduced to Au0 via two distinct pathways. 

Following reduction of AuCl4– to AuCl2– via reaction, 

AuCl4– + 2e– ↔ AuCl2– + 2Cl–             (1.2) 

AuCl2– may spontaneously disproportionate on the Au colloid surface (equation 1.3),  

3AuCl2– ↔ AuCl4– + 2Au0 + 2Cl– ; Equilibrium constant, Keq = 15.5 x 107             (1.3) 

or it may be discharged directly through the electron transfer at the surface of the 

electron rich seeds (equation 1.4). 

AuCl2– + e– ↔ 2Au0 + 2Cl–                  (1.4) 

In presence of CTAB, disproportionation reaction (1.3) does not occur, because electron 

transfer occurs only at the electron rich surface of gold seed particles.  As a result, 

reduction of AuI in presence of CTAB takes place by: 

AuCl2––CTABmic + Aum ↔ Aum+1–CTABmic + CTABmic + 2Cl–          (1.5) 

The zeta potential of CTAB micelles and CTAB-coated gold surfaces are both 

around +90 mV.68 As the length of the surfactant tail, Cn, increases the yield and the 

aspect ratio of the nanorods also increase.69 More recently, synthesis of gold nanorods 

with enhanced yields has been reported by the controlled addition of different amount of 

nitric acid.70 Despite several such successes on gold nanorods synthesis, the growth 
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mechanism is still not well understood. A “zipping” mechanism is proposed based on 

different speculations and taking into account the van der Waals interactions between 

the tails within the surfactant bi-layer.69, 71  

It has been demonstrated that growth of gold nanorods and thereby the aspect ratio 

can be altered by the addition of Ag+ ion in a method which is essentially an extension of 

the earlier procedure as already has been discussed [section 1.5.1.1 (ii) in page 13].  

Addition of a small amount of silver nitrate (5 x 10-6 M) induces and controls the rod-

shaped morphology, while another additive cyclohexane substantially increases the 

aspect ratio of gold nanorods.72, 73 Nevertheless, a fine tuning of the aspect ratio and 

yield of gold nanorods can be achieved by changing silver and gold ion concentration 

and using the appropriate choice of surfactants.74

 
(iii) Other Methods: There are few other methods that have been developed by 

modifications of earlier procedures either by minor variations of the chemical 

constituents or by changing reduction conditions of gold salt such as the use of 

photochemical methods. For example, gold nanorods have been synthesized by 

photochemical reduction method in presence of different amount of silver nitrate.75 This 

approach confirms the assumption that one-dimensional gold nanostructures are formed 

through a combination of aggregation and specific crystal face stabilization due to the 

presence of silver ions.76 A combination of chemical and photo-reduction accelerates the 

nanorod formation and Yamada and co-workers have found an increment of a factor 

around 60.77 Similarly, gold nanorods are also synthesized on the surface of mica and 

glass by surface-bound seed techniques.78 An interesting example of using block 

copolymers as capping/templating agent to synthesize gold nanowires and nanosheets 

(triangular nanoplates) has been demonstrated recently.79  

Although different methods have been developed, the key factor which controls the 1D 

growth is the presence of appropriate growth directing surfactants. The most common 

surfactant is CTAB, which forms rod-shaped micelles in solution if a critical concentration 

is maintained [CMC of C16TAB is (4.8 ± 3) x 10-4 molL-1].68b Generally, aspect ratio of the 

nanorods depends on the chain length of surfactants, as Cn of CnTAB increases, the 

yield and aspect ratio of the nanorods also increase.69 The growth of nanorods occurs 

via a slow reduction process; therefore, reducing agents also play a role in the 
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morphological evolution. Accordingly, reduction of gold salt by very slow reduction 

process, such as electrochemical reduction or ascorbic acid reduction is an important 

step. However, an increase in the ionic strength or increase in the solution temperature 

causes a decrease in the yield of rods.80 The third growth controlling factor is the 

presence of silver ions as has been discussed earlier.74

 
Table 1.1: Different methods for the shape-selective synthesis of Au nanoparticles  

 
Shape Methods Reducing agents and 

surfactants or growth 
directing agent 

Aspect ratio (R) 
or size (nm)  or 
yield 

Ref. 

(1) 
Template 
method 

Electrochemical reduction, 
Alumina membrane in 
presence of PVP 

Variable R, 
depends on 
deposition time 

50 

(ii) 
Electrochem
ical method 

Au as sacrificial anode 
(electrochemical reduction) in 
presence of CTAB and with 
or without Ag+ ions 

Adjustable R from 
1 to 7 

58b 

Nanorods 
and 
Nanowires 

(iii) Seed 
mediated 
growth 

(a) Ascorbic acid in presence 
seeds and CTAB as growth 
directing surfactant. (b) 
Aspect ratio can be controlled 
by adding Ag+ ions. 

R = 4.6, 13, 18 65, 72 

Photo-
induced 
conversion 

Galvanic exchange reaction 
with silver nanoprisms 

Depends on the 
size of silver 
nanoprisms and 
extent of reaction. 

107, 108 

Biological 
synthesis 

(a) Seaweed and (b) lemon 
grass extract 

80 % yield  110, 111 

Nanoprisms 
or 
Nanotriangles 

Chemical 
method 

Citrate reduction in presence 
of PVP under refluxing 
conditions 

Machinable 
quantity 

121 

Multipods Chemical 
manipulatio
n 

(a) Judicious mixing of gold 
chloride, silver nanoplates, L-
ascorbic acid, NaOH. (b) 
Controlled addition of HAuCl4 
to bis(p-sulfonatophenyl) 
phenylphosphine dehydrate 
dipotassium, hydrogen 
peroxide, sodium citrate. 

-  133, 134 

Star-shaped Chemical 
manipulatio
n 

Judicious addition of HAuCl4, 
PVP, L-ascorbic acid. 

Thickness 25 nm, 
and variable 
sizes (83 ± 13, 93 
± 18, and 95 ± 21 
nm) 

137a  
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1.5.1.2 Silver 
Although most of the methods for the synthesis of silver nanowires are completely 

independent to that of methods for gold nanowires, few of them closely resemble. For 

example, synthesis of double and multiwalled silver nanotubes using template method 

has been demonstrated recently.81 This method involves the photo reduction of AgNO3 

in a mixed solvent water and ethanol in presence of low-molecular-mass organogelators.  

Similarly, silver nanowires have been also synthesized in a special developer solution 

containing gelatin and AgNO3 and by pulse sonoelectrochemical technique.82 However, 

all these methods lack selectivity and suffer from low yield. The template methods using 

porous alumina membrane or self-assembled calix[4]hydroquinone, provide a unique 

way to control diameter by adjusting the pore size.83 For example, Hong et al. have 

synthesized ultrathin single-crystalline silver nanowires using self-assembled 

calix[4]hydroquinone in an ambient solution phase.84 These organic nanotubes of 

calix[4]hydroquinone form chessboard-like arrays of rectangular pores in aqueous 

phase,  into which silver ions are introduced by soaking in AgNO3 solution followed by 

reduction with ultraviolet irradiation. Similarly, nanowire synthesis from zeolite precursor 

by electron-beam induced growth method has been demonstrated.85 Silver nanowires 

(40 nm diameter) have been also grown inside the pores of silica gel by introducing 

AgNO3 followed by heat treatment.86 However, synthesis by porous alumina membrane 

template offers greater flexibility with respect to diameter and length of nanowires. For 

example, Sauer et al. have synthesized highly ordered nanocrsytalline silver wires with 

diameter 30-70 nm by electrodeposition into the pores from silver sulfate salt in a 

solution of diammoniumhydrogencitrate at controlled pH of around 4.5.87, 88 More 

recently, Rubinstein and co-workers applied alumina membrane template to synthesize 

silver nanotubes.89 However, a more facile method involves the filling of membrane 

pores with colloidal silver nanoparticles followed by their spontaneous coalescence into 

nanotubes.90 Similarly, capillarity of carbon nanotubes (CNTs) offers a unique template 

for the growth of metallic or semiconductor nanowires.91 In this method, CNTs are filled 

with metal salt by capillary action followed by reduction of metal ions leading to the 

growth of nanowires inside the tube.56, 92 The major disadvantage of the template 

method is the tedious reduction or deposition process and difficulty in removing the 

template, and in few cases higher diameter of the silver nanowires as compared to 
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nanowires synthesized by other methods. Interestingly, Kijima and co-workers have 

reported the synthesis of platinum, palladium, and silver nanotubes with inner diameters 

as small as up to 3-4 nm and outer diameters of 6-7 nm.93  

Soft solution techniques provide more versatility with respect to ease of synthesis 

and controlling different factors and ability to manipulate synthetic conditions. However, 

this method also suffers from low yield and difficulty in separating nanowires from other 

shapes. For example, silver nanowires have been synthesized by reducing Ag2O with 

1,2-ethanedithiol (EDT) under microwave irradiation.94 In one of such methods, silver 

nanowires have been synthesized by reduction of silver thiolate in polyol/toluene 

medium.95 Silver nanowires can also be prepared by reducing AgNO3 with L-ascorbic 

acid in the mixed surfactant solutions of CTAB and sodium dodecyl sulfate (SDS), where 

morphology of silver nanowires are found to be drastically influenced by concentration of 

ascorbic acid.96 Similarly, reducing action of polypyrrole (PP) and DMF have been 

successfully utilized for the synthesis of Ag coaxial nanocables and nanowires assisted 

by PVP at room temperature.97, 98 More recently, glucose and dextran reduction routes 

for the large scale synthesis of silver nanowires have been demonstrated.99, 100

The best known method for silver nanowires is polyol synthesis and was initially used 

for the synthesis of fine, highly pure, and monodispersed metallic particles (Ag, Au, Co, 

Ir, Ni, Pd, Pt, Ru etc.) of uniform shape. Liquid polyols such as diethylene glycol (DG) 

and ethylene glycol (EG) are used as both solvent medium and reducing agent.101 

Figlarz and co-workers initially demonstrated that silver particles with uniform size and 

shape can be prepared by adding AgNO3 solution drop-wise to EG at 430-450 K in 

presence of PVP.101f Xia and co-workers extensively investigated the polyol synthesis of 

silver nanowires and established the critical role of nanoparticle seeds (Pt) in 

determining the morphological evolution.102 EG serves as a good solvent for both AgNO3 

and PVP, because of its relatively high dielectric constant (37 at 293 K).103 A typical 

polyol synthesis involves heating of anhydrous ethylene glycol (5 mL) at 433 K for 1 h 

and then simultaneous controlled addition of EG solutions containing appropriate 

amounts of AgNO3 and PVP from two syringe pumps. The synthesis of nanowires can 

be accomplished in presence of little amount of PtCl2 or its absence.102a, b PVP interacts 

more strongly with silver atoms on the {100} facets than those on the {111} facets, the 

differences is due to the variation in surface atom density, which controls the growth of 
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nanowires.53g  

 
1.5.2 Nanoprisms or Nanotriangles 
 
1.5.2.1 Gold: The discovery and successive development of metallic triangular shaped 

nanoparticles, also known as nanoprisms, is relatively new compared to other shapes. 

Initially, Kirkland et al. have investigated the mechanistic aspect of trigonal lamellar 

particles of both gold and silver.104 However, their method could produce trace quantities 

of gold nanoprisms only as byproducts. Later, Klasu et. al. reported the biological 

synthesis of silver-based crystals with sizes up to 200 nm in the periplasmic space of 

Pseudomonas stutzeri AG259, a bacterial strain that was originally isolated from a silver 

mine.105 Similarly, gold nanoplates of different shapes had been synthesized using 

various capping polymers by UV-reduction method.106 However, Mirkin and co-workers 

had carried out the systematic studies on metal nanoprisms by photoinduced conversion 

of silver nanospheres into nanoprisms for the first time.25d They extended this method to 

synthesize triangular nanoframes and nanoprisms made of gold by selective etching of 

silver nanoprisms with aqueous HAuCl4 through galvanic exchange reaction (Figure 

1.3).107  

Xia and co-workers have reported a similar method for the synthesis of triangular 

gold nanorings by ‘template-engaged’ replacement reaction of silver nanoplate with 

aqueous HAuCl4.108 Interestingly, the synthesis of gold nanoprisms by biological 

approach has been demonstrated recently.109, 110 Hexagonal, truncated triangular, and 

triangular nanoplates of gold have been obtained by the reduction of chloroaurate anions 

in water by seaweed extract, Sargassum sp. (brown seaweed). The yield of flat gold 

nanocrystals relative to the total number of nanoparticle formed under neutral pH (at 

room temperature) was around ~80-90%. Several factors, such as pH of the reaction 

mixture, reaction temperature, ageing time of the seaweed extract, initial reactant 

concentrations, and reaction time have been found to affect the nanoplate growth. 

Several other methods, such as aspartate and salicylic acid reduction of gold 

chloride, microwave-assisted polyol reduction of HAuCl4, photoreduction of NaAuCl4 in 

presence of anionic phospholipids have also been developed.111, 112 Kim et al. have 

demonstrated that under UV-reduction of chloroauric acid in presence of the block 
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copolymer poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO20-

PPO70-PEO20) gives predominantly gold nanowires, while thermal reduction at 343 K 

gives only triangular nanosheets.79 Similar investigations have been carried out for the 

synthesis of gold nanoplates with other polymers such as poly(vinyl alcohol), however 

with much lower yield.113

 

 
 

Scheme 1.3: Sacrificial template synthesis of nanoframes and nanoprisms of gold from silver 
nanoprisms. [Adopted from 107]. 
 

Gold nanoplates have also been synthesized by using ortho-phenylenediamine and 

linear polyethylene amine as shape directing and reducing agents.114, 115 It has been 

suggested that concentration of reactants is an important factor for the high yield 

synthesis of nanoplates. However, a clear understanding of mechanistic details for the 

synthesis of gold nanoplates is not yet established. All such synthesis procedures lack 

coherence leading to many uncertainties about the factors actually controlling the shape-

selective growth process. For example, addition of an appropriate amount of gold 

chloride (0.08 M) to a boiling ethylene glycol solution containing PVP (0.37 M) also leads 

to the formation of mixed tetrahedral, octahedral, decahedral, and icosahedral gold 

nanocrystals.116 These face-centered-cubic (fcc) structures consist of mostly multiple 

twinned particles (MTPs).117  

In general, metal nanoparticles tend to nucleate and grow into MTPs with their 

surfaces bounded by the lowest energy (111) facets, thereby making other morphologies 

with less stable facets more difficult to prepare.118 The shape of an fcc nanocrystal is 

mainly determined by the ratio (Rr) of the growth rate along the [100] versus the [111] 
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direction. It has been observed that, tetrahedra and icosahedra bound by the most 

stable (111) will be formed when Rr is large (≈ 1.73), while in other cases (Rr is less, ≈  

0.58) perfect cubes bounded by less stable (100) planes will form.119 Generally, other 

morphologies with less stable facets are difficult to grow and can be kinetically achieved 

on addition of chemical capping reagents to generate directional 

 

 
Figure 1.4: (a) Low and (b) high-magnification SEM images of gold nanoplates. (c) FE-SEM 
images of edges of individual hexagonal and triangular gold nanoplates. The inset shows a 
diffraction pattern of a triangular nanoplate. (e) XRD pattern of nanoplates. [Adopted from 121]. 
 
constraints.120 This has been applied to synthesize machinable single crystalline 

triangular and hexagonal nanoplates by a judicious manipulation of surfactant (PVP) to 

metal ratio (0 to 8) and kinetic control of the reaction pathway (Figure 1.4).121 

Interestingly, a wise choice of reaction conditions to control the growth can also lead to 

various such structures as has been recently demonstrated by Murphy and co-

workers.122 The experimental methods involve the addition of an appropriate quantity of 

the Au seed solution to the aqueous growth solutions containing various quantities of 

cetyltrimethylammonium bromide (C16TAB), HAuCl4, ascorbic acid (AA), and in some 

cases a small quantity of AgNO3.  
 
1.5.2.2 Silver: The most widely studied nanoplates are of silver due to the ease of 

synthesis compared to other similar structures. For example, Mirkin and co-workers 

have developed the photoinduced conversion method for the preparation of silver 

nanoprisms (Figure 1.5).25d Typical synthesis procedure involves the initial preparation of 
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spherical silver nanoparticles by injection of NaBH4 solution (50 mM) to an aqueous 

solution of AgNO3 (0.1 mM) in the presence of trisodium citrate (0.3 mM). Bis(p-

sulfonatophenyl) phenylphosphine dehydrate dipotassium salt solution (BSPP) (5 mM)  

 

 
Figure 1.5: Schematic of photoinduced conversion of silver nanospheres to nanoprisms. 
[Adopted from 25d]. 
 

was subsequently added drop-wise to the solution as particle stabilizer. The silver 

nanoprisms were formed upon irradiation of the above system with a normal 40 W 

fluorescent light (350 to 700 nm). The method is also useful for the synthesis of relatively 

mono-dispersed nanoprisms with desired edge lengths in the 30 – 120 nm range by 

controlling the growth process using either dual-beam illumination or controlling 

wavelength.123 Xia and co-workers have synthesized silver triangular plates by a method 

closely similar to that of photoinduced conversion technique using PVP as a 

surfactant.124 This process also generates nanoplates whose edge lengths vary from 

~30 to ~ 90 nm. Few other methods are ultrasound-assisted Ostwald ripening of 

spherical nanoparticles into nanoplates, synthesis in DMF, and polyethylene glycol.125-127

Several other soft solution based procedures have also been developed for the 

synthesis of silver nanoplates.128 A combination of sodium borohydride and ascorbic acid 

reduction of silver nitrate in presence of sodium citrate and CTAB has been used for the 

synthesis of truncated triangular silver nanoplates.129-131 Silver nanoplates of triangular 

and hexagonal shapes can be synthesized by reverse micellar process as well. For 

instance, Pileni and co-workers have used silver di(2-ethyl-hexyl) sulfosucinate 

[Ag(AOT)] and Na(AOT) in isooctane for the synthesis of nanoplates.132

Another interesting method is the thermal synthesis of nanoplates (Figure 1.6). Xia 

and co-workers have demonstrated that refluxing a solution containing Ag nanoparticles, 

which were prepared by NaBH4 reduction of AgNO3 in presence of PVP and sodium 

citrate, leads to the gradual formation of triangular nanoplates.108, 133 Further 
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development of the thermal method has been done by Mirkin and co-workers and they 

could succeed synthesizing unimodal size distribution of nanoplates with good control 

over edge length.134 Both photochemical and thermal methods give nearly 

monodispersed silver nanoprisms, however photochemical method needs longer time 

period for the completion of the conversion process.  

 

 
Figure 1.6: Schematic of thermal conversion of silver nanoparticles to silver nanoprisms. 
[Adopted from 134]. 
 

1.5.3 Other Shapes 
There are various interesting structures with different properties that have been 

synthesized both for gold and silver. For example, Caroll and co-workers have 

synthesized monopod, bipod, tripod, and tetrapod gold nanocrystals by mixing aqueous 

CTAB, gold chloride, concentrated silver nanoplates, and L-ascorbic acid followed by 

rapid addition of NaOH solution (Figure 1.7).135  Similarly, Schatz and co-workers have 

synthesized multipod structures by controlled addition of HAuCl4 to a solution containing 

bis(p-sulfonatophenyl) phenylphosphine dehydrate dipotassium (BSPP), hydrogen 

peroxide, and sodium citrate under constant stirring.136

Several other architecturally controlled nanocrystals, such as star-shaped gold 

nanoplates, silver nanodisks, nanocubes, nanoscale hollow structures, and silver-gold 

bimetallic nanoshells bearing spikes have also been synthesized recently.137 A typical 

procedure describes the addition of aqueous HAuCl4 (0.1 mM) solution to a solution 

containing PVP (3 wt %) and then addition of freshly prepared aqueous L-ascorbic 

solution (2 equivalent) to the mixture at room temperature.  On prolonged standing, the 

above reaction mixture generates star-shaped gold nanoplates (Figure 1.8). Minor 
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modifications of experimental conditions also have a dramatic effect on the morphology 

and give variety of structures. For example, gold nanocrystals with various structural 

architectures, such as star-shaped crystals, multi-pods, rods, rectangles, hexagons, 

cubes, triangles, icosahedra can be synthesized by minor variations of the experimental 

conditions.116, 122 Similarly, silver nanodisks having diameter 36 ± 8 nm with thickness 9 ± 

1.0 nm have been synthesized using carboxylate-functionalized polystyrene and 

CTAB.138  

 

 

 
Figure 1.7: (a) TEM image of a tetrapod nanocrystal, and (b) high-resolution image of the end of 
one pod as marked by a white frame shown in panel a. (c) represents a schematic illustration of 
crystal planes and pod directions. The lower row of panels exhibits the particles developed at 
various stages: (d) embryo of diamond-like shape, (e) monopod, (f) L-type and I-type bipods, and 
(g) T-type tripod. [Adopted from 135]. 
 

Xia and co-workers have extensively investigated the polyol method and established that 

various architectures of silver and gold nanoparticles can be achieved by minor 

modifications of the experimental conditions.102a, b For example, when the concentration 

of AgNO3 was increased by a factor of three and the molar ratio between the repeating 

unit of PVP and AgNO3 was kept at 1.5; single-crystalline nanocubes of silver had been 
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obtained instead of nanowires.139 These nanocubes had a mean edge length of 175 nm,  

with a standard deviation of 13 nm. These crystals were mainly bounded by [100] facets 

as had been confirmed by selected area electron diffraction (SAED) studies. Further, 

these nanocubes were used as sacrificial template to generate gold nanoboxes with a 

well-defined shape and hollow structure. The reaction takes place by the following trans-

metallic reaction: 

3Ag(s) + HAuCl4 (ag) → Au(s) + 3AgCl(aq) + HCl(aq)                               (1.6) 

 
 
Table 1.2: Different methods for the shape-selective synthesis of Ag nanoparticles  
 

Shape Methods Reducing agents and 
surfactants or growth 
directing agent 

Aspect ratio (R) 
or size (nm)  or 
yield 

Ref. 

Electrodeposition from silver 
sulfate on porous alumina 
membrane at pH 4.5 

(a) 30-70 nm 
diameter and (b) 
controlled length 
and diameter 

87, 88 Template 
method 

Filling of carbon nanotubes Depends on 
extent of filling 

92, 56 

Nanorods 
and Nanowires 

Polyol 
method 

Reduction of AgNO3 by 
ethylene glycol in presence of 
PVP with (a) or without (b) Pt 
seeds. 

Variable length 
and diameter 

102a, b 

Porous alumina membrane as 
template 

 90 Nanotubes Template 
method 

Lyotopic mixed liquid crystals 
as template 

Inner diameter 3-4 
nm, outer 
diameter 6-7 nm 

93  

Photoche
mical  

Photo-induced conversion of 
spherical nanoparticles to 
nanoprisms 

Edge length 30-
120 nm 

124a, 
123b 

Sodium borohydride reduction 
of silver salt in presence of 
sodium citrate and PVP 

Edge length 30 – 
90 nm 

124 Chemical 

Sodium borohydride and 
ascorbic reduction of silver 
nitrate in presence of sodium 
citrate and PVP 

Truncated 129 

Nanoprisms or 
Nanotriangles 

Thermal Sodium borohydride reduction 
of silver nitrate in presence of 
sodium citrate and hydrogen 
peroxide 

Good control over 
edge length 

134 

Nanocubes Polyol 
method 

Reduction of AgNO3 by 
ethylene glycol 

Edge length 175 
nm 

139 
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shapes of gold and silver nanoparticles, respectively. 

 

 
Figure 1.8: TEM image of a star-shaped nanoplate at different angles. [Adopted from 137a]. 
 

1.6 Mechanism of Anisotropic Growth 
The standard explanation for such anisotropic particle growth in liquid media 

assumes that appropriate capping reagents kinetically control the growth rate of various 

facets of seed particle. For example according to Xia and co-workers, lowering the 

precursor concentration reduces the chemical potential for crystallization.53g Normally, 

the multiply twinned decahedra is the most thermodynamically stable structure, as it is 

bound entirely by the lower energy {111} facets (Figure 1.9).117 Thus a manipulation of 

the precursor concentration enables one to decrease the chemical potential so as to 

synthesize MTPs (thermodynamically more stable) compared to kinetically stable single-

crystals. Twin defects represent the highest energy site of MTPs, naturally undergoing 

energy minimization process by preferential crystallization of Ag atoms. This leads to the 

uniaxial elongation of the seed (decahedra) into pentagonal rod or wire, whose sides are 

bounded by {100} crystal facets. PVP present in the reaction mixture, preferentially binds 

the {100} sides rather than the {111} ends, allowing further deposition of Ag atoms at the 

ends. This process can further continue to grow longer silver nanowires.140 Guyot-

Sionnest and co-workers have elaborately investigated the growth of silver (І) assisted 

growth of gold nanorods and bipyramids.141 Initial seeding process assisted by Ag+ ions 

leads to the formation of single-crystalline particles, which finally grow into single 
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crystalline nanorods. Surfaces of these single crystalline particles are defects-free 

leading to the deposition of gold atoms over the seed surfaces with little or no stacking 

default. This is a unique property of silver(І) assisted growth of gold nanorods. This 

growth process is comparatively slower than the growth process without  

 

 

Figure 1.9: Schematic representation of the mechanism proposed to account for the growth of 
silver nanowires: (A) Evolution of a nanorod from a multiply twinned nanoparticle (MTP) of silver. 
The strong interaction between PVP and the {100} facets is indicated with a dark-gray color, and 
the weak interaction with the {111} facets is marked by a light-blue color. The red lines on the end 
surfaces represent the twin boundaries that can serve as active sites for the addition of silver 
atoms. (B) Schematic model illustrating the diffusion of silver atoms toward the two ends of a 
nanorod. [Adopted from 53g]. 

 

Ag(І). The slower growth rate in presence of Ag(І) allows Au atoms to be preferentially 

deposited at the most energy favorable fcc stacking series with no defects. However, 

they have also found that single-crystalline nanorod has its four side surfaces as {110} 

facets, which is energetically unfavorable [it is of higher energy facet compared to {100} 

and {111} facets] and rarely appear in gold nanocrystals.73c This can be explained by 

preferential underpotential deposition (UPD) of silver on certain surfaces.  A metal 

submonolayer or monolayer can be deposited onto a different metal surface at a 
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potential significantly less negative than for bulk deposition, known as UPD.142 The 

underpotential shift is proportional to the work function difference, which is in qualitative 

agreement with experimental results.143 It is possible to have UPD of silver on gold 

favorable, since work function of silver is lower than that of gold by 0.5 eV. Interestingly, 

different surfaces have different work functions. For example, work function differences 

of various crystal planes of Au and Ag are 0.83, 0.85, and 0.57 eV for their (100), (110), 

and (111) crystal planes. Clearly, Au(110) plane is the preferred choice over other 

planes for the UPD of Ag+ ions. These considerations lead to the expectation that the 

UPD shifts of silver on gold surfaces should be in the order (110) > (100) > (111). The 

reaction mixtures having ascorbic acid as reducing agent allows the formation of a 

 

 

Figure 1.10: This schematic illustrates that an underpotential deposited silver atom (gray circles) 
has more nearest neighbors on a more open facet. For Au {111} facets, each silver atom has 
three nearest neighbors. For Au {100} facets, each silver atom has four nearest neighbors. For 
Au {110} facets, each silver atom has five nearest neighbors. The gold atoms of the first layer are 
represented by black closed circles. [Adopted from 141]. 

compact monolayer on the {110} facets of gold nanocrystals, since reduction potential of 

ascorbic acid is ca. 0.3 V higher than the bulk deposition of silver. Thus the silver 

monolayer over Au{110} acts as a strongly binding surfactant to protect the facet from 

further growth. Therefore, top of the nanorods (i.e., Au{100} facets) are only partially 

covered by silver, leading to the unusual one-dimensional growth along the [100] 

direction (Figure 1.10). The ratio of the growth rates between Au{100} and Au{110} is 

adjustable by varying the Ag(І) concentration.141

……………………………………………………………………………………………………………………………..

However, Murphy et al. have proposed a different mechanism for the growth of 

CnTAB protected gold nanorods with a close resemblance to Xia’s proposition relevant to 
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fcc metals.12b, 53g The mechanism suggests that CnTAB can preferentially bind to certain 

crystal faces of the seed, or growing nanorod. CnTAB can exist as rod-shaped micelles 

in solution if a critical concentration is maintained (critical micelle concentration, CMC), 

which was initially assumed as templates for the growth.144 The tail contribution to the 

standard free energy of micellization for CnTAB in aqueous solution has been estimated 

to be: 

)3074.01128.0()/2(303.20 nRTjzG −−=∆                   (1.7) 

where n is the number of carbon atoms in the surfactant tail; z is the charge on the 

micelle; j is the aggregation number of the micelle; R is the gas constant, and T is 

temperature. Based on this equation, they have calculated that free energy of bi-layer 

stabilization between CnTAB surfactants is approximately 6 kJ/mol per two methylene 

groups, which is much higher than RT (~ 2.5 kJ/mol). This provides a vital clue to their 

“zipper” mechanism, since surfactants provide stabilization of growing nanorods through 

their tails (Figure 1.11). It has been observed that longer nanorods are formed with 

surfactants with a longer tail due to the higher stabilization.69 They postulated that CTA+ 

headgroup binds to the side faces with some preference. Such binding stabilizes the 

side faces, which have relatively large surface energy and stress (tension) compared to 

other faces. This allows Au atoms to deposit along the [110] common axis on {111} 

faces containing no CTA+ headgroups and growing process can continue unless some 

external agents are used or the process gets exhausted.  

More interestingly, Chen and co-workers have explained the growth of triangular or 

hexagonal nanoplate based on a mechanism emphasizing the selective adsorption of 

CnTAB molecules on the different crystal planes of metals.130 They assumed that if the 

basal plane is (111), the side or edge of the plate should be bound by (100) and/or (111) 

planes. If CnTAB molecules exert stronger adsorption on (111) than that of the (100) 

plane and due to weak adsorption of CTAB on the other side plane, epitaxial growth can 

be controlled through the amount of seeds. However, Sigmund and co-workers have 

concluded that none of the above mechanisms can explain several other observations of 

anisotropic growth of metal nanoparticles, since neither the crystal-face poisoning model 

nor the physical constrain model can explain how the highly symmetric gold and silver 

fcc systems can form particles with lower symmetry.145 All these models also fail to 

explain why the mixture of particle shapes that is produced or the fact that identical 
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shapes are produced in widely differing synthesis environments and techniques with or 

without organic capping agents. A mechanism based on strictly thermodynamic 

considerations can not explain such anomalies, while a new mechanism which is based 

on kinetics can explain in part several of such nanoparticle growth. This kinetic-based 

mechanism does not rely on the effect of a particular reaction environment on the crystal 

growth, so it can explain the appearance of anisotropic particles in many synthesis  

  

 
Figure 1.11: Cartoon illustrating "zipping" mechanism of gold nanorod formation. [Adopted from 
69].  
 

schemes and the variability of shape within a reaction scheme. The new mechanism 

was derived from the growth of silver halide particles in solution and relies on the 

presence of twin planes creating favorable sites for the addition of adatoms, leading to 

anisotropic growth. The mechanism for the growth of silver halide prisms is explained by 

the formation of twin planes on [111]-type faces. These twin planes readily form in silver 

halides, as well as in silver and gold, where the stacking fault energy is lower than most 

metals, decreasing the energy required to form a twin plane. These twined crystals form 

hexagonal-shaped nuclei because of the sixfold symmetry of fcc structure. At the six 

surfaces where the twin plane terminates, the stacking fault of the twin plane causes 

{111} faces to form in alternating concave and convex orientations, designated as “A-

type” and “B-type” sides, respectively (Figure 1.12). The B-type side has limited 

stabilization energy and a new layer of adatoms can not form because they undergo 

dissolution back into solution making growth of the surface in this direction very slow. On 

……………………………………………………………………………………………………………………………..
Physical and Materials Chemistry Division, National Chemical Laboratory                                  
 

30



Ph. D. Thesis  Chapter 1 University of Pune, May 2006 
--------------------------------------------------------------------------------------------------------------------------------- 

the other hand, A-type sides have higher stabilization energy due to the concave 

structure and therefore deposition of new layer is greatly accelerated. This makes the 

growth in one direction, because A sides are bounded on each side by slow-growing B 

sides in a crystal with a single twin plane, therefore, A sides quickly grow themselves out 

of existence, leading to the formation a triangular prism. This mechanism can be further 

extended to other similar anisotropic structures.  

 

 
Figure 1.12: Silver halide model for a single twin plane. Alternating sides contain A-type and B-
type faces. [Adopted from 145].   
 

A relatively simple photoinduced crystal growth mechanism has been put forward by 

Mirkin and co-workers.123a The mechanism involves the bimodal growth process 

occurring through an edge-selective particle fusion, with four type 1 nanoprisms coming 

together in step-wise fashion to form a type 2 nanoprism as described in Figure 1.13.     

 

 
Figure 1.13: Schematic diagram of the light-induced fusion growth of Ag nanoprisms. [Adopted 
from 123a]. 
 

1.7 Characterization Techniques 

To understand the properties of nanomaterials and correlate them with inherent 

structure, one needs to analyze several aspects of nanomaterials by a combination of 
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various characterization techniques. Following techniques are commonly employed to 

understand various properties of nanostructured materials in a more generalized way.  

1.7.1 UV-visible Spectroscopy: It is well known that the intense color of colloidal noble 

metal particles is caused by the surface plasmon resonance. This surface plasmon 

resonance is a result of coherent motion of the conduction band electrons caused by 

their interaction with an electromagnetic field.146 A dipolar oscillation is the result of such 

an interaction and when the frequency of the electromagnetic field becomes resonant 

with the coherent electron motion, a strong absorption in the spectrum is seen, which 

explains the origin of the observed color. Thus, UV-visible spectroscopy is one of the 

most common and fundamental technique to obtain useful information regarding size, 

shape and the degree of aggregation of nanoparticles.11, 147 The frequency and width of 

the surface plasmon depend on the size and shape of the metal nanoparticle as well as 

on the dielectric constant of the metal itself and of the medium surrounding it.146 For 

example, the UV-visible absorbance spectra of Au and Ag nanoparticles show a strong 

plasmon absorption band around 510-530 and 400-430 nm respectively depending upon 

the shape, size and capping layer, which decays exponentially into the visible region.148 

The surface plasmon absorbance peak is red shifted for Au NPs, while blue shifted for 

Ag NPs with increasing size along with concomitant increment in their peak full width at 

half maximum (FWHM). 

The plasmon resonance is strongest and shifted into the visible part of the 

electromagnetic spectrum for the noble metals [copper, silver, and gold], while most 

other transition metals only show a broad and poorly resolved absorption band in the 

ultraviolet.149 This difference can be attributed to the strong coupling between the 

plasmon transition and the interband excitation. The conduction band electrons of the 

noble metals can be well approximated by the Drude free electron model, which 

assumes that the conduction band electrons can be treated independently from the ionic 

background and can move “freely”, whereas the ions only act as scattering centers.150 

Therefore, electrons in noble metals show higher polarizability, thereby shifting the 

plasmon resonance to lower frequencies and also giving rise to a sharp bandwidth. 

Experimentally size dependence is observed as the plasmon band is strongly dampened 

for small metal nanoparticles and even disappears completely for nanoparticles less 
……………………………………………………………………………………………………………………………..
Physical and Materials Chemistry Division, National Chemical Laboratory                                  
 

32



Ph. D. Thesis  Chapter 1 University of Pune, May 2006 
--------------------------------------------------------------------------------------------------------------------------------- 

than about 2 nm. Very small nanoparticles in the size range below 2 nm are better 

treated as molecular clusters with discrete electronic states and the assumption of a 

delocalized free electron gas is no longer valid. 

Similarly, high aspect ratio nanomaterials exhibit several shape dependent surface 

plasmon absorption peaks. The plasmon resonance for nanorods splits into two 

bands.151 As the aspect ratio increases, the energy separation between the resonance 

frequencies of the two plasmon bands increases.58a, 152 The high energy band 

corresponds to the oscillation of the electrons perpendicular to the major axis and is 

referred to as transverse plasmon absorption. The other absorption band, which is red-

shifted to lower energies, is caused by the oscillation of the electrons along major rod 

axis and is known as the longitudinal surface plasmon absorption. The absorption band 

is sensitive to the aspect ratio and can be seen in the entire visible to the near-IR region 

by increasing the aspect ratio for gold nanorods. Similarly, triangular nanoparticles have 

several resonances (more than five distinct resonances) for each illumination 

direction.30b The spectral range covered by these different resonances becomes very 

large, giving rise to distinct colors.   

1.7.2 Transmission Electron Microscopy (TEM): In transmission electron microscopy 

(TEM), a thin specimen is illuminated with electrons in which the electron intensity is 

uniform over the illuminated area.153 As electrons travel through the specimen, they are 

either scattered by a variety of processes or they may remain unaffected. The net result 

is that a non-uniform distribution of electrons emerges from the exit surface of the 

specimen that contains all the structural information about the specimen. Electron 

microscope is constructed to display this non-uniform distribution of electrons in two 

different ways: (i) angular distribution of scattering can be viewed in the form of 

scattering patterns in the reciprocal space, usually called diffraction patterns, commonly 

referred to as SAED and (ii) spatial distribution of scattering can be observed as contrast 

in images of the specimen.  

Transmission electron microscopy is indispensable for characterization of 

nanocrystal materials, particularly when particle shape is important.119a, 154 The particle 

shapes are closely related to the crystallographic surfaces that enclose the particles. 
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The {111}, {100}, and possibly {110} surfaces of face-centered cubic structured metal 

particles, for example, are different not only in surface atom densities but also the 

electronic structure, bonding, and possibly chemical activities. TEM is likely to be very 

powerful as a versatile tool that provides not only atomic resolution lattice images but 

also chemical information at a spatial resolution of 1 nm or better, allowing direct 

identification of the chemistry of single nanocrystal. With a finely focused electron probe, 

the structural characteristics of a single nanoparticle can be fully characterized. For 

example, Wang has illustrated the usefulness of TEM to explain the crystal structure of 

nanorods and several other such structures.119a Accordingly, almost all Au nanorods are 

single crystalline and contain no twins or dislocations. When the liquid droplet, 

containing the suspended Au nanorods is dispersed onto a flat carbon substrate, the 

nanorods will be preferentially aligned and oriented along [110] perpendicular to the 

substrate (Figure 1.14).  This is possible only if the nanorods have {110} facets. A dark 

field TEM image recorded using a {111} reflected beam when the rod is oriented nearly 

parallel to the [110] direction gives the thickness fringes owing to thickness variation 

across the specimen. The intervals between the fringes would have an equal distance if 

the nanorods are bound only by four {100} facets and axial growth direction is [001]. 

Several other structures such as nanoprisms, nanowires can be fully characterized by 

similar approach.  

 
Figure 1.14: The cross-section of an Au nanorod on the substrate. [Adopted from 119a]. 

 

TEM is unique for characterizing the in situ structural evolution of nanocrystals 

resulting from annealing, electric field, or mechanical stress, such as imaging a single 

nanowire when a mechanical or electrical measurement is being carried out in situ. 

Further, high resolution TEM (HRTEM) studies are also useful to investigate the 
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faceting, crystallinity and ordering in nanocrystals.155 Interestingly, various complex 

structures, like spherical to rod like transformation or vice versa and chain melting, can 

be studied in-situ in a TEM chamber, if suitable capping agents are selected.119a Thus 

TEM coupled with SAED can provide important information on the crystallographic 

directions in the structures, helpful to understand the growth kinetics.156

1.7.3 Scanning Electron Microscopy (SEM): Scanning electron microscope (SEM) is 

based on thermoionic emission of electrons (energy ranging from a few hundred eV to 

50 keV) from a tungsten or lanthanum hexaboride (LaB6) cathode or by field emission 

(FE).157 These electrons are then projected towards an anode. Tungsten is used 

because it has the highest melting point and lowest vapour pressure of all metals. As the 

primary electrons strike the surface they are inelastically scattered by atoms in the 

sample.  

The most common imaging mode monitors low energy (< 50 eV) secondary 

electrons. The electrons are detected by a scintillator-photomultiplier device and the 

resulting signal is rendered into a two-dimensional intensity distribution that can be 

viewed and saved as a digital image. Characteristic X-rays, which are also produced by 

the interaction of electrons with the sample, can also be detected in an SEM if it is 

equipped for energy dispersive X-ray spectroscopy (EDX) or wavelength dispersive X-

ray spectroscopy (EDS). EDX or EDS is a method used to determine the energy 

spectrum of X-ray radiation using a semiconductor silicon drift or a silicon crystal doped 

with lithium (Si-Li) detector. Various drawbacks are: (1) elements below C in the periodic 

table cannot be detected, (2) the technique cannot be used for precise detection of 

elements below Na.  

……………………………………………………………………………………………………………………………..

1.7.4 X-ray Diffraction (XRD): The atomic planes of a crystal cause an incident beam of 

X-rays (if wavelength is approximately the magnitude of the interatomic distance) to 

interfere with one another as they leave the crystal. If an incident X-ray beam encounters 

a crystal lattice, general scattering occurs. Although most scattering interferes with itself 

and is eliminated (destructive interference), diffraction occurs when scattering in a 

certain direction is in phase with scattered rays from other atomic planes. Under this 

condition the reflections combine to form new enhanced wave fronts that mutually 

reinforce each other (constructive interference). Crystals diffract X-rays in a unique 
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characteristic pattern, because each crystalline material has a characteristic atomic 

structure. For a given set of lattice planes with an inter-plane distance of d, the condition 

for a diffraction (peak) to occur can be simply written as the Bragg's law: 

2d sinθ = n λ     (1.8) 

where, λ is the wavelength of the X-ray, θ the scattering angle, and n an integer. These 

energetic X-rays (100 eV-100 keV) can penetrate deep into the material and provide 

information about the structural arrangement of atoms and molecules.158 Common 

targets used in X-ray tubes include Cu and Mo, which emit 8 keV and 14 keV X-rays with 

corresponding wavelengths of 1.54 Å and 0.8 Å, respectively.  

The crystallinity and particle size of NPs are often experimentally determined by X-

ray diffraction.159 XRD has been recently used to characterize Ag or AuAg alloy NPs 

superlattices, where the effect of temperature and the length of the capping molecules 

are investigated with several other complementary techniques.  160 Further, particle or 

grain size can be calculated by using Scherrer equation:158

BB
t

θ
λ

cos
9.0

=                        (1.9) 

where, B is the width, usually measured in radians, at an intensity equal to half the 

maximum intensity (FWHM) in terms of 2θ, and t is the thickness (particle size). 

1.7.5 Scanning Probe Microscopy (SPM): The scanning probe microscopes (SPM) 

have enormous applications for characterizing nanoparticles due to their atomic level 

resolution capability.161 Like high-resolution electron microscopy, these techniques also 

have facilities for direct imaging of structures. For example, The STM is a non-optical 

microscope which employs principles of quantum mechanics. An atomically sharp probe 

(the tip made of Pt-Ir, Pt-Rh alloys etc.) is moved over the surface of the material under 

study, and a voltage (~ 1 V) is applied between probe and the surface. Depending on 

the voltage electrons will tunnel or jump from the tip to the surface or vice-versa 

depending on the polarity, resulting in a weak electric current. This current is 

exponentially dependent on the distance (≤ 10Å) between probe and the surface.162 STM 
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experiments can be carried at either in (a) constant current or (b) constant height mode, 

whereas the samples for STM should have few desirable criteria such as (1) good 

electrical conductivity, (2) atomically flat surface and (3) limited surface mobility.  Figure 

1.15A shows block diagram of a typical STM. 

Although limitations, like tip-induced artifacts and the possibility of monolayer 

damage, can complicate the interpretation, it has certain unique capabilities such as I-V 

measurements to provide local density of states (STS techniques) offering several 

powerful benefits. For example, apart from imaging, STS is a crucial tool to study the 

electrical properties of nanoparticle, which reveals the single electron charging features 

of smaller sized spherical particles (Coulomb blockade behaviour).9b However, the 

scanning probe microscopy data are to be interpreted carefully, because of the 

possibility of monolayer damage by tip. 

Another similar technique is Atomic Force Microscope (AFM) used to measure the 

surface height profile as a function of distance, where a cantilever tip attached to a 

spring is dragged across the sample. AFM (Figure 1.15B) operates by measuring 

attractive or repulsive forces between a tip and the sample (Binnig et al., 1986). The 

force between the tip and the sample surface is very small, usually less than 10-9 N. The 

detection system does not measure force directly. In its repulsive "contact" mode, the 

instrument lightly touches a tip at the end of a leaf spring or "cantilever" to the sample. 

As a raster-scan drags the tip over the sample, some sort of detection apparatus 

measures the vertical deflection of the cantilever, which indicates the local sample 

height. Thus, in contact mode the AFM measures hard-sphere repulsion forces between 

the tip and sample. In non-contact mode, the AFM derives topographic images from 

measurements of attractive forces; the tip does not touch the sample (Albrecht et al., 

1991). Tapping mode is a key advance in AFM. Tapping mode imaging is implemented 

in ambient air by oscillating the cantilever assembly at or near the cantilever's resonant 

frequency using a piezoelectric crystal. The piezo motion causes the cantilever to 

oscillate with a high amplitude (typically greater than 20 nm) when the tip is not in 

contact with the surface. During scanning, the vertically oscillating tip alternately 

contacts the surface and lifts off, generally at a frequency of 50,000 to 500,000 cycles 

per second. Subsequent systems were based on the optical techniques. In the beam-
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bounce method an optical beam is reflected from the mirrored surface on the back side 

of the cantilever onto a position-sensitive photodetector. A third optical system uses the 

cantilever as one of the mirrors in the cavity of a diode laser. Motion of the cantilever has 

a strong effect on the laser output, and this is exploited as a motion detector. 

 

 

Figure 1.15: Block diagrams of scann
[Adopted from 161(i)]. 
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Near-field Scanning Optical Microscopes (NSOM), are also widely used to investigate 

nanostructures.161, 163 For example, in MFM a magnetic tip is used to probe the magnetic 

stray field above the sample surface to sense the deflection of the cantilever for 

imaging.161 Accordingly, MRFM, LFM and NSOM are extended version of atomic force 

microscopy, having greater capabilities of imaging three-dimensional subsurface entities 

of a broad range of materials with chemical specificity and atomic resolution.161, 163

1.7.6 Conductivity Measurements: There are various methods for electrical (I-V) 

characterization, which are applicable to single crystalline as well as polycrystalline 

materials. Two basic methods are used for I-V characterization namely, 2-point probe 

and 4-point probe methods, respectively. Schematic representation of 4-point probe 

used in our study is shown in Figure 1.16. Resistivity, thus obtained also includes 

contact resistance, which is appreciable in case of semiconductors. Using 2-point probe, 

if the specimen cross-section is uniform, it can eliminate the effect of contact resistance. 

However, one needs to keep current low enough to prevent heating of the sample. Also,  

 

 

Figure 1.16: Schematic representation of 4-point probe method (home built). 

 

the voltmeter must have high input impedances (above 1013 ohms) and measurements 

must be made far enough away from the contacts so that any minute carriers injected 

will have already recombined. The 4-point probe is preferable over a 2-point probe 

because the contact and the spreading resistance associated with the 2-point probe 

cannot be measured. This means that the true sheet resistance cannot be accurately 

separated from the measured resistance. The 4-point probe consists of two current 

carrying probes (1 and 4), and two voltage-measuring probes (2 and 3). Since very little 

contact and spreading resistance are associated with the voltage probes, one can obtain 
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a fairly accurate calculation of the sheet resistance, which is then used to calculate the 

resistivity. The resistivity (p) of a semi-infinite sample layer with equal probe spacing (s) 

is given by:  

p=2*π*s*V/I , where s =s1 = s2 = s3   (1.9) 

Since films of samples on various substrates are not semi-infinite in extent and may 

contain defects, a combination of correction factors must be multiplied by the right hand 

side of this equation.164

1.7.7 Electroanalytical Techniques: Several electroanalytical techniques, like 

voltammetry, impedance and chronoamperometry, are routinely used to study the 

electrochemical properties of nanoparticles and their assemblies.165 Some of the most 

widely used techniques for NPs are cyclic and differential pulse voltammetry (CV and 

DPV respectively), where the current responses is monitored either applying a potential 

ramp (CV) or a differential of tiny potential pulse (DPV) and is plotted against the applied 

potentials. Since DPV allows discrimination between the faradaic and charging currents, 

it is more advantageous for measuring faradic current as compared to that of CV. 

Further, both the CV and DPV have been utilized to assess their single electron charging 

features in solution, which is often comparable with STM based measurements. 

However, adequate precautions have to be taken with the cleanliness of the electrode 

surface and with monolayer stability under electric field in order to get correct 

information. 

1.7.8 Thermogravimetric and Differential Scanning Calorimetric (TG/DSC) 
Measurements: Valuable information regarding the thermal stability as well as the 

stoichiometry of NPs is obtained from TG analysis, whereas DSC is particularly useful to 

understand the change of orientations of monolayer upon heating. For example, TG 

results of alkanethiol protected Au NPs reveal stability up to 180-250 °C despite a slight 

increase with increasing the chain length.166 The melting of alkanethiol monolayer of NPs 

is effectively characterized by DSC. For example, phases of Au NPs studied in the 

temperature range of –100 °C to 100 oC show that for smaller chains (≤ C8-thiolate NPs) 

no phase transition is observed, while for C12 and C16-thiolate NPs a broad endotherm is 

seen, where the phase transition temperature increases with increasing chain lengths.167  
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1.7.9 Fourier Transform Infrared Spectroscopy (FTIR):  The capping monolayer 

surrounding NPs and its nature, i.e., orientation, packing and density are generally 

characterized by FTIR spectroscopy. Detailed information about the packing and the 

functional groups can, in principle, be obtained with polarized light, since the absorption 

in the vicinity of a molecular vibration frequency is dictated by the relative orientation of 

the electric field and the dipole transition moment.  

FTIR studies have shown that alkanethiol chains are typically in all-trans, zig-zag 

configuration in two dimensional (2D) SAMs, while apart from all-trans configuration, 

significant (5.25%) gauche configurations at both inner and terminal chain ends are also 

present for solid-state nanoparticle films.168

1.7.10 X-Ray Photoelectron Spectroscopy: Significant qualitative and quantitative 

information about the chemical state of elements present in nanoparticles can be 

obtained from XPS analysis. X-ray photoelectron spectroscopy (XPS) is based on the 

well-known photoelectric effect (a single photon in/electron out process) first explained 

by Einstein in 1905.169 Photoelectron spectroscopy uses monochromatic sources of 

radiation (i.e. photons of fixed energy given by the relation, E = hν).170 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 analyzer and a photoelectron spectrum 

can thus be recorded.  

Employing photons with fixed energy hν, and if kinetic energy KE and work function φ 

of the sample are measured, it is possible to measure binding energy of electron in a 

solid. Binding energies being characteristic of atoms, different elements present in the 

sample under investigation can be easily identified. However, beam-induced damage 

and carbon contamination from XPS chamber are few limitations of XPS, thus 

necessitates the need for complementary information from other independent 

techniques.171

1.7.11 Other Characterization Techniques: Apart from these techniques, several other 

special characterization techniques, such as He, electron and neutron diffraction, 

surface plasmon spectroscopy (SPS), Raman spectroscopy, magnetoelectrochemistry,  
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secondary ion mass spectroscopy (SIMS), electron energy loss spectroscopy (EELS), 

and scanning electrochemical microscopy (SECM), have been applied for investigations 

of nanoparticles.172 For example, EELS analysis on the centre regions of the silver 

nanorods demonstrates that the Ag-M4.5 peaks shift to lower energy in comparison with 

results from the Ag crystal.154  

 

1.8 Properties 

Nanostructured materials exhibit size and shape dependent properties. However, 

gold and silver nanoparticles are mainly known for their distinct and variable optical 

properties. Accordingly, following section describes few of such properties, especially 

optical properties of high aspect ratio nanomaterials have been explained elaborately. 

 

1.8.1 Optical Properties 
  
1.8.1.1 Metal Nanorods and Nanowires: In general, spherical silver and gold  

nanoparticles have single plasmon absorption bands (SPBs) at ca. 400 and ca. 520 nm, 

respectively.173 However, the SPB is absent for Au NPs with core diameter less than 2 

nm, as well for bulk gold. For Au NPs of mean diameter of 9, 15, 22, 48, and 99 nm, the 

SPB maximum has been observed at 517, 520, 521, 533, and 575 nm, respectively, in 

aqueous medium. Other factors which strongly influence the SPB are particle shape,  

dielectric constant of the medium, temperature, and core or surface charge.173a We will 

discuss, however, only the optical properties of anisotropic nanostructures 

of gold and silver. For example, gold and silver nanorods have two principle plasmon 

absorption peaks; one at shorter wavelength corresponding to absorption and scattering 

of light along the short axis of the nanorod (transverse plasmon band), and the other 

band at longer wavelength corresponding to the long axis of nanorod (longitudinal 

plasmon band).11 The transverse plasmon band is not that much sensitive towards the 

aspect ratio (fix absorption band at ca. 520 nm), while the longitudinal plasmon 

absorption bands are tunable with nanorod aspect ratio from the visible to the near-IR 

(Figure 1.17).25a Consequently, the color of solutions containing nanorods (e.g. Gold) 

sharply depends on aspect ratio (Figure 1.8).80 A linear relationship between longitudinal 

surface plasmon peak position and aspect ratio is observed for gold nanorods.67 In sharp  
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Figure 1.17: (a) UV-visible spectra of Au nanorods. (b) Experimental and theoretical plot of the 
surface plasmon longitudinal band position vs. aspect ratio for pure gold rods in water. [Adopted 
from 67, 74b].  
 

contrast, SPB of silver nanowires does not vary prominently as compared to that of gold 

nanorods; however, it is sensitive to different morphologies.174 Interestingly, as the 

aspect ratio exceeds 5, the plasmon absorption corresponding to longitudinal oscillations  
 

 

Figure 1.18: Photographs of aqueous solutions of gold nanorods of various aspect ratios. 
[Adopted from 12b]. 

is not observed for silver nanorods.101a, 175 However, the SPR band splits into two peaks 

at 410 and 530-570 nm corresponding to the transverse and longitudinal plasmon 

resonance, respectively for low aspect ratio nanorods.53g It has been demonstrated that 

on increasing the aspect ration beyond 5, the longitudinal plasmon peak at 570 nm 
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disappears and the transverse peak marginally blue shifts (410 → 380 nm) to higher 

energy with an increase in intensity.  The peak at 380 nm is usually considered as the 

optical signature of high aspect ratio silver nanowires. The appearance of bulk silver 

absorption at 350 nm has also been reported for silver nanowires with aspect ratio 

exceeding 5.176

 
1.8.1.2 Metal Nanoprisms or Triangular Nanoplates: The purified sample of gold 

nanoprisms in solution with average edge length 144 ± 30 nm and thickness 7.8 ± 0.5 

nm exhibits an in-plane quadrupole band at 800 nm and an in-plane dipole absorption 

band at 1300 nm respectively. However, it has been observed that both these 

absorptions are strongly dependent on the edge length and thickness of the 

nanoplate.177
 Several absorption peaks corresponding to different excitations have been 

observed for truncated and sharp edged nanoprisms. For example, silver prisms with 

thickness 24 nm, edge length 68 nm, and overall degree of truncation 0.35 exhibit two 

absorption peaks at 552 and 465 nm corresponding to in-plane dipole and in-plane 

quadrupole resonances, respectively. Similarly, out-of-plane dipole and quadrupole 

absorptions have been observed at 431 and 351 nm respectively.129 Whereas, for sharp 

edged prisms only three absorptions maxima are observed corresponding to in-plane 

dipole (670 nm), in-plane quadrupole (470 nm), and out-of-plane quadrupole (340 nm) 

absorptions.121a All such optical characteristics has been supported by the theoretical 

calculations based on discrete dipole approximation.10  

 
1.8.1.3 Nanocubes, Nanoshells and Star-shaped Metal Nanoplates: Xia and co-

workers have investigated the optical properties of silver nanocubes.124, 139 Silver 

nanocubes with average edge length 80 nm show surface plasmon bands at 350, 400, 

and 470 nm respectively. On increasing the edge length to 175 nm, these three SPR 

peaks were found to be red-shifted to 370, 438, and 560 nm. Interesting optical 

properties for 9 nm thick silver nanodisks (diameter 36 nm) have been observed.138a A 

solution of such nanodisks exhibits several absorption peaks corresponding to out-of-

plane quadrupole (340 nm) and in-plane quadrupole (430 nm) and dipole (574 nm) 

respectively. These SPR peaks are in close agreement with theoretical values calculated 
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by DDA approximation (Figure 1.19). However, appearance of an additional peak at 470 

nm has not been clearly understood, though, assumed to be due to the aggregation.  

More interestingly, SPR property can be fine tuned by controlling the morphology and 

local dielectric environment as has been demonstrated for gold nanoshells synthesized 

 

 
Figure 1.19: Experimental and theoretical UV-visible spectra of trigonal Ag prisms with side 
length = 100 nm, snip = 10 nm, and thickness = 16 nm. [Adopted from 10]. 
 

by template-engaged replacement reaction.137b, e These nanoshells exhibit interesting 

SPR absorptions at 720 nm, which is greatly red-shifted from the SPR peak of spherical 

nanoparticles. This peak is sensitive to the thickness of the nanoshells, indicating 

contribution of dielectric medium on scattering of electrons from the walls. Upon 

increasing the thickness of the shell-wall by deposition of additional gold, this peak was 

blue-shifted to 560 nm with a concomitant color change from dark blue through purple to 

pink.124 A summary of the optical properties of different high aspect ratio nanoparticles of 

gold and silver is given in Table 1.3. 
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Table 1.3: Optical properties of gold and silver nanoparticles of different shapes 

 
Gold  Silver  

Shape, size 
(nm) or 
aspect ratio 
(R)  

SPR band 
(nm) 

Shape, size 
(nm) or aspect 
ratio (R)  

SPR band 
(nm) 

Spherical147b 
(R =1, < 20),  
(Size:  9,  
22,          48,  
99) 

520 
 
(517, 521, 533, 575) 

Spherical173b

R = 1 
 

 
370 – 430  
(usually depends on size, 
dielectric environment) 

Nanorod58a  
R = 1.8 
        3 
        5.2 

transverse 
520 
520 
520 

longitudinal 
600 
710 
873 

Nanowires53g

 
R < 5 
 
 
R > 5 

transverse 
 
410 

Longitudinal 
 
530 - 570 

in-plane 
 
800 
(quadrupole) 
1300 (dipole) 
 

out-of-plane Nanoprisms25d

Edge length 
100 nm (sd. 15 
%) 

in-plane 
 
470 
(quadrupole) 
670 (dipole) 
 

out-of-plane 
335-340 
(quadrupole) 

Nanoprisms177

Edge length 
144 ± 30  
Thickness 
7.8  ± 0.5  

 Nanoprisms129 
(truncated) 
Thickness 24 
nm  
Edge length 68 
nm 
Degree of 
truncation 0.35 

 
 
 
465 
(quadrupole) 
552 (dipole) 

 
 
 
351 
(quadrupole) 
431 (dipole) 

in-plane 
 
574 (dipole) 

out-of-plane 
 
340 
(quadrupole) 
430 (dipole) 

Star-shaped 
nanoplate137f

 
100 nm 

Several polarization 
dependent 
scatterings from 
different tips 
(extended up to NIR-
region) 
Strong absorptions 
at 647, 700, and 783 

Circular  
Nanodisk138a

 
 
Thickness 9.0 
± 1.0 
Diameter 36 ± 
8 nm 

 470 (origin of this peak is not 
known) 

Nanoshell124

Core diameter 
25  

Follows the equation: 
t/363503max +=λ (t = 

wall thickness, in nm) 
 
720 (t = 1.65) 
 
685 (t = 2) 

Nanocubes124

 
Edge length 80 
nm 
 
Edge length 
175  

 
 
350, 400, 470 
 
 
370, 438, 560 (red-shifted 
with thickness) 
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1.8.2 Mechanical Properties 
Nanoscale materials exhibit mechanical properties different from their bulk 

counterpart. For example, the apparent elastic modulus of the smaller diameter metallic 

nanowire is significantly higher than that of the larger one.178a Similarly, micrometer-sized 

whiskers and nanowires have ultrahigh strength compared with that of their bulk 

counterparts, which are important for the applications in nanocomposites and probe 

microscopy.178b, c This effect is apparently attributed to a reduction in the number of 

defects per unit length compared with larger structures. Segall et al. have theoretically 

investigated the elasticity of nanowires which are defined in terms of physical  

 

 
Figure 1.20: Schematic of bending test with an AFM tip for nanowire mechanical measurements. 
[Adopted from 180]. 
 
observables and depend only on the local environment.179 Interestingly, average 

Young’s modulus of 40-250 nm diameter Au nanowires has been found to be 70 ± 11 

GPa.180 The Young’s modulus is essentially independent of diameter, whereas the yield 

strength is largest for the smallest diameter wires, with strength up to 100 times that of 

bulk materials. These structures also exhibit super elastic behavior followed by 

unexpected brittle failure without significant plastic deformation.181 Thermal annealing 

resulted in a gradual transition to weaker, more ductile materials associated with the 

elimination of the twinned boundary. The average value of the Young’s modulus of 22 to 

35 nm diameter silver nanowires is 102 ± 23 GPa and is higher than that of bulk silver 

(83 GPa). In a different report, the elastic modulus of silver nanowires is 140 GPa, which 

has been determined by mechanical measurements (Figure 1.20).99 However, the 

hardness and elastic modulus measured by nano-indentation technique are found to be 

0.87 ± 4 and 88 ± 5 GPa, respectively.182  
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Figure 1.21: Ideal predictions and experimental measurements regarding the yield strength of 
pure Au as a function of lateral specimen dimension. [Adopted from 186].  
 

Rubio-Bollinger et al. have provided a correlation between experimental 

measurements and ab initio theoretical calculations on freely suspended chain of single 

gold atoms.183 They found that the bond strength of the nanowire is about twice that of a 

bulk metallic bond (Figure 1.21). NW mechanical behavior may be ductile or brittle, 

depending on the orientation. They have also estimated the NW atomic arrangement 

and conductance behavior based on crystallographic model. Thus, yield strength of 

nanowires has been investigated both by atomistic simulations and experimental 

techniques.183-186 It has been demonstrated that at nanometer scales (diameter > 1 nm), 

the mechanism for strengthening involves the scarcity and low mobility of dislocations 

coupled with constraint from tensile stresses. As the wires approach the atomic scale 

(diameter < 1 nm), an increase in strength occurs concurrent with a surface-stress-

induced change in the stable structure of the nanowires and the absence of dislocation-

mediated yield. Interestingly, Marszalek et al. have reported the capture of plastic 
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deformation of a gold nanowire by AFM technique.187 They found that nanowires 

elongate under force in quantized steps of up to three integer multiples of 1.76 Å and 

they shorten spontaneously in steps of 1.52 Å. The plausible explanation is that the 

sliding of crystal planes within the gold nanowires creating stacking faults that change 

the local structure from fcc to hcp (hexagonal-close packed). However, Rodrigues et al. 

have demonstrated that just before rupture, gold nanowires are crystalline and display 

only three possible atomic configurations where either [100], [110], or [111] directions lie 

approximately parallel to the elongation direction.185  

 
1.8.3 Electrical Properties 

Metal nanowires those are shorter that the mean free path of conduction electron 

exhibit ballistic transport properties.188 It has been recently shown that conductance of 

wires of single gold atoms, up to seven atoms in length, is close to one quantum unit of 

conductance G0 = 2e2/h (where e is the charge on an electron and h Planck’s constant), 

because electron transport proceeds through one single quantum conductance 

channel.184 Interestingly, metal nanowires exhibit clear quantized peaks up to five quanta 

of conductance at room temperature.188d However, resistance of nanowires is known to 

be changed due to the chemisorption of adsorbates such as thiols and amines. The 

conduction of these nanowires is quantized in units of G0 = 2e2/h, and chemisorption of 

different molecules reduces the number of channels of conductance, G0 in the nanowire. 

However, such extraordinary sensitivity is restricted to nanowires that are less than 50 

nm in length and less that 1 nm in diameter. A resistance change, ∆R/R0, of 100 % has 

been observed for such nanowires on chemisorption of adsorbates.188b

A 50 nm diameter silver nanowire exhibits linear I-V characteristic obeying Ohm’s 

law, which gives a resistivity value, ρ = 1.63 x 10-6 Ωm at 4.2 K.102d However, Xia et al. 

has investigated the transport properties at room temperature on a 40 nm diameter silver 

nanowire exhibiting electrical continuity with a conductivity of ~ 0.8 x 105 Scm-1, which is 

comparable to bulk conductivity 6.2 x 105 Scm-1.102a, b

 
1.8.4 Thermal properties 

High aspect ratio nanomaterials also exhibit interesting thermal properties. It has 

been demonstrated that laser heating of the electron gas of gold nanorods with an 
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average aspect ratio 3.8 leads to the bleaching of both transverse and longitudinal mode 

of the SP oscillations at 520 nm and 750 nm.189 El-Sayed and co-workers have 

established that gold nanorods transform into spherical nanoparticles under intense 

femtosecond pulse laser irradiation with a typical melting time of 30 ps.189b These 

experiments suggest that phonon dependent relaxation processes in gold nanoparticles 

are independent of the shape, size, type of the surfaces, or the mode of the SP, 

oscillations excited. However, metal nanoparticles exhibit size dependent melting 

properties, melting temperature decreases with decreasing mean grain size.190a The 

melting point is depressed even up to 700 0C for silver nanoparticles compared to the 

bulk value for silver (960 0C).190b, c

 

1.8.5 Other Properties 
High aspect ratio nanoparticles also exhibit several other important properties, such 

as surface enhanced scattering, fluorescence quenching or enhancing depending on the 

proximity to the surface.191 Due to the strong electromagnetic field generated at the 

surface of metal nanoparticles, chromophores within ~ 5 nm of the surface of the metal 

nanoparticles have their fluorescence quenched, while chromophores at distances of 

~10 nm or greater have their fluorescence enhanced up to 100-fold.191b Among all 

metals, silver has the most pronounced plasmon modes and long plasmon phase life 

times. Therefore, locally excited plasmon modes can propagate through silver nanowire 

and can be used to carry information from one end tip to other end tip, if the excitation 

region is restricted to a one of the tip ends.102d Interestingly, a composite of Ag NWs 

arranged into parallel pairs exhibits effective magnetic permeability and dielectric 

permittivity both negative in the visible and near-infrared spectral ranges.192

Anisotropic metal nanoparticles also exhibit interesting catalytic properties. For 

example, it has been recently demonstrated that high aspect ratio nanoparticles with 

more corners and edge atoms have higher catalytic reactivity than similar nanoparticles 

with fewer corner and edge atoms.193

 
1.9 Applications 
 
1.9.1 SERS: Anisotropic metal nanoparticles show significant electric field enhancement 
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at the surface due to the photo-excitation of the conduction electrons.  This property can 

be used advantageously as effective substrates for surface-enhanced Raman 

scattering.32 This technique is promising for the single molecule detection when 

appropriate nanoparticles are used for the substrate. In particular, the local field 

enhancement factor increases many times, when nanoparticles with lower symmetry 

and/or bi-metallic concentric structures are used.30a, b, 194 It has been demonstrated that 

triangular particles with dimensions smaller than 50 nm produce strong field 

enhancement near their vertices, reaching several hundred times the amplitude of the 

illumination wave. These strong fields, which are extremely localized, are the reason for 

the observation of hot spots and blinking phenomenon observed experimentally in 

Raman scattering.32 For example, aligned silver nanowires that are ~ 50 nm in diameter 

and 2-3 µm in length have been assembled over an area of 20 cm2, which serve as 

excellent substrates for SERS with large electromagnetic field enhancement factors (2 x 

105 for thiol and 2,4-dinitrotoluene, and 2 x 109 for Rhodamine 6G).195

 
1.9.2 Plasmonics: Nanoscale materials are important components of plasmonics.196 

Plasmonics is envisioned as the next big thing in nanoscience having potential impact on 

electronics to medical diagnosis.196b Modern techniques, such as AFM, enable 

fabrication of nanoscale devices using such nanostructured materials as waveguides.  

They can be used effectively to develop multicolor labels on the basis of nanoparticle 

shape.25d  

 
1.9.3 Nanosensor: Silver nanowires are known to be highly sensitive towards amines. 

Based on this property, silver nanowires with diameters ranging from 150 to 950 nm and 

lengths of 100 µm have been used for the sensing of ammonia vapor.197a Such 

nanowires show a resistance increase, ∆R/R0 of up to 1,000 %, fast (< 5 s), and 

reversible. Similarly, Pd nanowires can be used for fast hydrogen gas sensing with a 

response time of 20 ms to 5 s depending on the hydrogen concentration.197b

1.9.4 Detection of Bio-molecules: One of the important applications is the specific bio-

molecule detection.198 Various plasmon-resonant particles (PRPs, e.g. nanowires, 

nanoprisms with 40 -100 nm size) have been demonstrated as optical reporters in typical 
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biological assays recently.199 PRPs are ultrabright, nanosized optical scatterers, which 

scatter light elastically and can be prepared with a scattering peak at any color in the 

visible spectrum. PRPs are readily observed individually with a microscope configured 

for dark-field microscopy, with white-light illumination of typical power. They can be used 

as target-specific labels for different bio-logical assays replacing or complementing 

established labels, such as those based on radioactivity, fluorescence, 

chemiluminescence, or enzymatic-colorimetric detection that are used routinely in 

biochemistry, cell biology, and medical diagnostic applications. PRP labels are 

nonbleaching and bright enough to be rapidly identified and counted. Therefore, an 

ultrasensitive assay format based on single-target molecule detection is now practical. 

1.9.5 Disease Diagnosis: Haes et al. have developed localized plasmon resonance 

(LSPR) nanosensor based on the optical properties of Ag nanotriangles.200 They studied 

the interaction between amyloid β-derived diffusible ligands (ADDL) and the anti-ADDL 

antibody molecules possibly responsible for the development of Alzheimer’s disease and 

calculated the surface confined binding constant of 3.0 x 107 M-1 for the interaction of 

ADDLs and anti-ADDLs. It is important to note that the development of an accurate 

diagnostic test for Alzheimer’s disease is crucial and will help millions of people to obtain 

timely and appropriate treatment for their symptoms. Interestingly, Lieber and co-

workers have developed a highly sensitive, label free field-effect device for the electrical 

detection of cancer markers using silicon-nanowire.201 Their device is highly selective 

and could detect femtomolar concentrations of prostate specific antigens (protein 

markers).  

1.9.6 Cancer Treatment: Nanotechnology has opened the door to a new generation of 

diagnostics, imaging agents, and drugs for detecting and treating cancer at its early 

stages.2b Certain nanomaterials absorb light in the NIR-region.  Metal nanoshells, 

nanoprisms are the examples whose SPR spectrum spreads up to visible region to NIR 

region. According to theoretical calculations, these materials possess absorption cross 

sections on the order of 1.3 x 10-14 m2 implying that these materials are 1 million-fold 

more likely to encounter an absorption event and convert that light energy into thermal 

energy than that of the conventional dyes (Indocyanine green, posses absorption cross-

section 1.66 x 10-20 m2).  This property of metal nanoshells has been applied for the 
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destruction of tumor cells by Hirsch et al.28a Light in the spectral region 700-1000 nm has 

been shown to penetrate tissue at depths beyond 1 cm with no observable damage to 

the intervening tissue, but it can generate heat if a nanoshell or a nanoprism is inserted 

inside the tissue.28b This noninvasive delivery of heat to a tissue volume by selectively 

photo-induced heat generation can be used for the destruction of cancer and tumor 

cells. For example, when cultured cells in the presence of phosphatidylcholine 

passivated (PC-NRs) gold nanorods were irradiated with a focused pulsed near-IR laser, 

photoreaction of the PC-NRs cause damage within a very small area around the PC-

NRs and achieved selective cell death.202

 

1.9.7 Catalysis: High aspect ratio nanomaterials have important applications in catalysis 

due to their shape dependent catalytic activity. In particular, they exhibit different 

catalytic activity on their various crystallographic facets. For example, El-Sayed and co-

workers have shown that during the early stages of the electron transfer reaction, where 

no shape changes occur, the catalytic activity is dependent on the shape of the 

nanocatalyst used.191 Interestingly, shape changes occur during the course of the 

reaction, which also alters the corresponding activation energies. One interesting 

example of high aspect ration nanomaterials is of Pd nanotubes, which catalyze Suzuki 

coupling reaction.25c, 203 Bulk gold is considered a noble and inert metal, however, small 

clusters of gold are found to be catalytically active as their chemical and electronic 

properties change with shape and size.204

 
1.9.8 Molecular Electronics: Nanowires are an important component of electronic 

devices and can be used as field effect transistors (FET), high speed integrated 

nanowire circuits.205 Husain et al. have fabricated a Pt nanowire resonator of 43 nm 

diameter, 1.3 µm in length with a resonating frequency of 105.3 MHz at 4 K.206

High aspect ratio nanomaterials have several other useful applications, like probe 

materials for AFM, as optical imaging materials from gold nanocages.207    

 
1.10 Conclusions and Perspectives 

Thus some of the most recent developments of high aspect ratio nanomaterials have 

been presented in this chapter with particular emphasis on their preparation, 
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characterization, properties, and various applications. Future promises of these 

materials are bright, as already several attempts have been made to utilize these 

materials in cancer treatment, diagnosis, sensors, and in SERS successfully. However, 

there are several barriers to cross before coming to any conclusion about many 

nanomaterials and one of the daunting tasks is to address the environmental concern 

and societal impact of these materials as very little is known about how they behave 

inside living organisms. Moreover, processing and synthesis of 100 % pure materials 

with desired shape and size is still a dream of many researchers and after synthesis one 

has to face major challenges on how to control purity, thermal stability, time dependent 

reorganization/degradation, and finally scale-up issues.   

 
1.11 Motivation, Scope and Organization of the Thesis 

The genesis of the present thesis is inspired by several interesting issues unfolded   

during the foregoing critical review related to both fundamental and applied aspects of 

high aspect ratio nanostructures. This includes the development of new methods for the 

synthesis of high aspect ratio nanostructures and their assemblies. If such 

nanostructures are made to organize in a controlled fashion, resultant hybrid materials 

with many unusual properties can open up several application possibilities. 

Consequently it is imperative to study different properties such as electrochemical, 

electrical, optical, catalytic etc. for the pursuit of various applications.  
 
1.11.1 Objectives of the Present Study 

It is clear from the above discussions that several methods have been developed for 

the synthesis of high aspect ratio nanostructures encouraged by several interesting new 

properties. Despite such investigations, many issues related to the selective synthesis of 

high aspect ratio structures of gold and silver in high yields (better than 90%) have not 

been systematically investigated by controlling various experimental parameters like the 

effect of solvent properties, stirring rate, variation of the nature of capping agent and its 

ratio with respect to the metal ion, etc. A generalized method for the non-templated 

synthesis of these nanostructures for common metals is still lacking. More interestingly, 

although numerous studies have been carried out for optical, mechanical, and other 

properties, there is a big lacuna of understanding the electrochemical properties of such 
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high aspect ratio nano materials. The present study is an attempt to provide some of 

these information and the major objectives are: 

(i) To understand the role of 4-aminothiophenol, a bifunctional capping agent  on 

the synthesis of high aspect ratio silver nanostructures, 

(ii) To understanding how mixture of two solvents affect the growth of silver 

nanowires and gold nanoparticles, especially when the dielectric constant 

varies systematically with solvent mole fraction, 

(iii) To understand and compare the fundamental difference in electrochemical 

properties of nanowires and nanoparticles of similar size, 

(iv) To investigate the role of poly-functional organic molecules in synthesis of 

high aspect ratio nanoparticles of gold and silver and to correlate their 

properties with size and shape, 

(v) To organize gold nanoparticle on silver nanowire for the investigation of new 

properties arising from the hybrid structures, and 

(vi) To study the possible applications, such as catalytic activity of silver 

nanoparticles. 

 

1.11.2 Organization of Chapters  

The present thesis addresses mostly the important aspect of synthesis, assembly, 

characterization, and applications of high aspect ratio nanoparticles in a form of six 
chapters. The first chapter represents a critical review of synthesis, characterization, 

properties and important applications of various high aspect ratio nanomaterials, mostly 

consisting of silver and gold. The importance of such nanomaterials and their theoretical 

significances has been discussed briefly. Apart from elaborate discussion on different 

methods of synthesis, a part of the chapter has been devoted explicitly for the discussion 

on different properties, mainly of optical properties. The impact of these materials on 

nanotechnology for diverse applications such as catalysis, optical, electronic and 

magnetic device construction, medical diagnostics and therapeutics, environmental and 

pollution control has been briefly discussed. The chapter concludes by specific 

objectives for the present study, future prospects and finally mentioning some of the 

existing limitations of these materials.  
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The second chapter describes a study on silver nanowire  synthesized using 4-

aminothiophenol as a new capping and reducing agent. These nanowires possess a 

diameter of about 60-80 nm and length of several micrometers revealing many 

interesting properties. Electrochemical behavior of well defined NWs has been 

compared with that of spherical silver nanoparticles (Ag NPs) of similar sizes and 

capping agents. Interestingly, Ag NWs have been found to show quasi-reversible 

electron transfer process at smaller rate constant as compared to the electron transfer 

features of Ag NPs. Finally, electrocatalytic activity of Ag NPs during the Wolff 

rearrangement of α-diazoketone has been demonstrated to reveal a remarkable 

application of these nanoclusters for electro-organic synthesis following a unique E(↑), 

C, E(↓) mechanism.  

In the third chapter, the role of polyfunctional organic molecules on the shape 

controlled synthesis of nanoparticles has been investigated. In particular, three 

interesting organic molecules, viz. 4-aminothiophenol, Bismarck Brown R, and Bismarck 

brown Y have been employed to investigate their role in achieving shape control during 

the synthesis. Although spherical aggregates (70-80 nm) of gold nanoparticles (3 nm) 

are formed by 4-aminothiophenol as the capping agent, the use of more intricate 

multifunctional dye molecules like Bismarck brown R and Y, interestingly,  gives gold 

nanoplates in good yield. These gold plates are of 500 nm to micrometer size with a 

thickness of around 80-108 nm. All these nanostructures are electrochemically active 

and their electron transfer properties have been studied by cyclic voltammetry along with 

their optical properties.  

The  fourth chapter describes bi-metallic assembly of silver and gold nanoparticles  

using 4-aminothiophenol as a cross linking unit. More precisely, interlinking of gold and 

silver nanoparticles has been demonstrated at controlled pH in contrast to the more 

commonly reported alloy formation. A judicious control of pH at 7.8 enables synthesis of 

gold nanoparticles surface functionalized with amino group, which is then used for the 

interlinking of in situ generated silver nanoparticles. Such interlinked assemblies show 

surface plasmon absorption in the range 540-580 nm presumably due to the intercrystal 

surface plasmon coupling. Interestingly, silver nanoparticles synthesized from silver 

benzoate gives a highly ordered assembly as compared to that from silver nitrate. 
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Benzoic acid generated in the reaction gets attached to silver nanoparticle surface 

providing the necessary stability for the as synthesized assemblies. 

The theme of the fifth chapter is one-dimensional organization of gold nanoparticles 

on silver nanowire surfaces. More specifically, directional integration of tridecylamine 

protected gold  (Au-TDA) nanoclusters (4-6 nm) on silver nanowires (Ag NWs, 60 nm) 

and their properties have been investigated using a variety of techniques including 

powder X-ray diffraction, Scanning and Transmission Electron Microscopy, X-ray 

Photoelectron Spectroscopy and four-probe electrical conductivity measurements to 

demonstrate significant changes in  optical, and electrical properties. A new surface 

plasmon absorption peak is observed at 570 nm, while electrical measurement shows a 

transition from metallic to semiconductor behavior at 150 K. 

Chapter six is the concluding part of the thesis outlining major conclusions drawn 

from the present study with respect to synthesis, assembly, and properties of various 

nanomaterials of gold and silver. One of the major observations is the electrocatalytic 

activity of silver nanoparticles. Similarly, electron transfer properties of silver nanowires 

are different to that of their spherical counterparts. The importance of poly-functional 

organic molecules in shape controlled synthesis of metal nanoparticles has also been 

demonstrated, particularly in the synthesis of silver nanowires and gold nanotriangles. 

Interestingly, linear organization of gold nanoparticles on silver nanoparticles gives a 

way to the manipulation of electrical and optical properties as these properties are 

different from their individual counterparts. Finally, the future prospects of these 

materials is outlined for next 10-15 years within a broad perspective of both fundamental 

and technological interest in diverse fields such as chemistry, physics, biology, 

engineering for these high aspect ratio materials. 
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Chapter 2 

 

A Comparative Study on Nanoparticles and Nanowires of Silver*

 

The present chapter describes a study on silver nanowire  synthesized by using 4-
aminothiophenol as a new capping and reducing agent. These nanowires (NWs)  
 
 

 
 
 
possess a diameter of about 60-80 nm and  length of several micrometers revealing  
many interesting properties as a function of their aspect ratio. Electrochemical behavior 
of well defined NWs has been compared with that of spherical silver nanoparticles (Ag 
NPs) of similar sizes and capping agents. Interestingly, Ag NWs have been found to 
show quasi-reversible electron transfer process at smaller rate constant as compared to 
the electron transfer features of NPs. Finally, electrocatalytic activity of Ag NPs during 
the Wolff rearrangement of α-diazoketone has been demonstrated to reveal a 
remarkable application of these nanoclusters for electro-organic synthesis following a 
unique E(↑), C, E(↓) mechanism.  
 

 
 
The Scheme shows the silver 
nanowires and nanoparticles 
used for the electrochemical 
studies. The Wolff 
rearrangement of α-
diazoketone electrocatalyzed  
by silver nanoparticles is also 
shown as reaction scheme. 

 

*A part of the work has been published in J. Mater. Chem.  2004, 14, 970; J. 

Nanoscience and Nanotechnology 2006; and Org. Lett.  2006, 8, 1089. 
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2.1 Introduction 

After many decades of sustained efforts, different methods have been developed to 

synthesize nanoparticles/nanoclusters with fairly controlled shape and size. 

Consequently, different types of nanostructures including spherical nanoparticles, 

nanorods, nanowires, nanotubes, etc. have been synthesized by both high temperature 

and low temperature methods.1 These materials with at least one dimension in the 

length scale of 1-100 nm show fascinating size and shape dependent properties arising 

from the quantum confinement.2 For example, the lattice constant of the face-centered-

cubic (fcc) unit cell of silver is contracted by as much as 9% for nanoparticles and the 

melting point is depressed by as much as up to 700 0C compared to that of bulk value 

(960 0C).3 Similarly, the measured elastic modulus of the nanomaterials with smaller 

diameter is significantly higher than that of the larger ones comparable to macroscopic 

modulus of the material.4a Moreover, electronic properties including the photoelectron 

yield and the energy of the plasmon resonance absorption also exhibit similar size 

dependence.4 These observations lead to the expectation that the electrochemical 

properties of nanoparticles should also be size dependent. Many experimental studies 

indeed show the size dependent electrochemical properties. According to Plieth, the 

standard redox potential (E0) of the nanoclusters of silver shifts negatively from the 

corresponding bulk E0, provided that the surface free energy (g) is the same for both.5 

This is further confirmed by the pulse radiolysis experiment of Henglein et al., where a 

single Ag atom exhibits an E0 of -1.8 V vs. NHE (+0.799 V for bulk Ag), while the silver 

trimer (i.e. Ag3) is found to have an E0 near -1.0 V.6, 7  

Similarly, Mulvani et al. have investigated the surface plasmon resonance (SPR) 

absorption of small polyacrylic acid coated silver nanoclusters using an optically 

transparent thin layer electrode by spectroelectrochemistry revealing the dependence of 

the SPR band on the applied potential and shape and size.8 Interestingly, metal 

nanoparticles also exhibit interesting size and shape dependent catalytic activity.9 

Several reactions such as electron-transfer reaction, cross-coupling reaction, 

hydrogenation, oxidation, have been investigated using various colloidal and supported 

metal nanoparticles.10 In many cases, metal nanoparticles show unusual catalytic activity 

due to high surface-to-volume ratio and high surface energy, not observed for their bulk 

counterparts.  El-Sayed and co-workers have recently demonstrated the effect of 
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catalyst size and shape on the energetics and dynamics of electron transfer 

processes.10d, 11 During the course of the reactions, shape changes occur due to the 

dissolution of atoms from the corners and edges leading to a change in activation 

energy. These shape changes also cause reduction in catalytic activity for few cases, 

such as Suzuki cross-coupling reaction catalyzed by tetrahedral platinum 

nanoparticles.12        

Among different types of nanomaterials, high aspect ratio nanostructures are of 

particular interest, since their shape anisotropy offers additional degrees of freedom for 

manipulation of their properties as compared to spherical particles.13 The feasibility 

studies of molecules on anisotropic metal surfaces have been carried out with 

techniques such as surface enhanced Raman spectroscopy and various such 

geometries have been proposed for molecular recognition.13b-d Another fact of general 

interest is that they provide experimental confirmation of theoretical predictions, which  

describes the unique properties of high aspect ratio nanomaterials based on few 

theoretical approaches such as the discrete dipole approximation (DDA), finite difference 

time domain methods (FDTD), and the modified long wavelength approximation 

(MLWA).14 However, a precise control of their size, shape, composition, crystallinity and 

structure is desired to resolve some of the key issues regarding their possible 

applications in catalysis, photonics, optoelectronics, etc. with unique physico-chemical 

properties. 

One of the exciting and important high aspect ratio nanostructures is silver 

nanowires. Silver nanowires have received a special interest because bulk silver exhibits 

highest electrical and thermal conductivities.  Accordingly, several methods have been 

developed for the synthesis of silver nanowires and nanorods. For example, a glucose 

reduction route for the large scale synthesis of silver nanowires has been demonstrated 

recently.15 The synthesis procedure involves the addition of aqueous silver nitrate to a 

vigorously agitated aqueous solution of glucose and PVP, which was then heated at  

450 K in a Teflon-sealed autoclave. Similarly, capillarity of carbon nanotubes (CNTs) 

offers a unique template for the growth of metallic and semiconductor nanowires.16 

However, the best known method so far, for silver nanowires is the polyol synthesis, 

where liquid polyols such as diethylene glycol (DG) and ethylene glycol (EG) are used 

as both solvent medium and reducing agents.17, 18 Xia and co-workers have extensively 
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investigated the polyol synthesis of silver nanowires establishing the critical role of Pt 

nanoparticle seeds in determining the morphological evolution.19 However, subsequent 

developments  have clearly established that Pt seed is not a prerequisite for the growth 

of silver nanowires as it can be formed even by a simple self seeding process.20 

Ethylene glycol serves as a good solvent for both AgNO3 and PVP, because of its 

relatively high dielectric constant (~ 37).19- 21 Several such methods have been described 

in the previous chapter.22, 23 However, most of the existing methods suffer from lack of 

selectivity, since it is almost impossible to get pure (100%) nanowires. Similarly, another 

major draw back of these generic synthetic methods is the difficulty regarding the 

reproducibility of nanowires with similar diameter and length. Therefore it is widely 

accepted that further investigations would be of great value if we can understand the 

growth mechanism and role of various growth controlling factors such as solvent 

properties, which could solve few of these present limitations.24

In the present chapter, a new method of silver nanowire synthesis by 4-

aminothiophenol (4-ATP) in aqueous acetonitrile is discussed. 4-ATP is chosen because 

it spontaneously organizes into rod-shaped micelles (or inverse micelles) when their 

concentration reaches a critical value.  These anisotropic structures immediately act as 

soft templates to promote the formation of nanowire when coupled with appropriate 

chemical reactions.25 Consequently, 4-ATP plays the multiple role of acting both as a 

soft-template and reducing agent. These nanowires are characterized by different 

techniques such as TEM, XRD, FTIR, TGA. Further, systematic investigations of the 

electrochemical properties of PVP capped silver nanowires and nanoparticles of similar 

diameter have been presented. More specifically, electrochemical properties of well 

defined silver nanowires and spherical nanoparticles synthesized by standard polyol 

process are investigated using cyclic voltammetry in different electrolytic conditions. We 

compare present electrochemical studies with our recent investigations on redox 

behavior of dodecanethiol protected silver nanoparticles with the systematic variation in 

size (2–7 nm).  Previous investigations have revealed multiple redox responses for gold 

nanoparticles in non-aqueous medium, while silver nanoparticles showed irreversible 

redox behavior in aqueous KCl solution.26a More interestingly, we have found that redox 

properties are affected by the size and shape as in agreement with the theoretical 

calculations.5,6 Finally, electro-catalytic activity of silver nanoparticles is discussed 
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considering the Wolff rearrangement of α-diazoketones as a typical example. We have 

developed a simple preparatory method for the Wolff rearranged carboxylic acids 

involving ketocarbenes as intermediates, demonstrating an important catalytic 

application of silver nanoparticles. We propose a mechanism for Wolff rearrangement 

based on the electrochemical results. 

 

2.2 Experimental Section 

2.2.1 Materials: 4-aminothiophenol (4-ATP, 90%), Hydrogen Hexachloroplatinate(IV) 

Hydrate (H2PtCl6.6H2O. 99.9 %), and Poly(N-vinyl pyrrolidone) (PVP, MW 55,000) were 

purchased from Aldrich Chemicals, while silver nitrate (AgNO3, 99.9 %) and all other 

chemicals were procured from Merck, India. All these chemicals were used without 

further purification. Water used for these experiments was de-ionized with Milli-Q 

reagent system (18 MΩ cm). 

2.2.2 Synthesis of Silver Nanowires by 4-ATP: Three different samples were prepared 

by mixing 0.01M (2 ml) aqueous solution of AgNO3 and 0.01 M ATP solution in 

acetonitrile with mixing ratio each of 1:2 (sample 1), 1:5 (sample 2) and 1:10 (sample 3). 

For sample 1, solution was diluted to make the final ratio of water to acetonitrile (a) 1:5 

and (b) 5:1 respectively. These mixtures were stirred gently for few seconds to get 

yellow solutions, except for sample 1, which was red. To study the effect of solvent, 

various samples were prepared as a function of the mole fraction of acetonitrile in water 

keeping the final concentrations of AgNO3 and ATP both constant at 1 mM (the total 

volume of all these samples was 10 ml each). 

2.2.3 Synthesis of Silver Nanowires by Polyol Process: Silver nanowires were 

synthesized by polyol method with minor modifications.20 Briefly, 1 mM H2PtCl6 solution 

in 5 mL of ethylene glycol was heated for 1 h under refluxing condition at 150 0C in a 

three necked round bottom flask fitted with a condenser. In the next step, 5 mL 0.06 g 

AgNO3 and another 5 mL of 0.20 g PVP in ethylene glycol were simultaneously added 

slowly to the reaction flask. Heating was continued for another 1 h under vigorous 

stirring at 170 0C. The solution color turned yellow to grey, indicating the formation of 

silver nanowires. After cooling the solution to room temperature, silver nanowires were 
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separated by adding excess amount of acetone. 

2.2.4 Synthesis of Silver Nanoparticles: Silver nanoparticles (for convenience, Ag 

NPs or sometimes Agn) with average size 40 (± 10) nm were synthesized following a 

similar process adopted for preparing silver nanowires by polyol process, but with a 

major modification in the procedure. Briefly, 10 mL of 0.2 g PVP in ethylene glycol was 

heated for 1 h at 80 0C in a round bottom flask fitted with a condenser. A homogenous 

solution was achieved, and then 0.05 g AgNO3 was added at a time and heating was 

continued for another 2 h under vigorous stirring. The solution slowly turned yellow and 

was cooled to room temperature and was mixed with excess amount of acetone (100 

mL) and kept undisturbed for 24 h. Silver nanoparticles were precipitated at the bottom 

of the flask and washed several times with acetone before cyclic voltammetric 

experiments.  

2.2.5 Characterization Techniques 

The finer details of characterization techniques have been discussed in the previous 

chapter. Therefore, a brief discussion about all instruments used for the present study 

has been given here. 

2.2.5.1 UV-visible Spectroscopy: All UV-visible absorption measurements were 

recorded using UV-2101PC double beam spectrometer, Shimadzu with quartz cells of 1 

cm path length. The spectra were background subtracted using the solvent used for 

nanoparticle dispersion.  

2.2.5.2 TEM Analysis: The TEM micrographs were taken on a JEOL model 1200EX 

instrument operated at an accelerating voltage of 120 KV. The TEM samples were 

prepared by drop-casting the respective solutions on a carbon coated Cu grids (3 nm 

thick, deposited on a commercial copper grid) and air dried at room temperature.  

2.2.5.3 SEM Analysis: Scanning electron microscopic (SEM) measurements were 

carried out on a Leica Stereoscan-440 instrument equipped with Phoenix energy 

dispersive analysis of X-ray (EDAX) attachment. 

2.2.5.4 XRD Analysis: X-ray diffraction was carried out on a Philip1730 machine using 
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CuKα radiation (λ = 1.54 A0) at a step of 0.02° (2θ) at room temperature. The 

background was subtracted with the linear interpolation method.  Samples were 

prepared by making thin films on glass substrates. 

2.2.5.5 FTIR Analysis: Fourier transform infra-red (FTIR) spectroscopic measurements 

were recorded on Shimadzu 8201-PC. Spectra were recorded in the diffuse reflectance 

mode at a resolution of 4 cm-1 at room temperature. Samples were drop casted (from 

dispersions in acetonitrile) on silicon substrates to form thin films and then vacuum dried. 

2.2.5.6 Thermogravimetric Analysis: The TGA-7, Perkin Elmer thermal analysis 

system was used to determine the thermal stability of nanoparticles. The samples were 

heated under constant nitrogen flow from 323 to 1170 K (or desired temperature range) 

with a scanning rate of 5 K/min and the resultant weight loss was recorded.  

2.2.5.7 Electrochemical Measurements: Electrochemical measurements were carried 

out on an Autolab PGSTAT30 (ECO CHEMIE) instrument using sample coated on Pt (2 

mm)  disk as a working electrode, Pt flag as counter electrode and Ag/AgCl as reference 

electrode under different electrolytic media. The working electrode was prepared by 

drop-casting the respective solutions containing nanoparticles several times on the 

electrode followed by careful drying in air. All experiments were carried out with above 

specifications, unless mentioned separately. 

2.2.5.8 Procedure for Controlled Potential Coulometry of α-Diazoketones: The 

controlled potential coulometry (CPC) of the α-diazoketone was carried out on an EG & 

G Potentiostat using a divided cell assembly (Figure 2.1). Ag2O coated on Pt-plate (1 

cm2) was used as the anode, while a graphite plate (area 4 cm2) was used as the 

cathode. Experiments were carried out using Ag/AgCl as reference electrode (wherever 

required) in aqueous acetonitrile (H2O: CH3CN, 1:10 v/v), 200 mL (this mixing ratio was 

maintained for all electrochemical experiments involving Wolff rearrangement). 1.2 g 

LiClO4 was used as electrolyte for the coulometry at 0.4 V in presence of 0.510 g of 

respective α-diazoketones at 300 K.  

The electrochemical reaction begins after the application of an anodic potential and 

the coulometry was continued till the evolution of nitrogen from the anode surface 

ceased; at this time the cell current attained a constant value. Additionally, thin layer 
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chromatographic analysis indicated the complete disappearance of starting α-

diazoketones. The resulting solution was concentrated in vacuum and the residues were 

worked- up to get the rearranged carboxylic acids. The residues were dissolved in ethyl 

  

 
Figure 2.1: Schematic of coulometric set up (not to scale). 
 

acetate (50 mL) and extracted with aqueous sodium bicarbonate (1M in H2O, 3 x 10 mL). 

The alkaline extracts were acidified to pH 4 using hydrochloric acid (1M) at 273 K and 

the liberated carboxylic acids were extracted using chloroform (3 x 20 mL). The organic 

layers were dried over anhydrous sodium sulfate and were concentrated under reduced 

pressure to analyze the Wolff-rearranged products. The crude products were further 

purified by crystallization to give the pure carboxylic acids.  

 

2.3 Results and Discussion 
The high positive redox potential of the Ag/Ag+ couple (+0.799 V vs. NHE) implies 

the possibility of facile reduction of Ag+ ion by a wide range of reducing agents such as 

triethylamine and N,N-dimethyl formamide and triethylamine.26b Therefore, it is of 

general interest to see the reducing capability of other amino group containing 

polyfunctional organic molecules and to find their role on controlling the growth of 

nanoparticles. We have found that 4-ATP can also be used for the reduction of Ag+ ions 

to form silver nanoparticles and nanowires. Accordingly, we have investigated the 4-ATP 

concentration as well as the mole fraction of acetonitrile/water to control the aspect 

ration of silver nanoparticles.  
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2.3.1.1 Effect of 4-ATP Concentration and Solvent Mixing Ratio 

The formation of silver nanoparticles by 4-ATP is manifested by the instantaneous 

appearance of a deep yellow color, which is verified by UV-visible absorption 

spectroscopy. In general, UV-visible absorption peak position of silver nanoparticles 

varies with the shape, size and distribution and also with the solvent properties like 

dielectric constant.27 Figure 2.2(a) shows the UV-visible spectra of samples 1(a) and 

1(b) (recorded after 1h of mixing), where the surface plasmon absorptions can be seen 

as two shoulders at (i) ca. 415 and (ii) ca. 460 nm respectively, confirming the formation 

of silver nanoparticles. The shift in their peak positions observed for the above samples 

is rationalized by the variation in particle size as well as the change in dielectric constant 

of the dispersing medium. Nevertheless, a pronounced red shifted peak position of 

sample 1(b) could also be attributed to the possibility of assembly formation. 

  

  
Figure 2.2 (a) UV-Visible absorption spectra of AgNPs prepared by mixing 0.01 M aqueous 
solution of AgNO3 (2ml) and 0.01 M 4-ATP (4ml) in acetonitrile with the final ratio of water and 
acetonitrile  (i) 1:5 (ii) 5:1. (b) UV-Visible absorption spectra of silver nanowires (i) sample 3 with 
mixing ratio 1:10, (ii) sample 2 with mixing ratio 1:5. 
 

The plasmon absorption for nanorods/nanowires splits into two distinct peaks 

corresponding to the perpendicular and longitudinal oscillations of the free electrons 

along the nanowire axis.28 However, as the aspect ratio exceeds 5, the plasmon 

absorption corresponding to longitudinal oscillations is not observed.28b, 19, 29 For 

example, Figure 2.2.b (i) shows only a shoulder at ca. 390 nm in the UV-visible spectrum 

of the sample 3. Similarly, Figure 2.2.b (ii) shows a weak surface plasmon feature at ca. 

405 nm for sample 2, depicting the formation of high aspect ratio silver nanowires. 
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These results are in agreement with reported values corresponding to the formation of 

high aspect ratio silver nanostructures.19, 29a,b, 30 However, the well-resolved sharp peak 

for silver nanoparticles is absent for 4-ATP capped silver nanostructures, presumably 

due to the attached π-system containing the -NH2 group which flattens the surface 

plasmon absorption peak.6a, 31

 

 
Figure 2.3 TEM images of silver nanoparticles, prepared by mixing 0.01 M aqueous solution of 
AgNO3 and 0.01 M 4-ATP solution in acetonitrile with the final ratio of water and acetonitrile  (a) 
1:5 (b) 5:1 along with the respective histograms given below the images. Particles were counted 
for a particular area by an arbitrary unit (a.u.). 

 

Figures 2.3(a) and 2.3(b) show TEM images of samples 1(a) and 1(b), where 

nanoparticles of 6 and 10 nm respectively can be seen. More specifically, Figure 2.3(a) 

shows a uniform distribution of smaller sized nanoparticles, whereas Figure 2.3(b) 

shows polydispersity, as is evident from the corresponding histograms. In comparison, 

however, Figure 2.4(a) shows the formation of low aspect ratio (R<30) silver nanowires 

from sample 2. These nanowires are not uniform in length and width due to the low ATP 

concentration. For example, high ATP concentration in sample 3 produces very high 

aspect ratio nanowires (up to 100) as shown by the TEM image in Figure 2.4(b). 

Interestingly, the length of these nanowires is found to vary from ∼1 to ∼8 µm, with a 

diameter of 60-80 nm. Moreover, the selected area electron diffraction pattern shown in 

the inset of Figure 2.4(b), depicts that these wires are crystalline, which could be 
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indexed to fcc silver.  

 

Figure 2.4 TEM images of silver nanowires, prepared by mixing 0.01 M aqueous solution of 
AgNO3 and 0.01 M ATP solution in acetonitrile with the mixing ratios (a) 1:5 and (b) 1:10. Inset of 
‘a’ shows the dark field image of nanowires, while inset of ‘b’ shows the SAED pattern. 

The crystal structure of these nanowires is further verified by powder X-ray diffraction 

for a large quantity of the sample. Figure 2.5(a) shows the XRD pattern of as prepared 

silver nanowires (sample 3), which shows peaks corresponding to diffraction from (111), 

(200), (220), (311) crystal planes of bulk fcc silver. In comparison, Figure 2.5(b), shows 

the XRD pattern for the sample 1(a), where predominant (200) crystal plane is evident. 

The lattice constants from these patterns are 4.089 and 4.078 Å for samples 1(a) and 3 

respectively.  

 

Figure 2.5 XRD pattern of as synthesized silver (a) nanowires from sample 3 and (b) 
nanoparticles from sample 1.a; corresponding lattice planes are also shown. 
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2.3.1.2 Effect of Solvent Mole Fraction 
A significant effect of solvent on the aspect ratio is also observed by varying the mole 

fraction of acetonitrile in water systematically. Surprisingly, no nanoparticles are formed 

when the mole fraction is close to 1 as confirmed by the absence of surface plasmon 

peak in the UV-visible spectrum. However, the addition of ca. 0.5 ml water 

instantaneously turns the solution yellow and the surface plasmon feature appears as a 

shoulder at ca. 400 nm. This observation further indicates the importance of water 

content during the reduction process. For the other extreme case, i.e., when the mole 

fraction is close to 0, only spherical nanoparticles are formed as confirmed from the TEM 

analysis. TEM images of the nanowires prepared by varying the mole fraction are given 

in Figure 2.6. Formation of only spherical nanoparticles can be seen from the sample 

having the mole fraction close to 0, which is evident from the TEM image given in Figure 

2.6(a). In the intermediate range (i.e., mole fractions corresponding to 0.4, 0.7 and 0.9) 

different aspect ratio nanowires are formed as shown in Figure 2.6(b-d) respectively. 

More specifically, high aspect ratio silver nanowires are seen in Figure 2.6(b) whereas 

Figure 2.6(d) shows low aspect ratio silver nanowires. In Figure 2.6(c), silver nanowires 

of an intermediate aspect ratio are seen. 

 

   
Figure 2.6 TEM images of nanostructures formed under different mole fractions (a) 0, (b) 0.4, (c) 
0.7 and (d) 0.9. In all these cases final concentration of AgNO3 and ATP were kept constant at 
0.001M. 
 

Interestingly, water accelerates reduction process because of its high dielectric 
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constant (~ 78). Therefore, in water, only spherical particles are formed. If 4-ATP 

concentration is too high, the effect of water is perhaps masked by the presence of high 

concentration of the reducing agent. The actual growth mechanism is still not 

established. One assumption is that hydrogen bonding character of water and 

acetonitrile at various mole fractions could play a major role during the growth of 

nanoparticles. However, it is clear from the present investigation that surfactant molecule 

(4-ATP) plays one of the key factors, by spontaneously organizing into rod-shaped 

micelles (or inverse micelle) when their concentration reaches a critical value. 

Figure2.7(a) shows the TEM image of such templates, while inset depicts TEM image of 

the linear organization of silver nanoparticles on such templates.  These anisotropic 

structures immediately act as soft templates to promote the formation of nanowire when 

coupled with appropriate chemical reaction. 4-ATP exists as 4-ammmonio-1-

benzenethiolate so that there is hydrogen bonding between S-H and N+ where sulfur act 

as the donor.25 This bridging between 4-ATP molecules helps it to form the soft 

template. Consequently, 4-ATP plays the double role both as a soft-template and 

reducing agent. This conclusion is supported by the recent findings, where the formation 

of nanowires from silver nitrate has been demonstrated following a similar approach.32

 

 
Figure 2.7 (a) TEM image of 4-ATP recorded from the solution in acetonitrile/water. (b) FTIR 
spectrum of the silver nanowires showing the presence of 4-ATP on the surface of nanowires, 
(peak positions are marked as 1-8 for different functional groups). Inset: TEM image of spherical 
silver nanoparticles organized on templates of 4-ATP. 
 

In order to understand the molecular level interactions of 4-ATP with nanostructures, 

we further investigate all samples by FTIR spectroscopy.  Similar results are obtained for 
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both nanowires and spherical nanoparticles suggesting that the nature and function of 

the monolayer protection is invariant to the aspect ratio. Figure 2.7(b) shows a typical 

FTIR spectrum, where band at (1) 825 cm-1 arises due to =C-H deformations of benzene  

ring. The bands arising due to the aromatic C=C in-plane vibrations at (4) 1625 and (3) 

1497 cm-1 respectively, give valuable proof for the presence of benzene ring. Another 

peak at 3026 (6) cm-1 could be attributed to the stretching of aromatic =C-H bond. The 

occurrence of a very weak band at (5) 2624 cm-1 of S-H stretching indicates the 

presence of excess 4-ATP, which is not removed despite extensive washing. The 

spectrum also shows the appearance of an S=O stretch at (2) 1338 cm-1, suggesting the 

oxidation of thiol. Interestingly, a medium absorption band of N-H at (8) 3375 cm-1 can 

be seen in the spectrum corresponding to the stretching of charged amine (-NH3
+). This 

is followed by a weak band at (7) 3225 cm-1, which corresponds to the stretching of  

 

  
Figure 2.8 TG profile of 4-ATP capped silver nanowires along with its derivative (dotted line). 
 
bonded N-H. Thus, FTIR spectrum gives conclusive evidence regarding the chemical 

nature of the protective molecular layer on silver surface. Thermo gravimetric analysis 

shows nearly 70 % organic molecules on nanowire surface, possibly due to the 

presence of several layers of 4-ATP on its surface by virtue of hydrogen bond. Figure 

2.8 shows the TG profile for silver nanowires, indicating the onset of mass loss at 500 K, 

which finally completes at 820 K. More specifically, the thermogram shows major mass 

loss at three different temperatures i.e., 500, 600, and 790 K respectively indicating 
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different layers of organic molecules (it is expected that polymeric material can form as a 

result of oxidation of 4-ATP) attached on the surface. 

The above experimental results suggest that the protecting molecule (i.e., 4-ATP) 

and the solvent mole fraction play a critical role in controlling the aspect ratio of these 

nanostructures. The presence of S=O stretching peak suggests that –SH group 

undergoes oxidation during the reaction. Moreover, the involvement of NH2 group cannot 

be precluded especially because IR spectrum suggests the presence of charged 

species. TG analysis shows excess amount of 4-ATP on silver nanowires, which does 

not remove despite the extensive washing. The presence of excess amount of 4-ATP 

protects silver nanowires from external perturbations or reagents, which also limits the 

study of electrochemical properties of core. Significantly, these nanowires are electrically 

resistive (~10 MΩ). This is also a major disadvantage for practical applications of these 

nanowires, since 4-ATP is electrochemically active and sensitive towards air and 

undergoes further chemical reactions to form sulfide (chapter 3). To investigate the 

electrochemical properties of core, capping layer should be electrochemically inactive for 

a considerably large potential window. One of such capping agents is PVP, since it is 

electrochemically inactive and stable under normal experimental conditions. Therefore, 

in the following section, we have investigated the electrochemical properties of PVP 

capped silver nanowires and compared their properties with similar sized spherical silver 

nanoparticles. 

 
2.3.2 Comparison of Electrochemical Properties of Silver Nanoparticles and 
Nanowires 
Our recent investigation on the redox properties of dodecanethiol protected silver 

nanoparticles in the size range 2-7 nm has revealed the strong size dependent peak 

potentials and the occurrence of plateau type redox peaks, due to the effective surface 

passivation. However, electrochemical properties of silver nanoparticles beyond this size 

range and particularly of silver nanowires are not known. To fill this gap and compare the 

electrochemical properties of silver nanoparticles with nanowires, we have synthesized 

PVP capped 40 nm Ag NPs and 70 nm diameter nanowires and investigated their 

electrochemical properties. Figures 2.9(a) and 2.9(b) show the SEM and TEM images of 

Ag  
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Figure 2.9 (a) SEM image of silver nanowires synthesized by polyol process; the inset shows 
TEM image of these silver nanowires. (b) TEM image of silver nanoparticles synthesized by 
polyol process at 80 0C.  

 

NWs and NPs employed for the electrochemical investigations. Silver nanowires are 

relatively free from impurities such as spherical nanoparticles, while we could not control 

the growth to a particular size for spherical silver nanoparticles despite maintaining a 

critical reaction condition. However, the average size of these particles is around 40 nm 

which fortuitously serves our purpose to investigate the electrochemical properties of 

larger sized silver nanoparticles. Although, we tried to synthesize Ag NPs beyond this 

size range with polyol process, all our efforts to synthesize 70 nm particles resulted only 

in the formation of 40-50 nm particles. 

 
(a) 0.1 M Aqueous KCl Solution: Figures 2.10(a) and 2.10(b) show the cyclic 

voltammograms of Ag nanowires and Ag nanoparticles in 0.1 M aqueous KCl solution at 

0.05 Vs-1. Interestingly, oxidation peaks are observed at 0.10 and 0.11 V for Ag NWs 

and Ag NPs respectively, while reduction takes place at -0.05 and -0.01 V. No significant 

variation of the peak potential with scan rate is observed for silver nanoparticles, while 

silver nanowires show moderate variation of peak potential with scan rate.  Accordingly, 

the values of ∆Ep are 0.15 and 0.12 V for Ag NWs and Ag NPs respectively, apparently 

indicating the change in electrochemical properties with diameter /size. The origin of an 

additional reduction peak (post peak) for nanoparticles is not clear. However, one 
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Figure 2.10 Cyclic voltammograms of silver nanowires (a) and silver nanoparticles (b) in 0.1 M 
aqueous KCl solution. Respective samples were drop-coated on an Au disk electrode (2mm) and 
were used as working electrode. A large Pt flag was used as counter and saturated calomel 
(SCE) was used as reference electrode.  Inset of ‘b’ shows the variation of ∆Ep with logarithm of 
scan rate for silver nanowires (i) and silver nanoparticles (ii). 
 

possible explanation is due to the adsorption of Cl- ion on Ag NPs. It does not happen in 

the case of Ag NWs because: (i) Ag NWs are more resistant to reduction (-0.05 V) than 

that of Ag NPs (-0.01 V) and (ii) perhaps capping is more effective for Ag NWs. Inset of 

Figure 2.10(b) shows the variation of ∆Ep with logarithm of scan rates for silver 

nanowires (a) and nanoclusters (b). More abrupt changes of ∆Ep values are observed 

for Ag NWs compared to that of Ag NPs as is evident from graph ‘i’ and ‘ii’. 

 
(b) 0.1 M Aqueous KNO3 Solution: Figures 2.11(a) and 2.11(b) show the cyclic 

voltammograms of Ag NWs and Ag NPs recorded in 0.1 M aqueous solution of KNO3 at 

a scan rate of 0.05 Vs-1. The oxidation peaks are observed at 0.24 and 0.39 V for Ag 

NWs and Ag NPs respectively, while respective reduction processes occur at 0.09 and 

0.29 V.  Interestingly, the redox couple of Ag NWs is more symmetric in nature as 

compared to that of Ag NPs, where the reduction peak is observed as a plateau. Similar 

to earlier observation, the peak potential does not change significantly with scan rate for 

silver nanoparticles, while a moderate change is observed for silver nanowires. The ∆Ep 

value is higher in case of Ag NWs (0.15 V) as compared to Ag NPs (0.10 V) indicating a  
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Figure 2.11 Cyclic voltammograms of silver nanowires (a) and silver nanoparticles (b) in 0.1 M 
aqueous KNO3 solution. Respective samples were drop-casted on an Au disk electrode (2mm) to 
use as working electrode. A large Pt flag was used as counter and saturated calomel (SCE) was 
used as reference electrode.  Inset of ‘b’ shows the variation of ∆Ep with logarithm of scan rate 
for silver nanowires (i) and silver nanoparticles (ii). 
 

variation of about 50 mV. Accordingly, inset of Figure 2.11(b) shows the variation of ∆Ep 

with logarithm of scan rates for Ag NWs (i) and Ag NPs (ii). The more prominent 

variation of ∆Ep for Ag NWs as compared to the Ag NPs with scan rate could be 

attributed to the dynamics of defects present on high aspect ratio structures due to more 

strain and enhanced surface energy. This is also in agreement with the thermodynamic 

finding that the half wave potential E1/2 is greater for Ag NPs (0.34 V) as compared to 

that of Ag NWs (0.13 V). 

 
(c) 0.1 M Aqueous LiClO4 Solution: We have investigated the electrochemical 

properties of Ag NWs and Ag NPs in aqueous LiClO4 solution to get more general 

information of electrochemical properties. Accordingly, Figures 2.12(a) and 2.12(b) show 

the cyclic voltammograms of Ag NWs and NPs recorded in 0.1 M aqueous LiClO4 

solution at a scan rate of 0.05 Vs-1. Significantly, redox behavior is almost similar with 

respect to peak symmetry for both silver nanowires and silver nanoparticles, where 

oxidation peak is more intense as compared to the plateau like reduction peak. The 

oxidation takes place at 0.20 and 0.39 V for Ag NWs and Ag NPs respectively, while 

respective reduction processes occur at 0.05 and 0.28 V.  Interestingly, the ∆Ep value is 

again higher in case of Ag NWs (0.15 V) compared to that of Ag NPs (0.11 V) indicating 
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a moderate change (40 mV). The plot of ∆Ep vs. logarithm of scan rate shows [inset of 

Figure 2.12(b)] an abrupt variation of ∆Ep for Ag NWs as compared to that of Ag NPs. 

Similar electrochemical properties in 0.1 M HClO4 solution are also observed. The 

present experimental results show that the relative magnitude of ∆Ep is more for Ag 

NWs as compared to Ag NPs in all electrolytic media investigated. This feature indicates 

  

 
Figure 2.12 Cyclic voltammograms of silver nanowires (a) and silver nanoparticles (b) in 0.1 M 
aqueous LiClO4 solution; respective samples were drop-coated on an Au disk electrode (2mm) 
and were used as working electrode. A large Pt flag was used as counter and saturated calomel 
(SCE) was used as reference electrode.  Inset of ‘b’ shows the variation of ∆Ep with logarithm of 
scan rate for silver nanowires (i) and silver nanoparticles (ii). 
 

that Ag NWs will promote quasi-reversible electron transfer process occurring at smaller 

rate constant (k0) as compared to Ag NPs.  

The overall electrochemical experiments suggest that, Ag NWs and NPs show redox 

activity at a moderate potential window of -0.1 to 0.70 V. The electrochemical reaction 

can be represented by,  

Agn
+ + e-     →  Agn

0                           (2.1) 

The oxidized species undergoes further chemical reactions depending on the electrolytic 

medium. The broad nature of redox peaks might arise due to a distribution of redox 

potentials corresponding to cluster dispersion, while the plateau type behavior of both 

oxidation and reduction peaks, as observed earlier for smaller nanoparticles, can be 

attributed to the microelectrode type behavior. Table 2.1 summarizes the E1/2 values at 

different electrolytic conditions for Ag NWs and AgNPs. The half wave potential (E1/2) is 
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fairly double for Ag NPs as compared to Ag NWs in all electrolytic media, i.e., KCl, KNO3 

and LiClO4. The electrochemical study clearly demonstrates that electron transfer 

features, as revealed by the half wave potential (E1/2) and ∆Ep, are dependent on the 

shape and size of silver nanoparticles. Significantly, the E1/2 values of silver nanowires 

and larger sized nanoparticles are relatively higher than that of the smaller sized DDT  

capped Ag NPs (2-7 nm). This is in agreement with the reported observation that for 

smaller sized nanoparticles, E0 (≈ E1/2 for ideal reversible system) should shift negatively 

to that of larger counterparts. 

 
Table 2.1 E1/2 values under different electrolytic media 
 

E1/2 (V) vs. SCE KCl KNO3 LiClO4 

AgNWs (dia. 70 nm) 0.03 0.16 0.13 

AgNPs (40 nm) 0.05 0.34 0.33 

AgNPs (DDT capped, 4.7 nm) 0.012 - - 

 

 

2.3.3 Electrocatalytic Role of Silver Nanoparticles on Wolff Rearrangement 

The Wolff-rearrangement of α-diazocarbonyl compounds has been of tremendous 

synthetic utility for over a hundred years.33 The rearrangement involves a stereospecific 

1,2-carbon shift leading to the formation of ketene via a short lived α-ketocarbene 

intermediate following the expulsion of a nitrogen molecule.34 This α-elimination of 

dinitrogen can be initiated under the influence of thermal energy, ultraviolet light, 

transition-metal catalyst or microwave radiation.35 Although, many explicit suggestions, 

like the reduction of activation energy and the stabilization of reaction intermediates 

have been made, the mechanistic role of transition-metal catalyst remains enigmatic.36 

In the present section, we show that in situ generated silver nanoparticles from Ag2O 

acts as electron   mediator during the Wolff rearrangement. 

Attempts to trigger the α-elimination of nitrogen from α-diazocarbonyl compounds 

either by the removal or the addition of an electron using conventional electrodes, like 

platinum, glassy carbon lead to the realization of products arising from carbene cation 
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radical (CCR) or carbene anion radical (CAR) intermediates respectively.37 However, the 

formation of products arising from α-ketocarbene intermediates is significantly missing. 

Similarly, efforts to induce the rearrangement by removing an electron from α- 

diazoacetophenone using triarylamine radical cation have failed, probably due to the 

non-occurrence of back donation of electron to the intermediate product. Significantly, a 

redox electrocatalyst offers a unique possibility to simultaneously remove one electron 

and to back donate following the α-elimination of dinitrogen from the diazo compounds 

or vice versa. 38

 

 

Figure 2.13 Plot of open circuit potential (OCP) as a function of temperature for the cell made up 
of silver (I) oxide coated on platinum wire as the working electrode and Ag/AgCl as the reference 
electrode  in aqueous acetonitrile (H2O : CH3CN; 1 : 10 v/v) solution (i) and following the addition 
of the 1-Diazo-2-tridecanone ‘1a’ (ii). 

The preliminary information of the involvement of silver nanoparticles is acquired by 

monitoring open circuit potential (OCP, between Ag2O coated working electrode and 

Ag/AgCl reference electrode) as a function of temperature following the addition of 

CH3(CH2)10COCH2N2 (1-Diazo-2-tridecanone, 1a).39 Figure 2.13 shows the plot of 

variation of OCP against temperature. Initially, the OCP decreases (curve ii) from 310 

mV (300 K) to 299 mV (306 K) and then begins to rise along with copious evolution of 

nitrogen from the working electrode with a shift of about 34 mV in the anodic direction. 
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The initial shift of OCP in cathodic direction during the induction period (before the onset 

of nitrogen evolution) indicates the reduction of Ag2O. This in situ formation of Agn 

triggers the decomposition of α-diazoketone, 1a and hence the OCP moves rapidly to 

more positive values. The anodic direction of the OCP change and the nature of the 

electrocatalyst together indicate the oxidation of α-diazoketone, 1a, as one of the 

important steps during the sequential generation of ketene (Scheme 2.1). In contrast, 

experiments performed in the absence of diazo compounds shows no such noteworthy 

change in OCP (Figure 2.13, curve ‘i’).  

 

 
 

Figure 2.14 (a) TEM image of in situ generated Agn from Ag2O on the addition of α-diazoketone, 
1a. Inset shows TEM image taken after 1 h of the reaction exhibiting particle size growth, with 
time (scale bar is 100 nm).  (b) UV-visible absorption spectrum of in situ generated Agn in 
aqueous acetonitrile (1:10 v/v), while inset shows the UV-visible spectrum recorded in toluene. 
 

Figure 2.14 shows the TEM and UV-visible spectra of silver nanoparticles generated 

during the electrochemical reactions. More specifically, UV-visible analysis shows the 

presence of a surface plasmon absorption band at ca. 400 nm, a distinct characteristic of 

Agn.6a Accordingly, Figure 2.14(b) shows the UV-visible spectrum of silver nanoclusters 

formed after the addition of diazoketone to a dispersion of Ag2O in both aqueous 

acetonitrile and toluene (inset). It is interesting to note that UV-visible  spectrum of silver 

nanocluster in aqueous acetonitrile fails to show distinct surface plasmon peak due to 

solvent effect, while spectrum in toluene shows a distinct absorption at 415 nm. Further, 

transmission electron microscopy (TEM) also confirms the presence of nearly mono-
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dispersed Ag nanoclusters (2- 4 nm). Accordingly, Figure 2.14(a) shows the TEM image 

of silver nanoclusters formed in aqueous acetonitrile after addition of diazoketone.  

The electrochemical behavior of Ag2O in the absence of α-diazoketone also reveals 

the in-situ formation of Agn,

Ag2O + H2O + 2e-   →  2Ag°  +  2 OH¯      (E° = 0.342 V vs. NHE) ------------ (1) 

Voltammetric analysis of these in situ generated Agn clusters in aqueous acetonitrile 

reveals the presence of a distinct redox couple with unique electron transfer properties 

as represented by voltammogram ‘i’ in Figure 2.15. The redox couple is centered at ca. 

0.27 V with anodic and cathodic peaks at ca. 0.34 and 0.2 V respectively. Furthermore, 

the ratio of areas of anodic to cathodic peaks is fairly close to unity (1.13), while 

individual peak potential shows marginal variation as a function of the scan rate. 

Interestingly, the presence of capping agents stabilizes and guides electron transfer  

 

 
Figure 2.15 (a) Superimposed cyclic voltammograms of in situ generated silver nanoclusters 
from silver (I) oxide in aqueous acetonitrile (H2O : CH3CN, 1:10 v/v) containing  0.1 M n-Bu4NClO4 
as supporting electrolyte  with reference to Ag/AgCl electrode at the scan rate of 0.01 Vs-1; (i) in 
the absence of α-diazoketone, (ii) in the presence of α-diazoketone ‘1a’. (b) Relationship between 
∆Ep and logarithm of scan rate. (i) In situ generated Agn, (ii) Agn in the presence of α-
diazoketone, 1a. 
 

behavior. For example, benzoic acid protected Ag clusters exhibit redox behavior over a 

wide range of scan rate (1.0x10-3 to 30.0 Vs-1).35c However, the present nanoclusters lack 

the surface capping layer. More significantly, voltammogram reveals the larger 

magnitude of separation between anodic and cathodic peaks (∆Ep ≈ 0.14 V), which 
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plays a decisive role for the occurrence of coupled chemical reaction (vide infra) due to 

the enhancement of time interval between two electron transfer steps.40 Origin of the 

redox couple could be attributed to the occurrence of an electron transfer process 

represented by the following equation:  

Agn
+ + e-    →        Agn°  -------------------   (2) 

An estimation of the rate constant k0 for this process based on the magnitude of ∆Εp 

is ca. 4.14 x 10-4 s-1.41 The variation of ∆Εp with logarithm of scan rate is shown in Figure 

2.15(b). Importantly, individual peak potential of in situ generated Agn does not vary with 

either the nature or the concentration of the supporting electrolyte, although they are 

strongly influenced by both solvent and substrate nature. 
 

 
Figure 2.16 (a) Relationship between peak current (anodic) and square root of scan rate. (i) In 
situ generated Agn, (ii) Agn in the presence of α-diazoketone, 1a. (b) Relationship between peak 
current (cathodic) and square root of scan rate. (i) In situ generated Agn, (ii) Agn in the presence 
of α-diazoketone, 1a. (c) Relationship between ∆(Ep-Ep/2) and logarithm of scan rate. (i) in situ 
generated Agn, (ii) Agn in the presence of α-diazoketone, 1a. 

 

In comparison, cyclic voltammogram of Agn in the presence of α-diazoketone, 1a 

shows drastic changes suggesting the occurrence of a remarkable coupled chemical 
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reaction as can be seen in voltammogram ‘ii’ in Figure 2.15. For example, forward scan 

of the first cycle (ν = 0.01 Vs-1) shows more anodically shifted, steeply descending 

oxidation peak at around 0.4 V with a higher peak current. The nature of this peak is 

reminiscent of an electron transfer followed by a chemical reaction. In comparison, the 

reverse scan depicts substantially suppressed cathodic peak exhibiting a plateau around 

0.2 V. More importantly, the forward scan of the second cycle shows anodically shifted  

 

 
Figure 2.17 (i-iii) Cycle dependent voltammograms (1st three cycles) of α-diazoketone, 1a, over 
in situ generated Agn from Ag2O at the scan rate of 0.03 Vs-1. We have coated relatively higher 
quantity of Ag2O in order to increase the concentration of Agn. (iv) Cyclic voltammograms of blank 
Ag2O at 0.03 Vs-1 (2nd cycle). 
 

descending peak around 0.40 V with a pre-peak around 0.35 V. Interestingly, both 

anodic and cathodic peak currents increase with increasing scan rate, while plot of ∆(Ep-

Ep/2) vs. log (υ) is also linear. Figures 2.16(a) and 2.16(b) show variation of peak 

currents with square root of scan rate, while Figure 2.16(c) shows the variation of ∆(Ep-

Ep/2) with logarithm of scan rate. The linear nature of plots of Ip vs. square root of scan 

rate indicates that diffusion of electroactive species towards the electrode surface can be 
……………………………………………………………………………………………………………………………..
Physical and Materials Chemistry Division, National Chemical Laboratory             
 

98



Ph. D. Thesis  Chapter 2 University of Pune, May 2006 
--------------------------------------------------------------------------------------------------------------------------------- 

estimated by using the Cottrell equation. Slope of the plot ∆(Ep-Ep/2) vs. log (υ) in the 

presence (curve ii) of α-diazoketone, 1a is higher than that of in the absence (curve i) of 

α-diazoketone, 1a, indicating a decrease in the energy transfer coefficient (α) for the 

former (Figure 2.16).  

The rise in peak current along with the retention of voltammetric pattern following the 

addition of more amount of the compound indicates the involvement of the 

  

 
Figure 2.18 Scan rate dependent voltammetric behavior (a. 0.02, b. 0.03, c. 0.04, d. 0.06, e. 0.1, 
and f. 0.5 Vs-1) of α-diazoketone, 1a over in situ generated Agn in aqueous acetonitrile with 
respect to Ag/AgCl electrode (other conditions are identical as earlier). 
 

electrochemical reaction, while the position of new pre-peak at 0.35 V in close proximity 

with the anodic peak of the original redox couple reveals the regeneration of 

electrocatalytic species, Agn
+. This is further confirmed by increasing the amount of Ag2O 

coating on the working electrode, where rise in peak current with the retention of 

voltammetric pattern is observed. Figure 2.17 shows the corresponding voltammograms 

……………………………………………………………………………………………………………………………..
Physical and Materials Chemistry Division, National Chemical Laboratory             
 

99



Ph. D. Thesis  Chapter 2 University of Pune, May 2006 
--------------------------------------------------------------------------------------------------------------------------------- 

at 0.03 Vs-1 for the first three cycles (i-iii) in presence of the compound, while cyclic 

voltammogram in its absence is also shown (iv). However, reverse scan of the second 

cycle is unable to show two cathodic peaks corresponding to respective anodic peaks 

due to the plateau like nature of the cathodic response. Successive cycles show a 

similar voltammetric pattern with decreased peak current. The anodic peaks move in 

more positive direction, while cathodic plateau shifts more negatively with increasing 

scan rate. However, voltammograms beyond  ν >> 0.1 Vs-1 are electrochemically silent. 

For example, Figure 2.18(a-f) shows cyclic voltammograms at different scan rates 

exhibiting featureless voltammograms appearing beyond the scan rate 0.1 Vs-1. 

Qualitative comparison between the nature of anodic (peak) and cathodic (plateau) 

peaks indicates the occurrence of kinetically faster oxidation process. This analysis is in 

agreement with the shift of OCP to more positive values following the onset of the Wolff 

rearrangement (vide supra). Significantly, the zero current curve crossing phenomenon 

with thermodynamically more facile second electron transfer step than the first is absent 

collectively suggesting the occurrence of a non-classical electron transfer process.42   
 

Table 2.2 Cyclic voltammetric features of the Ag°n/Agn
+ redox couple in the absence and 

presence of α- diazoketones, 1a-f at 0.01 Vs-1. 
 

α-Diazoketones  (1)

(RCOCH2N2) 

R 

 

Epa

(V) 

 

Epc

(V) 

 

∆Ep 

(V) 

 

E1/2

(V) 

 

Yield 

(  %) 

i            -                           0.34   0.20      0.14  0.27 - 

ii     1a, CH3(CH2)10 -    0.40   0.23   0.17   0.31 94 

iii    1b, Ph-CH2- 0.40   0.18   0.22   0.29 95 

iv    1c,  Ph- 0.47    0.17    0.30   0.32 92 

v     1d, 2-I-Ph- 0.41    0.18    0.23   0.29 96 

vi    1e, 4-MeO-Ph- 0.59    0.11    0.48   0.35 87 

vii    1f,  

3-Diazocamphor 

0.43    0.19    0.24   0.31 Tricyclic 

ketone 
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Scheme 2.1 Schematic representation of the electrocatalytic role of in situ generated silver 
nanoclusters (Ag , size 2-4 nm) during the Wolff rearrangement of α-diazoketones, 1a-e (Table 
2.2), involving two nonclassical electron-transfer pathways. 

n

 
The voltammograms of various α-diazoketones, 1b-f evoke subtle, yet informative 

features leading to the understanding of stereo-electronic effects associated with the 

non-classical electron transfer process. Table 2.2 summarizes the voltammetric analysis 

of different diazoketones under similar experimental conditions. For example, among 

aromatic diazoketones, the anodic peak potential (Epa) increases from the iodo (1d) 

(0.41V) through 1c (0.47 V) to 1e (0.59 V) indicating the relative order of thermodynamic 

difficulty to oxidize the respective α-diazoketones. Furthermore, the magnitude of ∆Ep as 

well as the difference of the half-wave potential (E1/2) of Agn
0
/Agn

+ redox couple in the 

presence and absence of respective α-diazoketeones also increase in the similar 
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manner, leading to a decrease in the rate of non-classical electron transfer process. The 

magnitude of ∆Ep in the absence of α-diazoketone, 1a is independent of scan rate, while 

on addition of α-diazoketones, ∆Ep inceases as a function of scan rate. The rate 

constant for electron transfer process k0 decreases following the addition of α-

diazoketones as compared to that for the unperturbed Agn
0/Agn

+ redox couple, probably 

due to the involvement of a chemical reaction. These results are in good agreement with 

the previous reports.43 Significantly, the CPC of 3-diazocamphor results in the exclusive 

formation of the tricyclic ketone, arising from an intra molecular insertion of α-

ketocarbene intermediate into the C-H bond (Scheme 2.2).35a & b This substantiates the 

characteristic evidence of involvement of non-classical E(↑), C, E(↓) pathway (vide 

infra).  

Application of an anodic bias on Agn coated platinum electrode (0.5 V vs. Ag/AgCl) in 

aqueous acetonitrile solution of α-diazoketone, 1a, containing pyridine as the 

nucleophilic probe gives rise to a UV-visible absorption band around λ = 422 nm 

indicating the formation of α-ketocarbene intermediate 6 and /or ketene 7 (Scheme 2.1). 

However, it is difficult to discriminate between these two intermediates due to their 

similar peak positions in the UV- visible absorption band arising from pyridine-α-

ketocarbene ylide and pyridine-ketene ylide.34a & b, 44

 

 

O

N2

O
Agn

aq. CH3CN

- N2 

(92 %)

Scheme 2.2 CPC of 3-diazocamphor gives tricyclic ketone.  
 
Two non-classical electron transfer pathways have been proposed for the Wolff 

rearrangement (Scheme 2.1). The E(↑), C, E(↓) pathway represented by steps (iii), (iv) 

and (v) respectively, leading to the formation of α-ketocarbene 6 (involving structure 5, 

Table 2.3 Characterization data of various α- diazoketones, 1a-f and products arising from CPC. 
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Reactants 

 
Characterization Data 

 
Products 
 

 
Characterization Data 

FTIR (cm-1): 

2106(s),1640(s) 

 

1709 
1H NMR: 

0.88(t, 3H,  j=7.0 Hz), 1.2- 

1.45 (m,16H), 1.6 (m, 2H), 

2.0 (t, 2H, C3-CH2-), 5.18 (s, 

1H, C1-CH) 

0.89(t, J=7Hz, 3H), 

1.27(m, 18H), 

1.64(t, J=7Hz, 3H), 

2.36(t, J=7Hz, 3H) 

CH3(CH2)10 

COCH2N2

 

 

MW 224.34 

MS M/z (%): 

224(M+, 3),196(1), 183(5), 

167(1), 153(2), 125(4), 

111(18), 97(75), 84(100), 

69(55). 

CH3(CH2)10CH2CO

OH 

 

 

MW: 214.35 

214(M+,12), 185(12), 

171(24), 157(14), 

149(12), 129(70), 

115(33), 85(50), 

73(98), 61(80), 60(98), 

57(96), 55(96), 41(100). 

FTIR (cm-1): 

2099, 1625 

 

3500-2545, 1708 
1H NMR: 

3.55(s, 2H),  5.2(s, 1H) 

7.3 - 7.6(m, 5H) 

2.7 (t, 2H), 3 (t, 2H), 

7.15 - 7.7 (m, 5H), 

10.45 (s, 1H) 

 

Ph-CH2-

COCH2N2

 

MW 160.17 

MS M/z (%): 

160(M+,1), 132(5) 

104(94), 119, 91(100) 

77(25), 65(34) 

Ph-CH2-CH2-

COOH 

 

 

 

FTIR (cm-1): 

1620, 2104 

 

 

1711 

1H NMR: 

6.0(s, 1H), 7.4 - 8.1(m, 5H). 

3.61 (s, 2H),  7.3 - 7.71 

(m, 5H), 9.4 (s, 1H, -

COOH 

Ph-COCH2N2

 

 

MW 146.14 

146(M+, 41), 118(16), 

105(55), 90(100), 77(60) 

63(90) 

Ph-CH2-COOH 

136 (M+, 90) 

91 (100) 

2-I-Ph- FTIR (cm-1):   
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2102(s), 1612(s) 1711 
1H NMR: 

5.71(s, 1H), 7.05 - 7.15(m, 

1H), 7.3 - 7.5(m, 2H), 7.9(m, 

1H) 

3.85(s, 2H), 6.85-7.0(m, 

1H), 7.1-7.4(m, 2H), 

7.75-7.95 (m,1H),  

9.25(s, -COOH) 

COCH2N2

 

 

MW 272.04 

MS M/z (%): 

272 (M+, 4), 244 (M+,  -N2), 

231(12), 203(10), 127(20), 

90(10), 89(100), 74(15), 

63(95). 

 

MW 262.04 

262(M+, 45), 248(10), 

231(98), 217(48), 

135(100), 

127(22), 107(30), 

90(16), 89(20), 79(5), 

77(5). 

FTIR (cm-1): 

2103(s), 1602(s). 

 

1720 
1H NMR: 

3.86(s, 3H), 5.85(s, 1H) 

6.91(m, 2H), 7.739(m, 2H) 

7.2 (d, 2H), 6.8 (d, 2H), 

3.8 (s, 3H), 3.6 (s, 2H) 

MS M/z (%): 

176(M+, 50), 148(18), 

135(90) 

120(38), 105(20), 91(80), 

89(40), 77(100) 

167 (M+, 122), 166 (M+, 

28), 137(8), 135 (12), 

122 (92), 91 (48), 79(28) 

4-MeO-

PhCOCH2N2

C13 NMR: 

MeO-Ph-CH2-

COOH 

178, 158, 132, 125, 116, 

55, 40 

FTIR (cm-1): 

2069(s), 1671(s) 

 

 

1746 

1H NMR: 

0.93 (S, 3H, -CH3), 

0.97 (S, 6H, 2 -CH3), 

2.0 - 2.2 (m,1H), 

2.96(d, J = 4Hz, 1H, C4-H). 

0.8 (s, 3H), 0.89(s, 3H), 

0.96 (s, 3H), 1.45 - 1.55 

(m, 1H), 1.7 - 1.8 (m, 

1H), 1.9 - 2.1 (m, 3H). 

3-

Diazocamphor 

MS M/z (%): 

179(M+ .1, 4), 178(5) 

150(10), 107(96), 105(40), 

93(35), 91(94) 

Tricyclic ketone 

MW: 150 

 

150(M+, 12), 135(30), 

122(20), 107 (100), 

95(32), 91(72), 79(58), 

67(10).    

COOH

I
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81(12), 79(100), 77(20), 

66(35), 65(35), 55(10), 

35(30) 

 

13C NMR: 

9.47, 18.54, 20.09, 

27.07, 30.60, 48.47, 49.60, 

58.10, 61.11 

(s, C3), 202.41(s, C2) 

5.64, 20.31, 20.67, 

21.22, 33.69, 35.96 (t), 

43.46 (s), 48.21(s), 

215.54 (s) 

 

which is more or less similar to the Fischer carbene intermediate) followed by the 

instantaneous generation of ketene 7. We strongly believe that relative stability of 

conformation of adsorbed α-ketocarbene over Agn will play a decisive role in selecting 

the reaction pathway. Two possible pathways for the rearrangement from intermediate 5 

are decomplexation of Agn followed by the rearrangement of free α-ketocarbene 6 

(Scheme 2.1) and rearrangement of α-ketocarbene followed by the decomplexation of 

Agn.45 Alternatively, the E(↑), C, C, E(↓) pathway represented by steps (iii), (iv), (ix) and 

(x) respectively, involves the rearrangement of carbene cation radical, ultimately leading 

to ketene 7. It is worth mentioning that mass spectroscopy detects the formation of 

carbene cation radicals from α-diazocarbonyl compounds in the gas phase. Interestingly, 

mass spectroscopic detection of charged Fischer-type copper and silver α-

heterocarbenoid intermediates during the metal mediated Wolff-rearrangement of 

diazomalonate has been reported recently.37d

Another remarkable evidence for these mechanistic features (Scheme 2.1) arises 

from CPC by the application of an appropriate oxidation potential at room temperature 

(303 K), which leads to the realization of Wolff rearranged carboxylic acids from 

diazoketones, 1a-e, in excellent yield (Table 2.2). On the other hand, CPC of the α-

diazoketone, 1a, using Pt as anode (1.2 V vs. Ag/AgCl) gives merely a mixture of neutral 

reaction products. Table 2.3 summarizes different characterization data of various α- 

diazoketones, 1a-f and products arising from CPC. 

 

2.4 Conclusions 
The present chapter describes a new method of silver nanowire synthesis by 4-
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aminothiophenol with varied aspect ratio. 4-aminothiophenol instantaneously reduces 

silver nitrate to form nanoparticles, which grow as nanowires on rod shaped template of 

4-ATP existed in solution.  In addition, the electrochemical study clearly demonstrates 

that electron transfer features, as revealed by the half wave potential (E1/2) and ∆Ep, are 

dependent on the shape and size of silver nanoparticles. Significantly, the E1/2 values of 

silver nanowires (70 nm) and larger sized nanoparticles (40 nm) are relatively higher 

than that of the smaller sized DDT capped AgNPs (2-7 nm). This is in agreement with 

the reported observation that for smaller sized nanoparticles, E0 (≈ E1/2 for ideal 

reversible system) should shift negatively to that of larger counterparts. 

Finally, electrocatalytic activity of silver nanoparticles has been demonstrated for 

Wolff rearrangement of α-diazoketones revealing ECCE or ECE reaction mechanism. In 

particular, the addition of Ag(I) oxide to a solution of α-diazoketone results in the in situ 

generation of silver nanoclusters which function as electron mediators in Wolff 

rearrangement. More importantly, this work provides an efficient preparative 

electrochemical route to realize Wolff rearranged products in excellent yields at room 

temperature. The technique can be advantageously utilized in the homologation of 

naturally occurring α- amino acids to β-aminoacids, some of the key building blocks of 

protenogenic β-peptides.46   
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Chapter 3 

Shape Selective Preparation of Gold Nanoparticles: Role of 
Polyfunctional Organic Molecules as Capping and Reducing 

Agents∗ 

 

The role of poly functional organic molecules on the shape controlled synthesis of nanoparticles 

has been investigated in this chapter. In particular, three different organic molecules, viz. 4-

aminothiophenol, Bismarck Brown R, and Bismarck brown Y have been employed to investigate  

 

  

their role in achieving shape control during the synthesis. Although spherical aggregates (70-80 

nm) of gold nanoparticles (3 nm) are formed by 4-aminothiophenol as the capping agent, the use 

of more intricate multifunctional dye molecules like Bismarck brown R and Y, interestingly,  gives 

gold nanoplates in good yield. These gold plates are of 500 nm to micrometer size with a 

thickness of around 80-108 nm. All these nanostructures are electrochemically active and their 

electron transfer properties have been studied by cyclic voltammetry along with their optical 

properties. 

 

 
The scheme shows different 
shapes of gold nanoparticles 
synthesized by various poly-
functional molecules (TEM and 

AFM images, not to scale).  

* A part of the work has been published in J. Coll. Int. Sci. 2006, and another part in J. Phys. 
Chem. B 2004, 108, 13280. 
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3.1

 

act as potential candidates in the field of single molecular labeling based biological 

ass

enol-stabilized 

gold nanoparticles in a single phase, which can be used for the preparation of various 

mo

 Introduction 

Shape and size selective synthesis of inorganic nanoparticles and their inherent 

properties have received immense interest recently.1 This is mainly because the precise 

tuning of size and shape provides good control over different physical and chemical 

properties of nanoscale materials.  For example, some of these particles like gold and 

silver show strong size and shape dependent surface plasmon resonance absorption 

exhibiting different colors. Similarly their melting point and mechanical properties also 

change with size as has been reported recently.1c,d In addition, due to their large 

effective scattering cross section and their non-bleaching properties, these particles also

ays and as output signal enhancers in near field optical microscopy applications.2

A convenient way to produce noble metal nanoparticles is the reduction of metal 

halides or anionic metal precursors with alcohols, amines, NaBH4, or H2 in the presence 

of surfactants such as poly(N-vinyl pyrrolidone) (PVP), polyacrylate etc.3, 4 The role of 

the capping agents is not only to protect the nanoparticles against aggregation but also 

to influence the final shape and size of the particles. In particular, organic molecules, 

such as long chain thiols, amines and carboxylic acids are frequently used to passivate 

their surfaces, which also control their dispersion, size, shape, and stability depending 

on the metal ion to capping molecule ratio.  However, other procedures have been 

developed to overcome the drawbacks of bi-phasic methods and to prepare and 

assemble nanoparticles in a single phase without using external reducing agents. For 

example, Brust et al. have developed a synthesis involving p-mercaptoph

nodispersed nanoparticles stabilized by a variety of functional ligands.5

Among those ligands, multi-functional molecules are of special interest in 

interconnected nanoparticle synthesis since their role in directed nano-assembly 

formation can be manipulated with respect to inter-particle spacing.5i, 6 Accordingly, one 

of the important aspects of nanoparticle research is to develop self-assembly strategies 

based on wet soft solution methods, so that attractive “bottom up” approaches to 

construct assemblies (so called ‘meta-materials’) of perfect nano-crystallites, identically 
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are used to assemble nanoparticles advantageously by 

chemical reactions of terminal functional groups, such as thiolates adsorbed on the 

sur

f metal nanoparticles offering exciting opportunities for the 

des

replicated in unlimited quantities could be implemented.7 For example, the planar array 

of small metal islands separated from each other by tunnel barriers is of great interest for 

developing nanoscale electronic circuits. The electronic conduction in such structures is 

said to be varied from metallic to insulating limit by controlling the size and strength of 

coupling.8 Several such molecules, like 4-aminothiophenol (4-ATP) have also been used 

for 2D/3D assembly of nanoparticles using covalent or electrostatic interactions.9 

Further, these molecules 

faces of nanoparticles.10 

Similarly, the precise control of shape provides unique control over different physical 

and chemical properties of nanoscale materials with technologically important 

applications.11 The challenging task, however, is to design and synthesize metal 

nanoparticles with well-defined and finely tunable size, surface structure, and 

composition. This has attracted the attention of the current researchers on 

nanomaterials and has subsequently led to several discoveries of how to control the 

shape of nanoparticles. Consequently monodispersed inorganic nanocrystals with 

various shapes such as spherical, rod, cubic, octahedral, prism, tetrapod, and other 

branched structures have been successfully synthesized and characterized recently with 

respect to their optical, electronic, magnetic, and catalytic properties.12 Despite these 

studies on several advanced methods to control the shape and size, the use of 

multifunctional organic molecules, such as azo dyes in achieving such structures has 

been sparsely investigated. Azo dyes have attracted significant research interest for 

polymer based large-scale optical storage device applications.13, 14  These molecules 

are also important in biophotonics through radiative decay engineering (RDE) of organic 

dyes in the close vicinity of conducting metal surfaces or covalently attached to them.15 It 

has been demonstrated that fluorescence intensity can be enhanced many orders of 

magnitude, when organic dyes are near the metal thin films and nanoparticles.16 

Moreover, organizing these chromophores with specific optical properties can 

interestingly yield photoresponsive organic-inorganic hybrid materials to tailor the 

optoelectronic properties o

ign of novel photonic devices for sensing, switching, light energy harvesting, and 

Physical and Materials Chemistry Division, National Chemical Laboratory             
 

114



Ph. D. Thesis  Chapter 3 University of Pune, May 2006 
--------------------------------------------------------------------------------------------------------------------------------- 

……………………………………………………………………………………………………………………………..

 spherical particles, nanowires (discussed in the previous chapter), 

nd triangular and hexagonal nanoplates of gold and silver using various poly functional 

 

biomolecular labeling etc.17

Few of these issues have been addressed in the present chapter. In the preceding 

chapter, we have already discussed the role of 4-ATP on silver nanowire synthesis and 

electrochemical properties of well-defined nanoparticles and nanowires. The present 

chapter extends the study on the role of poly functional organic molecules in 

nanoparticle synthesis  focusing on the versatility of poly-functional organic molecules in 

achieving shape control apart from their use as molecular interconnects. A new 

approach to achieve shape control via selective organic molecules with specific 

functionalities has been established, where these molecules also control the degree of 

self-assembly formation. First part of the chapter demonstrates the synthesis of 

spherical gold nanoparticles by 4-ATP in N, N-dimethylformamide, while the later section 

describes the explicit preparation of gold nanoplates by Bismarck brown R and Bismarck 

brown Y in presence of PVP. In essence, we have demonstrated differently-shaped 

nanoparticles such as

a

organic molecules.   

3.2 Self-assembled Monolayer and Electrochemical Properties of 4-ATP 
The electrochemical properties of the 4-ATP have been elaborately studied by cyclic 

voltammetry as self-assembled monolayer (SAM) on polycrystalline gold electrodes by 

different researchers. Pioneering work on the adsorption of purely aromatic thiols was 

carried out by Hubbard et al.22 These studies have shown that adsorption takes place 

through sulphur, with the pendant aromatic moiety assuming a perpendicular orientation 

with respect to the surface when adsorbed from dilute solutions. The formed monolayers 

did not, however, posses long-range order, except on Ag(111). Similarly, no long-range 

order was observed in 4-nitro- and 4-aminothiophenol SAMs on silver electrodes studied 

by surface-plasmon-polariton-enhanced Raman spectroscopy (SPPERS).23 Although 

SAMs of thiophenol do not show long-range ordering on gold electrode, SAMs of 4-ATP 

exhibit relatively well-ordered monolayers.24 Scanning tunnelling microscopy (STM) 

studies suggest that it forms a (√3 x  √3) R300 monolayer on Au(111) electrodes, with 

the nearest and next nearest neighbour spacing of 4.9 ± 0.3 and 8.9 ± 0.5 Å, 

respectively.25 Further, self-assembled monolayer of 4-ATP can carry out certain 
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-ATP SAM has been shown to have an advantageous 

effe

later opposed  the above explanation and 

dem oquinone using 

aminoquinone modified electrodes as probe.31

In general, 4-ATP can undergo following electrochemical reactions: 

 

functions because of the presence of specific chemical groups at the SAM/electrolyte 

interface.26 This SAM can be used to bind negatively charged solution-phase probe 

molecules when solution pH is low enough so that the surface-bound amino group is 

protonated.27 The pKa value of 4-ATP on gold surface has been determined by 

differential capacitance measurements to be 6.9 ± 0.5 (at +0.2 V versus Ag/AgCl).28 The 

modification of the electrode with 4

ct during the polymerization of polyaniline with improved density, adhesion, optical, 

and electrochemical properties.29  

Interestingly, monolayer of 4-ATP on gold electrode shows more than one pH 

dependent distinct peaks due to the formation of several redox active species with time. 

Initially, Hayes et. al. have proposed the involvement of an ECE mechanism where, the 

formation of redox active 2-(4′-mercaptophenylamino) benzoquinone is the intervening 

chemical step.30 However, Lukkari et. al. have 

onstrated that the product of SAM oxidation can not be amin

NH2SH +.
+ H+ + e- SH NH3

+

on sulphur bond cleavage can occur either concertedly or after the 

pling reaction. Further, the dimerized product can undergo following two electron 

transfer process:33

    

      (3.1) 

                       (E0 = 0.83 V vs. NHE; gas phase, aniline) 32

This is a (1e-, 1H+) process and is highly pH dependent.30 The radical cation is stabilized 

by delocalization on the gold surface for both the cases, i.e. 4-ATP SAM and Au NPs. 

The oxidation does not lead to the cleavage of the gold-sulfur bond31 since it can react 

with the neighbouring radical cation bound to another nanoparticle forming a dimer. 

However, the carb

cou

N NH +
oxidation

 2H+ + 2e-
reduction

NH NH3
+

 
                                                                                                                       (3.2) 
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Another possibility is:31

oxidation

reduction
NH NH3

+ N NH2  + 2H  + 2e+ + -

       

mine, which can further 

undergo reversible redox reaction (2e-, 2H+) as represented by: 

                                                                                                                           (3.3)        

The aniline dimmer can undergo hydrolytic cleavage of the imine moiety to give the 

corresponding surface bound (in case of SAM) quinine monoa

oxidation

reduction
N O + 2H+ + 2e-NH OH

                                                                                                                                 (3.4) 

                                                                                       

 

  

 
 

Scheme 3.1:  Assembly of gold nanoparticles by 4-ATP at low pH. 
 

Interestingly, initial dimerization step can occur by the chemical route also, provided 
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l aggregates of gold nanoparticles. The overall 

me

plasmon absorption of such nanoparticles strongly depends on 

e electronic state.37-40 

3.3 Experimental Section 

ed for these experiments was de-ionized with Milli-Q 

Reagent system (18 MΩ cm). 

 and purified 

by successive washing with acetonitrile-water followed by dry acetonitrile. 

that 4-ATP is oxidized in the preceding chemical reaction in acidic medium.34 The 

oxidizing ability of Au3+ ions and the low pH of chloroauric acid solution can initiate the 

dimerization step. Indeed, we will see later (section 3.4.1) that this type of polymerization 

leads to the formation of spherica

chanism is given as Scheme 3.1. 

However, at high pH (≥6), deprotonation of the amino group and its resultant radicals 

lead to the decreased efficiency of above coupling reaction, concomitantly altering the 

reaction mechanism to a head-to-head coupling to form an azobenzene structure.35, 36 

Another indirect evidence for the above scheme arises from their interesting optical 

properties ascribed to the inter-particle coupling. As explained in the introductory chapter 

(Chapter 1) the surface 

th

 

3.3.1 Materials: Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4.3H2O, 99.9 %), 4-

aminothiophenol (4-ATP, 90%), Bismarck Brown R (BBR, dye content 40%), Bismarck 

Brown Y (BBY, dye content 50%), Poly(vinyl pyrrolidone) (MW 55,000, PVP) were 

purchased from Aldrich Chemicals. N,N-dimethylformamide (DMF), and perchloric acid 

(HClO4) were purchased from Merck, India. All these chemicals were used without 

further purification. Water us

3.3.2 Synthesis of 4-ATP Capped Au NPs: 20 mL of 10 mM 4-ATP solution in DMF 

was added to 30 mL aqueous solution of HAuCl4 (1 mM)  followed by continuous stirring 

for 1 h at room temperature. The color turns wine-red immediately and finally becomes 

brownish blue. Sampling was done by taking each time 5 mL aliquot from the parent 

solution at different intervals for UV-visible measurement and transmission electron 

microscopy. Finally, Au NPs were separated by centrifugation at 5000 rpm

3.3.3 Synthesis of Au Nanoplates: In a typical synthesis, 40 mL of aqueous 0.1 mM 

BBR/BBY solution (pH ~ 4.11) was added slowly to 20 mL of aqueous 1 mM HAuCl4 in 
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r, this procedure was repeated for several times to gather large amount of 

sample. 

 

3.3.4 Characterization Techniques 

en given in the Chapter 1. Briefly, following techniques 

were used for the present work.  

spectra were background subtracted for the solvent used for nanoparticle 

dispersion.  

(3 nm 

thick, deposited on a commercial copper grid) and air dried at room temperature.  

ment equipped with Phoenix energy 

presence of 400 mg of PVP in 100 mL round bottom flask (equipped with a magnetic 

stirring bar embedded in Teflon) under continuous stirring (final pH ~ 3.2), the intense 

brown color of the solution changed to pale green, indicating probably the reduction of 

Au+3 to Au0 and/or the formation of an amine complex.5c After 2 h, stirring was stopped 

and the solution was kept undisturbed for 24 h. The bluish crystals of gold nanoplates 

accumulated at the bottom of the round bottom flask were separated by decanting and 

washed several times with water. Final product was separated by centrifugation at 7000 

rpm. Late

An elaborate description of different characterization techniques along with their 

advantages and limitations has be

3.3.4.1 UV-visible Spectroscopy: UV–visible (NIR) spectroscopic measurements were 

carried out on a JASCO dual-beam spectrophotometer (model V-570, using quartz cells 

of 1 cm path length) operated at a resolution of 1 nm with quartz cells of 1 cm path 

length. The 

3.3.4.2 TEM Analysis: The TEM micrographs were taken on a JEOL model 1200EX 

instrument operated at an accelerating voltage of 120 kV. The TEM samples were 

prepared by drop-casting the respective solutions on a carbon coated Cu grids 

3.3.4.3 SEM Analysis: Scanning electron microscopic (SEM) measurements were 

carried out on a Leica Stereoscan-440 instru

dispersive analysis of X-ray (EDAX) attachment. 

3.3.4.4 AFM Analysis: Atomic force microscopic images were recorded in the contact 

mode on a VEECO digital instruments multimode scanning probe microscope equipped 
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les were prepared by drop-casting the respective 

solution onto silicone (111) substrate. 

ing 

mperature. The 

background was subtracted with the linear interpolation method.   

 recorded in the diffuse reflectance 

mode at a resolution of 4 cm-1 at room temperature. 

sired range) with a 

scanning rate 5 0C/min and the resultant weight loss was recorded.  

ns containing nanoparticles several times on the Pt disk followed by careful drying 

in air. 

3.4 Results and Discussion 

ds are 

described in details mainly because of their role to achieve well-defined shape.  

3.4

with a nanoscope IV controller. Samp

3.3.4.5 XRD Analysis: X-ray diffraction was carried out on a Philip1730 machine us

CuKα radiation (λ = 1.54 Å) at a step of 0.02 degree (2θ) at room te

3.3.4.6 FTIR Analysis: Fourier transform infra-red (FTIR) spectroscopic measurements 

were recorded on Shimadzu 8201-PC. Spectra were

3.3.4.7 Thermogravimetric Analysis: The TGA-7, Perkin Elmer thermal analysis 

system was used to determine the thermal stability of samples. The samples were 

heated under constant nitrogen flow from 50 to 900 0C (or a de

3.3.4.8 Electrochemical Measurements: All the electrochemical measurements were 

carried out on an Autolab PGSTAT30 (ECO CHEMIE) instrument using sample coated  

Pt (2 mm) or  glassy carbon (3 mm) disk as working electrode, Pt flag as counter 

electrode and Ag/AgCl as reference electrode. 0.1 M HClO4 was used as electrolyte for 

all experiments. The working electrode was prepared by drop-casting the respective 

solutio

We have investigated the role of series of organic molecules: 4-aminothiophenol (4-

ATP), Bismarck brown R (BBR), Bismarck brown Y (BBY), Chrysoidine (CD, basic 

orange), Mordant brown (MB), and Fat brown (FB) on shape-controlled synthesis of gold 

nanoparticles. However, nanoparticles synthesized by first three compoun

.1 Gold Nanoparticles by 4-Aminothiophenol 

Figure 3.1 shows the time dependent UV-visible spectrum of as synthesized gold 

Physical and Materials Chemistry Division, National Chemical Laboratory             
 

120



Ph. D. Thesis  Chapter 3 University of Pune, May 2006 
--------------------------------------------------------------------------------------------------------------------------------- 

……………………………………………………………………………………………………………………………..

tensity of UV-visible spectrum with time, obviously caused by the self-assembly  

  

nanoparticles in DMF/water. The appearance of surface plasmon band at 550 nm 

confirms the formation of Au NPs.41 A relatively sharp peak is observed, which 

decreases progressively with time. Generally, a solution of gold nanoparticles (2-20 nm) 

shows the characteristic surface plasmon absorption at 520 nm in UV-visible absorption 

spectrum, which strongly depends on the dielectric medium, particles size, shape and 

dispersity.42 Moreover, the SPR band may be red shifted if nanoparticles are interlinked 

due to the intercrystal coupling of SPR band.43 Accordingly,  if the interconnected or 

assembly of nanoparticles are to be formed, one would observe significant broadening of 

the surface plasmon band or the appearance of a red-shifted absorption band due to 

coupling of the individual surface plasmon of nanoparticles in the aggregated 

structures.5i, 44 Therefore, we could assign SPR band at 550 nm as due to the inter-

crystal coupling of the surface plasmon band arising from the interaction of gold 

nanoparticles among each other through 4-ATP.45 This is also clear from the decreasing 

in

 

Figure 3.1 Time dependent UV-visible spectra of gold nanoparticles synthesized by 4-ATP 
DMF/water. Intensity of the SPR peak slowly decrease and red shifted with time. Also, 4-ATP 
capped nanoparticles undergo aggregation and precipitation, finally leading to a clear solution. 

 

formation. Significantly, the initial wine red color of the solution slowly turns to brownish 

blue after 3-4 min signifying the formation of self-assembly.40e 4-ATP is expected to 
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ccurs through the initial formation of gold-amine complex followed by 

the

age, where portions of aggregates are marked by white circles. This is further  

 

behave as molecular interconnect, because both thiol and amino groups are known to 

show coordination ability on a metal surface. The role of amine as reducing agent is well 

established and o

 reduction.4e, 5c

TEM measurements can provide deeper insight into the assembly formation during 

the synthesis of gold nanoparticles.46 Figure 3.2(a) shows the TEM image of Au NPs 

taken from the DMF/water dispersion immediately after mixing. The micrograph clearly 

indicates the formation of nearly mono-dispersed smaller sized nanoparticles with an 

average size of 3 nm. These nanoparticles tend to aggregate easily owing to the 

presence of bi-functional 4-ATP and indeed they settle down progressively with time 

forming self-assembly. This tendency of assembly formation can be seen from the TEM 

im

 

Figure 3.2 TEM images of gold nanoparticles by mixing 30 mL aqueous solution of HAuCl4 (1 
mM) and 20 mL ATP (10 mM) solution in DMF recorded immediately (a) and recorded after 1 h 
(b). Inset shows the high magnification micrograph of a particular portion (scale bar is 50 nm). (c) 
SEM image of such aggregates recorded for the precipitates formed on prolonged standing. 
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confirmed by recording the TEM image of the aggregates on their re-dispersion by 

sonication. Accordingly, Figure 3.2(b) shows the TEM image recorded for the sample 

after 1 h of the reaction. The chain like arrangement of nearly spherical aggregates of 

gold nanoparticles is clear from the image indicating the assembly formation. The size of 

these aggregates is in the range of 70-80 nm. However, the TEM micrograph shows 

randomness of the aggregates depicting crystalline assembly with the individual clusters 

placed in random locations. The high magnification TEM image of a portion of these 

aggregates confirms that these aggregates are constituted by close-packed smaller 

sized AuNPs, as is given in the inset of Figure 3.2(b), while SEM image also clearly 

depicts the formation of spherical aggregates [Figure 3.2(c)]. Further, the crystal 

structure of these particles is confirmed by XRD analysis as shown in Figure 3.3(a), 

where (111), (200), (220) and (311) crystal planes of bulk fcc structure are identified with 

a lattice constant of 4.072 A0. 47 The thermo-gravimetric study of the ‘as prepared’ 

nanoparticles shows that AuNPs are stable up to 480 K. For example, Figure 3.3(b) 

shows the typical thermogram of AuNPs showing the onset of desorption of organic 

molecules at around 480 K and the process is completed at around 820 K with the 

maximum mass loss at 520 K. No significant mass loss is seen beyond this temperature  

 

 
Figure 3.3 (a) XRD pattern of as synthesized gold nanoparticles. Corresponding lattice planes 
are marked. (b) Thermogram of as synthesized gold nanoparticles. Dotted line represents the 
differential curve. Thermogram was recorded at a heating rate of 10 K/min under continuous N2 
flow. 
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up to 1000 K. The total weight loss is ca. 22 % and occurs predominantly through a 

single step process.48 The composition of AuNPs is qualitatively determined from the 

approximated average size of 3 nm and assuming their shape as spherical with perfect 

fcc packing, 2S or 2N atoms per 3 Au atoms (radius 144 pm) on the surface as reported 

for two dimensional SAM; which gives a composition of ∼Au923ATP241 and is in close 

agreement with the thermal analysis.49 The FTIR spectral analysis was carried out to 

understand the molecular level interactions of 4-ATP with gold. FTIR spectrum of the 4-

ATP capped gold nanoparticles is similar to that of bulk 4-ATP and thus only significant 

differences are discussed.50 Figure 3.4 shows the typical FTIR spectrum of AuNPs taken 

in diffused reflectance mode. A notable difference is the appearance of –S=O stretching 

in the case of AuNPs, which is categorically absent in the spectrum of pure 4-ATP. For 

better clarity, the magnified FTIR spectra of the –S=O stretching regions (1330-1420 cm-

1) for pure 4-ATP (upper curve) and ‘as synthesized’ gold nanoparticles (lower curve) is 

given in the inset. This band appears from the oxidized product of –SH indicating the  

 

 
Figure 3.4 FTIR spectra of powdered sample of as synthesized 4-ATP capped gold 
nanoparticles. Inset shows the magnified FTIR spectra of the –SO stretching regions for pure 4-
ATP (upper curve) and as synthesized gold nanoparticles (lower curve). 
 

involvement of thiol group in the reduction process. Further confirmation of the oxidation 

of –SH group comes from the analysis of X-ray photoelectron spectra of AuNPs.51  
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Figure 3.5(a) shows the XP spectrum for S 2p binding energy (B. E.) region. The S 

binding energies at 163.2 eV and 164.7 eV correspond to S 2p3/2 peaks of thiolates and 

free -SH species respectively. There are two other major peaks of almost equal 

intensities to that of thiolate species at ca. 168 and 169.7 eV, which could be explained 

due to the formation of oxidized species. The contribution from the beam-induced  

 

 
Figure 3.5 Core level XP spectra of (a) S 2 p, (b) N 1s, (c) C 1s, (d) O 2p and (e) Au 4f species 
present in AuNPs. The triangles represent the experimental data; solid lines represent Gaussian 
fits to the data. The dotted lines are the de-convoluted individual peaks of different species 
present in the sample. 
 

damage can be ignored considering the high intensity of these peaks. Figure 3.5(b) is 

the XP spectrum for N 1s binding energy region, which shows a triplet. There is a minor 
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contribution from the gold amine complex having a very low intensity peak at 397.3 eV. 

The B. E. region corresponding to the free amino group or bonded amine falls in the 

range 398-400 eV. Therefore, the peak at 399.3 eV could be attributed to the bonded or 

free amine. There is a peak of nearly equal intensity at ca. 401 eV indicating the 

presence of N as charged species.52 This peak suggests the involvement of electrostatic 

interactions, particularly with nanoparticle surface and is in agreement with the earlier 

reports. 50a, 51a, 53Similarly, two peaks are observed in the C 1s region [Figure 3.5(c)] 

corresponding to the carbon atoms within the phenyl ring (major peak at 285 eV) and 

terminal carbons (a minor peak at ca. 287 eV. 50a Significantly, Figure 3.5(d) shows the 

oxygen 1s binding energy region with a prominent peak at 532.2 eV corresponding to 

the contribution from NH2C6H4SO2- species, while a minor peak of atmospheric oxygen 

is observed at 529.2 eV. The presence of O 1s peak further strengthens our earlier 

conclusion that thiol species undergoes oxidation during the reduction of metal ions. 

However, this oxygen also could be a bicarbonate/carbamate species that formed by 

reaction with ambient H2O and CO2 and was reported earlier for amine terminated 

SAM.52  

 
Table 3.1:    Binding energy positions for the atomic species present within AuNPs. 
 

Species B. E. (eV) 

S 2p (thiolates and free –SH) 

Oxidized S 

163.2, 164.7 

168, 169.7 

N 1s 397.3 (minor), 399.3, 

401 

C 1s 285, 287 

O 1s 529.2 (minor), 532.2 

Au 4f 84.2, 87.9 

 

Au 4f peaks are slightly shifted towards higher binding energy. This shifting of B. E. 

values compared to bulk gold infers a shift in the Fermi level. A similar positive shifting in 

the Au 4f core-level has been reported upon interaction of adsorbed thiol molecules with 

gold nanoparticles.54 A maximum shift of 0.41 eV has been reported for smallest particle 

(~ 1nm) without any line width broadening. This suggests that these changes affect the 
……………………………………………………………………………………………………………………………..
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whole particle and not only the particle surface, where the actual Au-S or Au-N bond is 

located. The valence band can undergo similar shifting and change of valence band 

shape due to the re-hybridization of Au 5d electrons leading to the creation of an Au-S 

bond. XP spectrum in Figure 3.5(e) shows the 4f7/2 peak at 84.2 eV and 4f5/2 peak at 

87.9 eV respectively.47a Table 3.1 summarizes the XPS results. 

Two major conclusions can be drawn from the XPS analysis from the Table 3.1: (a) 

both -NH2 and -SH groups compete for the attachment on nanoparticle surface and (b) –

SH undergoes oxidation during the reduction of AuCl4- ions. The presence of free amine 

and thiol groups on the AuNP surface renders them soluble in polar solvents.  Above 

experimental results suggest that both amino and thiol groups take part in the reduction 

process. The role of amine as a reducing as well as surface passivating agent is well 

established and occurs through the initial formation of gold-amine complex followed by 

the reduction. A plausible explanation for the self-assembly formation can be drawn by 

considering the similar metal-binding ability of both thiol and amine groups. It can be 

summarized that the adjacent Au nanoparticles are interconnected either by hydrogen 

bonding through the direct coupling between amino and thiol groups or by covalent 

bonding resulting from the chemical reaction as discussed under the section 3.2 in the 

introduction. The synthetic procedure for Au NPs and their successive self-assembly 

formation is shown in Scheme 3.1. 

It is interesting to investigate the redox properties of as synthesized 4-ATP capped 

AuNPs, which might have important consequences in manipulating the surface 

properties of nanoparticles due to the formation of various redox-active functional 

groups.31, 33, 55 Accordingly, Figure 3.6(a) shows the cyclic voltammograms of as 

synthesized AuNPs on Pt electrode in a potential window -0.2 to 0.9 V in 0.1 M HClO4 at 

a scan rate of 0.1 Vs-1. In particular, two quasi-reversible redox couples are observed 

centered at 0.32 and 0.11 V vs. Ag/AgCl respectively, of which the couple at 0.32 V is 

significant one. More specifically, an oxidation and a low intensity reduction peaks can 

be seen at 0.38 V and 0.25 V respectively in the voltammogram, which decreases with 

successive cycles [inset, Figure 3.6(a)]. Similarly, Figure 3.6(b) shows the superimposed 

cyclic voltammograms of the AuNPs at different scan rates: 0.005, 0.04, 0.08, 0.15, 0.40, 

and 1 Vs-1 under identical experimental conditions. The redox peaks are well resolved in 

the differential pulse voltammograms as can given in inset of Figure 3.6(b). Interestingly, 
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the redox couples of the present NPs at 0.32 V and 0.11 V are in accordance to the 

Lukkari’s report, considering the shift of potential could be due to the differences in the 

environment of 4-ATP capped NPs on Pt electrode to that of 4-ATP monolayer on gold.31 

Accordingly, the prominent quasi-reversible redox couple at 0.32 V indicates the 

presence of the quinone-diimine in these NP assemblies, which probably formed during 

the synthesis or in a similar dimerization step as predicted in the case of 4-ATP SAM. 

Interestingly, a small quasi-reversible couple at 0.11 V signifies the hydrolyzed product 

of the diimine as quinone-monoimine. Granot et. al have attributed this redox couple to 

bisaniline cross-linked units.36 In a striking difference, the initial formation of the radical 

cation step is absent in the cyclic voltammograms of these NPs appeared due to the 

initial oxidation through protonation, which is reasonable as the XPS results indicate the 

prior formation of charged -N species during the synthesis. Thus, the presence of these 

charged species also suggests the formation of these electroactive dimerized products 

during the reduction of AuCl4- ions, which initiates the assembly formation. 

 

 
 
Figure 3.6: Cyclic voltammograms of AuNPs: (a) at a scan rate of 0.1 Vs-1 (2nd cycle; inset 
shows the cyclic voltammograms for first 5-cycles) and (b) at different scan rates: (i) 0.005, (ii) 
0.04, (iii) 0.08, (iv) 0.15, (v) 0.4, and (vi) 1.0 Vs-1. The potential was cycled between -0.2 and 0.9 
V in 0.1M H2SO4. AuNPs modified Pt disc electrode was used as working electrode, Pt flag as 
counter and Ag/AgCl electrode was used as reference electrode. Inset shows the differential 
pulse voltammograms at amplitude 0.03 V under the identical potential window. 

 

In essence, a single step method for the synthesis and self-assembly of ca. 3 nm 
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gold nanoparticles by 4-ATP in DMF/water has been achieved and the size of the 

nanoparticles can be  controlled by keeping a critical AuCl4- /4-ATP ratio at controlled 

pH. An appropriate selection of solvent is very important for the reduction process, since 

4-ATP is a weak reducing agent. The reduction of AuCl4- ions takes place only in the 

presence of high dielectric solvents like DMF and dimethylsulfoxide (DMSO).4b The high 

water content (> 80 %) facilitates assembly formation and precipitation occurs within 30 

min, although the nanoparticles are neither formed in water nor in DMF alone at room 

temperature. DMF accelerates the reduction process and its electron donating property 

has been established at elevated temperature. Amino group of 4-ATP is primarily 

involved in the reduction process, which is further investigated in the next section where 

gold nanoplates have been prepared using multifunctional dye molecules containing 

several amino groups. 

 

3.4.2 Gold Nanoplates by Bismarck Brown R and Bismarck Brown Y 
In this section, we discuss a new strategy based on wet chemical techniques to 

prepare triangular and hexagonal nanoplates using two important poly functional dye 

molecules, Bismarck brown R (BBR) and Bismarck brown Y (BBY) as reducing/capping 

agents, demonstrating importance of poly-functional organic molecules in shape control. 

 

 
Figure 3.7: TEM images of the various structures formed in the reaction between 40 mL of 
aqueous BBR and 20 mL of aqueous HAuCl4 solution in presence of 400 mg of PVP at different 
time intervals: (a) 5 min, (b) 2 h, (c) 7 h, and (d) 15 h. For first three cases scale bar is 50 nm and 
for the last one it is 1 µm.  
……………………………………………………………………………………………………………………………..
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The morphological evolution of gold nanoplates is investigated initially by time 

dependent transmission electron microscopy. Figure 3.7 displays the typical TEM 

images of various nanostructures obtained from the reaction mixture of 40 mL of 

aqueous BBR and 20 mL of aqueous HAuCl4 solution in presence of 400 mg of PVP at 

different time intervals: (a) 5 min, (b) 2 h, (c) 7 h, and (d) 15 h. The images clearly show 

the evolution of various shaped nanoparticles at different time intervals. Thus, the growth 

mechanism of gold nanoplates could be speculated as due to the very slow reduction of 

AuCl4- ions by BBR/BBY forming spherical nanoparticles with dynamic surfaces at initial 

stages, which finally grow into triangular and hexagonal shapes. TEM studies confirm 

the above speculation as formation of spherical nanoparticles is observed initially, which 

finally converted into nanoplates (Figure 3.7 a-d). Although few methodologies have 

been developed to synthesize triangular gold nanoplates, mechanistic details of their 

growth are still elusive (except for the case of photo-induced conversion12e).11, 12a, 56 The 

structural dependence of reducing agents on the shape selective growth of nanocrystals 

is either little known or ignored so far. Significantly, our investigations and other related 

studies carried out with linear amines have demonstrated that spherical nanoparticles 

are formed in case of mono functional molecules, while poly functional reducing agents 

give high aspect ratio nanostructures.57 From these studies, we conclude that shape 

control can be achieved by choosing specific reducing agents during the growth of 

nanocrystals.  

 

 

Figure 3.8: (a) TEM image of the triangular gold nanocrystals obtained from the reaction mixture 
of BBR and HAuCl4. (b) TEM image of a micrometer sized hexagonal plate along with a truncated 
triangular plate. 
 
……………………………………………………………………………………………………………………………..
Physical and Materials Chemistry Division, National Chemical Laboratory             
 

130



Ph. D. Thesis  Chapter 3 University of Pune, May 2006 
--------------------------------------------------------------------------------------------------------------------------------- 

Figure 3.8(a) displays a typical TEM image of nanoplates, where both sharp edged 

and truncated triangular nanoplates are clearly seen with the edge length of 500 nm to 

several nanometers (micrometer). Since, all these nanoparticles are collected at a 

particular time period, it is unexpected that all particles would have single shape and 

instead a mixture of triangular and hexagonal nanoplates can be seen, which is 

however, commonly observed phenomenon for gold nanoplate synthesis.11a, 56, 58 Figure 

3.8(b) shows TEM image of a micrometer sized hexagonal plate along with a truncated 

triangular plate.  SAED pattern of such a hexagon shows similar pattern to that of a  

 

 
Figure 3.9: SAED patterns of (a) spherical nanoparticles, (b) triangular and (c) hexagonal 
nanoplates, while (d) is the XRD pattern of a large quantity of the as synthesized gold nanoplates 
supported on glass plate. 
 

triangular plate and has face-centered-cubic (fcc) gold features. Accordingly, the 

selected area electron diffraction (SAED) patterns of such nanoplates are indexed based 

on the fcc structure of gold.12e Figure 3.9 shows the SAED patterns of (a) spherical 

nanoparticles, (b) triangular nanoplates, and (c) hexagonal nanoplates. The elementary 

ring structure of the SAED pattern from the spherical nanoparticles is characteristic of 

polycrystalline gold, while the pattern ‘b’ in Figure 3.9 of nanoplates clearly indicates that 

the triangle is single crystalline. The hexagonal nature of the diffraction spots, infers that 

the triangles are highly (111) oriented with the top view is normal to the electron beam. 

Similar pattern is observed for hexagonal gold nanoplates indicating the identical crystal 

structure with that of triangles [Figure 3.9(c)]. XRD pattern also agrees well with the 

SAED pattern having overwhelmingly intense diffraction from (111) crystal planes 
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located at 2θ = 38.2 degree, while diffraction from other planes such as (200), (220) and 

(311) of fcc gold respectively are insignificant [Figure 3.9(d)].12h This clearly indicates 

that (111) planes of gold nanoparticles are highly oriented parallel to the supporting 

substrate and is in good agreement with commonly observed similar lattice structures of 

silver, copper, and nickel.59 The lattice constant calculated from this pattern is ~ 4.07 A0, 

a value in agreement with that of the literature reports.47b

 

 
 
Figure 3.10: (a) SEM image of the various structures found in the final product in the reaction 
between 40 mL of aqueous BBR (0.1 mM) and 20 mL of aqueous HAuCl4 (1 mM) solution in 
presence of 400 mg of PVP after 24 h. (b) AFM images of hexagonal and triangular nanoplates 
along with the respective height profile.  

 

Figure 3.10(a) shows the SEM image of gold nanoplates prepared using BBR. The 

image shows a large amount of hexagonal and triangular nanoplates indicating the 

robustness of the synthesis to get a large quantity of nanoplates. The thickness of these 

plates was measured by atomic force microscopy (AFM). Accordingly, Figure 3.10(b) 

shows the AFM images of a hexagonal gold nanoplate along with the triangular 

counterpart. The thickness of a typical nanoplate is found to be ca. 108 nm from the 

height profile of the AFM image with a lateral dimension of 1.5 µm.    

Figure 3.11(a) shows a typical broad, yet informative UV-visible spectrum exhibiting 

clear absorption corresponding to surface plasmon resonance of nanoplates with few 

distinct features. The absorption maximum at ca. 400 nm and ca. 650 nm correspond to 

the triangular gold nanoplates extending up to the NIR region of the electromagnetic 
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spectrum.11a Interestingly, a discernible absorption peak at 300 nm is also appeared due 

to the presence of UV active surface passivating agents. A plausible explanation of the 

broad spectrum is that it could possibly originate due to the presence of both 

triangularand hexagonal nanoplates with a wide distribution of particle (nanoplate) size. 

Figure 3.11(b) shows the evolution of UV-visible spectrum of nanoplate reaction mixture 

at different time intervals. The aqueous dispersion of these nanotriangles appears green 

upon irradiation by ultraviolet ray (365 nm, inset). FTIR spectrum [Figure 3.12(a)] 

confirms that a fraction of BBR molecules is present as surface passivating agent either 

in the un-reacted molecular state or as a mixture of reacted and un-reacted product, 

which probably undergoes charge transfer with gold nanocrystals upon UV-irradiation 

[Figure 3.12(a)], where appearance of well established stretching frequencies of different 

bonds at 933 (C-H deformation from tetra/penta-substituted benzene), 1111 (C-H 

deformation from substituted benzene ring), 1222 (C-N vibration), 1397 (CH3 

deformation), 1510 (aromatic homocyclic C=C vibration), 2374 (charged amines, NH+ 

stretching), 3124 (bonded NH, N-H stretching) cm-1 give conclusive evidence. 

 

 
 
Figure 3.11: (a) UV-visible spectrum of the gold nanoplates synthesized by reacting 1 mM 
aqueous solution of HAuCl4 with 0.1 mM aqueous solution of BBR in presence of 400 mg PVP. 
The inset shows photographs of the dispersion of gold nanoplates (i) in normal light and (ii) under 
UV-irradiation (365 nm). (b) Time dependent UV-visible spectra of the above reaction mixture 
along with the spectrum for pure BBR in water. 
 

Qualitative elemental study was further carried out by X-ray photoelectron 
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spectroscopy. Accordingly, XP spectrum in Figure 3.12(b) confirms the presence of 

metallic gold with characteristic XP spectrum giving binding energy values at 83.9 eV  

 

 

 
 
Figure 3.12: (a) FTIR spectrum of the product formed in the reaction of 40 mL aqueous BBR and 
20 mL aqueous HAuCl4. Inset shows the spectrum of pure BBR. Core level XP spectra of Au 4f, 
N 1s, C 1s, and O 1s respectively are also given (b-e). The triangles represent the experimental 
data; the squares represent Gaussian fits to the data. The dotted lines are the de-convoluted 
individual peaks. The XPS data were carbon corrected assuming the C 1s binding energy value 
at 285 eV. 
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(4f7/2) and 87.5 eV (4f5/2).51d Significantly, XP spectrum for N 1s region shows a triplet 

with a minor contribution from the gold amine complex giving a low intensity peak at 

398.5 eV [Figure 3.12(c)]. The B. E. region 398-400 eV corresponds to the free amino 

group or bonded amine. Therefore, the peak at 399.7 eV could be attributed to the N 1s 

spectrum of bonded or free amine. A very low intensity peak at ca. 401.8 eV indicates 

the presence of N as charged species. This peak suggests the involvement of 

electrostatic interactions, particularly with nanoparticle surface and is in agreement with 

the earlier observation.50a, 51a, 52, 53

 

 
 
Figure 3.13: Cyclic voltammogram of Au nanoplates synthesized by BBY. The scan rate is 0.1 
Vs-1, whereas inset shows the cyclic voltammogram of pure BBY under identical scan rate. The 
potential was cycled between 0.9 V and -0.2 V in 0.1 M H2SO4. Au nanoparticles modified glassy 
carbon disk electrode (3 mm) was used as working electrode, while Pt flag as counter and 
Ag/AgCl as reference electrode. 

  

Three peaks are observed in the C 1s region [Figure 3.12(d)] corresponding to the 

carbon atoms within the phenyl ring at 285 eV (major peak) and terminal carbons or 
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aliphatic carbons at ca. 286 eV (a minor peak), while the peak at ca. 288 eV 

corresponds to the >C=O group, indicating the presence of PVP on the surface. Oxygen 

1s region shows two peaks at ca. 531 and 533.8 eV, and are presumed to be from the 

adsorbed oxygen or atmospheric oxygen species and from the pyrrolidone ring of PVP 

respectively [Figure 3.12(e)].52

These nanocrystals exhibit unprecedented redox properties as has been investigated 

by cyclic voltammetry with a sample coated glassy carbon electrode (3 mm) as working 

electrode in 0.1 M HClO4 solution. Accordingly, Figure 3.13 is a typical cyclic 

voltammogram recorded at 0.1 Vs-1 in the potential window between -0.2 and 0.9 V  

 

 
 

Figure 3.14: (a) Scan rate dependent cyclic voltammograms of Au nanoplates synthesized by 
BBY. The potential was cycled between -0.2 and 0.9 V in 0.1 M H2SO4 at different scan rates. 
Inset shows the cycle dependent cyclic voltammograms for first five cycles at a scan rate of 0.1 
Vs-1. Au nanoplate modified glassy carbon disk electrode was used as working electrode (3 mm), 
Pt flag as counter and Ag/AgCl electrode was used as reference electrode.  b & c are the plots of 
variation of anodic and cathodic peak currents with scan rates respectively. 

 

giving rise to a unique redox couple at 0.45 V. This redox couple arises from the redox 

activity of -N=N-bond attached to the nanoplates unambiguously establishing the nature 
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of a surface immobilized species.60 In general, azo dyes exhibit several oxidation and 

reduction peaks leading to the formation of unstable amines or cleavage of the azo 

bonds.61 More specifically, oxidation/reduction of azo group gives quasi-reversible redox 

peaks in the potential range 0.15 to 0.58 V, which can be correlated to the surface 

confined peak at 0.45 V. It is worth mentioning that the electrochemistry of bulk 

BBY/BBR (cyclic voltammetric response is identical for both the molecules) on gold 

electrode shows quasi-reversible redox behavior (see inset, Figure 3.13). The difference 

between the solution electrochemistry and surfaced immobilized electrochemistry of 

BBY/BBR could be interpreted due to the ability of electropolymerization in solution (as a 

result, precipitation occurs slowly), while for the latter case limited mobility of the surface 

confined species restrict it. The electropolymerization of o-phenylenediamine and the 

dependence of oxidation potential on the molecular structure of aryl amines have been 

demonstrated recently.62

Ideally, surface-confined redox species exclusively gives very symmetric waves 

without any peak separation between the anodic and cathodic peak positions. The full 

width at half-maximum (FWHM) is expected to be 0.096 V for an ideal, reversible, one-

electron reaction of an adsorbed species. 63 In the present study, a peak separation of 

0.01 V and FWHM of 0.09 V are observed at a scan rate of 0.1 Vs-1, which is in 

agreement with the ideal surface-confined behavior. Figure 3.14(a) shows the cyclic 

voltammograms at different scan rates, which show that peak positions are invariant 

towards scan rate. However, when the FWHM values are analyzed for different scan 

rates, it is apparent that, for few cases, the values are lower than the expected 0.096 V. 

These observations point on the kinetic limitations or attractive interactions of the 

molecules on the surface of gold nanoparticles. A plot of the peak current vs. scan rate 

(Figure 3.14b and 3.14c) is found to be linear, as expected for a surface-confined 

species. The surface layers are stable, and the peak currents remain constant with 

repeated cycling in the potential range between –0.2 and 0.9 V (inset, Figure 3.14a).  

Above experimental results clearly demonstrate the unique role of poly functional 

organic molecules in shape selective synthesis of metal nanoparticles. A series of 

organic molecules have been tested as summarized in Table 3.2. In few cases, 

surfactants, like PVP play a major role in deciding the yield, whereas the selection of 

solvents is also an important factor in few other cases. Surfactants play the role of 
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Table 3.2: Different shapes of nanoparticles obtained by various poly-functional molecules.  

 
Molecules Shape and size of the 

nanoparticles  (gold) 
Shape and size of the 
nanoparticles  (silver) 

4-ATP Spherical, 3 nm Nanowire, 60-80 diameter, 1-5 
micrometer length 

TDA Spherical, controllable size Spherical, controllable size 
BBR Triangular and hexagonal 

nanoplates, 80-120 nm thick, 
1-2 micrometer breadth (70-
80 yield) 

Mixer of rod shaped and 
spherical nanoparticles (poor 
yield of rods) 

BBY Triangular and hexagonal 
nanoplates, 80-120 nm thick, 
1-2 micrometer breadth (70-
80 yield) 

Mixer of rod shaped and 
spherical nanoparticles (poor 
yield of rods) 

CD Nanoparticles with arbitrary 
shapes (contains mixture of 
spherical, triangular, and 
other particles) 

Spherical nanoparticles 
 

MB 
 

Nanoparticles with arbitrary 
shapes (contains mixture of 
spherical, triangular, and 
other particles) 

- 

FB 
 

Non uniform ribbon like 
structures 

Spherical nanoparticles 

 

stabilizing and compartmentalizing agents as these shapes are also obtained in its 

absence although by sacrificing the selectivity of the final product. Importantly, BBR and 

BBY have several functional similarities and we did not observe any major differences 

toward the shape of gold nanoplates by these molecules. However, in case of BBY, 

relatively higher abundance of triangular plates (as compared to hexagons) has been 

achieved. The structural dependence of reducing agents on the shape selective growth 

of nanocrystals is either little known or has been ignored so far. One of the important 

advantages of the present study is the abundance of photo-responsive chromophoric 

groups on nanoparticle surfaces giving the important benefit of imparting and tailoring 

different optical functions to these types of hybrid materials especially for future 

applications.  

 

3.5 Conclusions 
We address specific issues related to the synthesis of spherical gold nanoparticles 

using 4-ATP, whereas gold nanoplates are exclusively formed by multifunctional dye 
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molecules like BBR/BBY. A single step preparation of smaller sized (ca. 3 nm, 

approximate composition Au923ATP241) gold nanoparticles (Au NPs) followed by their 

self-assembly is demonstrated using 4-ATP as a reducing agent in DMF/water. The 

instantaneous UV-visible absorption spectrum shows a relatively sharp peak at 550 nm, 

which becomes a broad band after 1h of mixing due to the formation of aggregates. 

Transmission electron microscopic images reveal close packed assembly of gold 

nanoparticles induced by the bi-functionality of 4-ATP. Thermo-gravimetric analysis 

shows ca. 22 % organic molecules on the surface of Au NPs, while the molecular level 

analysis of the ‘as prepared’ gold nanoparticles by Fourier transform infra-red spectrum 

shows the presence of -SO stretching. X-ray photoelectron spectroscopic results also 

confirm the oxidation of –SH during the reduction of AuCl4- ions. The cyclic 

voltammograms of the monolayer protected Au nanoparticles show quasi-reversible 

redox behavior, though the electrochemical features are different from those of self-

assembled monolayer (SAM) of ATP on gold electrode. Similarly, highly crystalline 

hexagonal and triangular nanoplates of gold are synthesized in high yield by a new wet 

chemical method using multifunctional molecules, Bismarck brown R (BBR) and 

Bismarck brown Y (BBY). These nanoplates show unprecedented electrochemical 

properties exhibiting surface confinement behavior. The UV-visible spectrum shows 

certain distinct features with absorptions at 300, 400, and 650 nm extending up to the 

near-infrared region. Selected area electron diffraction patterns of these nanoparticles 

show highly oriented (111) crystal facets. X-ray diffraction analysis also confirms the 

predominant orientation in the (111) crystal planes with lattice constant ~ 4.07 A0 of fcc 

gold. X-ray photoelectron (XP) and Fourier transform infrared (FTIR) spectroscopic 

analysis shows the presence of a fraction of reducing molecules as surface passivating 

agent either in the un-reacted molecular state or as a mixture of reacted and un-reacted 

product, which probably undergoes charge transfer with gold nanocrystals giving 

absorption at ∼300 nm.  These types of hybrid materials are expected to be useful for 

solving many challenges related to the applications of nanotechnology especially for 

optical and electronic devices. 
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Chapter 4 

 

Bimetallic Assembly: Formation of Interlinked Gold and Silver 
Nanoparticles*

 

The  present chapter describes bi-metallic assembly of silver and gold nanoparticles  
using 4-aminothiophenol as a cross linking unit. More precisely, interlinking of gold and  
 

 
 
 
silver nanoparticles has been demonstrated at controlled pH. A judicious control of pH at 
7.8 enables synthesis of gold nanoparticles surface functionalized with amino group, 
which is then used for the interlinking of in situ generated silver nanoparticles. Such 
interlinked assemblies show surface plasmon absorption in the range 540-580 nm 
presumably due to the intercrystal surface plasmon coupling. Interestingly, silver 
nanoparticles synthesized from silver benzoate gives a highly ordered assembly as 
compared to that from silver nitrate. Benzoic acid produced in the reaction as byproduct 
links to silver nanoparticle surface, thus providing the necessary stability for the as 
synthesized assemblies. 
 

 

 

Scheme shows the Au-Ag bi-

metallic assembly formation 

by reduction of silver nitrate 

(upper one) and silver 

benzoate (lower one) in N, N-

dimethylformamide 

*A part of the work has been published in J. Coll. Int. Sci. 2004, 272, 145. 
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4.1 Introduction 

One of the major objectives of nanoscale materials research is to design methods for 

self-assembly formation without losing their individual characteristics by simple 

processing, thereby enabling the manipulation of their size and shape dependant 

properties, so that they can be understood as pure macromolecular substances with 

outstanding fundamental and potential technological consequences.1 Several advanced 

techniques, such as electron beam lithography (EBL) have been previously employed to 

get ordered assemblies of metal nanoclusters with controllable geometry and 

dimensions and such methods allow the reliable production of large number of 

supperlattice particles of precisely controlled shape and particle-particle separations.2 

Therefore, many applications envisioned for nanotechnology require assembled 

nanometer scale elements of two or more metals or  semimetals or semiconductors and 

their combinations (hetero-structures)  to have hybrid properties. For example, a planar 

array of small metal islands separated from each other by tunnel barriers is of great 

interest for developing nanoscale electronic or digital circuits, which also has drawn 

tremendous interest for theoretical studies.3  

The electronic conduction in such structures is said to be varied from metallic to the 

insulating limit by controlling the size and the strength of coupling. All such investigations 

have been inspired by the fact that optical and electronic properties of such assemblies 

and core-shell nanoparticles can be tuned with respect to interparticle separation and 

shell thickness.4 Murray et al. have used an Arrhenius type activated tunneling model to 

describe the electron transport through such 3-D network of monolayer-protected gold 

nanoparticles as represented by the equation 4.1.5

TkE
EL

BAeeT /
0 )(),( −−= βδσδσ         4.1 

where, β is the electron tunneling coefficient in units of Å-1, δ the average interparticle 

distance, EA the activation energy, and σ0e-βδ the conductivity at kBT»EA. The first 

exponential term describes the electron tunneling between the particles through organic 

linker molecules where the charge transport is governed by the nature of the molecule 

as conductivity of such molecules depends exponentially on the chain length. Methylene 
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(CH2) groups are considered to be insulators, and therefore, Fermi level of the 

monolayer protected metal is located in the HOMO-LUMO gap of the molecule, which 

depends on the capping agents. Side orbitals provide a super-exchange pathway for the 

electrons to tunnel along the molecule, while the presence of aromatic rings can cause 

many interesting consequences.5b  

Different models have been developed for the theoretical description of the activation 

energy of charge transport, which is indeed given by the second exponential term in 

equation 4.1. For example Abeles et al. developed a simple electrostatic model to 

describe the activation energy for the activated charge transport in granular metals.6 In 

the low-field regime, σ ≈ exp[-2(C/RT)0.5], where C = δβEA,GM and EA,GM is given by 

⎟
⎠
⎞

⎜
⎝
⎛

+
−=

δπεε rr
eE GMA

11
8 0

2

,                       4.2 

where, r is the radius of the particle, δ the interparticle distance and ε the dielectric 

constant of the surrounding matrix. The free energy for activation (∆G*) of electron 

transfer can also be derived from the Marcus theory by the repolarization of the organic 

dielectric matrix.5, 7, 8 Murray and co-workers compared experimentally obtained 

activation energies from films of noninterlinked Au NPs with both EA,GM and  ∆G* and 

have found that neither of the above models provides an adequate description of the 

experimentally observed activation energies. Later, Wessels and co-workers further 

extended the study to optical and electrical properties of 11-20 nm thick films of ~ 4 nm 

gold particles interlinked by several dithiols linker molecules with various chain lengths 

and functional moieties.9 These films of assembled nanoparticles by alkyl dithiols 

undergo thermally activated charge transport with activation energies between 554 and 

71 meV. In sharp contrast, similar studies carried out with aryl dithiols show relatively 

much lower activation energies (14 meV), because of the formation of a resonant state 

at the interface due to the overlap of molecular orbital and metal wave functions. 

However, electron tunneling decay constant is mainly governed by the nonconjugated 

parts of these molecules. Thus, these dithiol molecules can be viewed as serial 

connections of electrically insulating (nonconjugated) and conductive (conjugated) parts, 

allowing us to tune the conductivity from the insulating to the metallic limit by 
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manipulating the conjugated units, but without altering significantly the interparticle 

spacing.9

Similarly, changes in electron transport properties of such assemblies are also 

accompanied by changes in optical absorption characteristics due to interparticle 

coupling of surface plasmons having important implications for the development of 

optical devices and in techniques such as surface-enhanced Raman scattering.10 For 

example, significant broadening and red shifting of the plasmon absorption band 

generally signifies assembly formation.11 The absorption characteristics of nanoparticles 

in solution or deposited on substrates are determined by the local dielectric environment 

and size of the particles, the interparticle spacing, and the chemical nature of the 

interface.12,13 If the particles are closely packed, the average polarization field from the 

surrounding particles additionally influences the plasmon resonance.14

In general, self-assembly of nanoclusters can be formed either by direct covalent 

attachment of different building blocks after functionalization or by some non-covalent 

(electrostatic, hydrophobic, hydrogen bonding etc.) interactions between functionalized 

nanoclusters.15 For example, gold nanoparticle aggregation has been demonstrated 

using dithiols as linking units by virtue of the strong Au-S interaction.16 Such organization 

of molecularly linked gold nanoclusters often leads to two dimensional superlattices.17 

The initiation of the aggregation process generally leads to distinct color changes from 

red to blue followed by quantitative precipitation of insoluble networked nanoparticles 

with the retention of individual character. Similarly, Murray and co-workers have used 

dissolved DNA and carboxylate-metal ion-carboxylate bridges to interlink monolayer 

protected metal nanoclusters.18 Similar 3D assembly of gold nanoparticles have been 

achieved by several other poly-functional molecules.19 Interestingly, such aggregation 

process can even be made reversible with changeable interparticle interactions by UV-

photoactivation.20 Some of these organizations are achieved by delicate procedures 

where several precautions are essential. For example, organization of clusters at the 

air/water interface using Langmuir Blodgett techniques requires extreme care.21  

It is highly desirable to extend this type of assembly for two or more metal 

nanoparticles to synthesize hetero-assembly; so that interesting and new properties of 

such hybrid materials can be further explored. The study of bimetallic or trimetallic 
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nanoparticles is significant because of their interesting optical, magnetic, and catalytic 

properties.22 For example, silver nanoparticles have been organized on Fe3O4 

nanoparticle surface using electrochemical (galvanic) reduction of Ag+ ions by Fe(II), 

which are fluorescent and also responsive to magnetic field.23 Magnetic properties of 

such hetero-assemblies and alloys can be manipulated with respect to their mixing 

ratio.22c, 24 Similarly, thin film assembly of binary metal nanoparticles via interparticle 

linkages of dicarboxylic acid mediators has been demonstrated recently.25  This method 

is based on the combination of gold-sulfur and silver-carboxylate binding affinity via 

selective interparticle linkages at the silver sites for the assembly of Au-Ag 

nanoparticles. Despite of these various protocols for the assembly of nanoparticles, 

chemical control of such assembly formation appears to be difficult because it is not 

usually possible to adjust precisely the number and spatial orientation of chemically 

reactive linker groups on the surface of the particle.  Therefore, an understanding of the 

binary or ternary hetero-assembly and the interparticle interactions is very important, 

since little is known about the assembly of binary or ternary metal nanoparticle systems. 

This is because lack of controllability over the interparticle linkages at the multi-

component nanocrystal surfaces restricts their uniform assembly formation. Thus the 

development of simple and easy preparation techniques for chemically interlinked 

clusters is important which would help to overcome such limitations in organizing arrays 

of nanoparticles of two or more metals for the fabrication of more complex micro/nano-

electronic devices. 

In this context, present chapter reports a simple method for the formation of bi-

metallic self-assembly by controlled inter-linking of Au and Ag nanoclusters using 4-ATP 

as molecular interconnects. 4-ATP was selected on the basis of its known pH dependent 

capping behavior, which could be used advantageously to anchor silver nanoclusters on 

Au.26 The mode of linking depends on the source of silver as illustrated by using silver 

benzoate as a better source for getting close-packed assemblies compared to silver 

nitrate since benzoic acid formed during its reduction may direct the assembly into a well 

packed structure. Though we have not attempted to control the size and shape 

precisely, a judicious change of concentrations would enable to have the control over it 

too. ‘As synthesized’ hetero-assembly was characterized by UV-visible spectroscopy 
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and transmission electron microscopy. UV-visible spectrum of interconnected 

nanoparticles of gold and silver shows gradual changes during its formation and finally 

gives an absorption maximum at ca. 575 nm. 

4.2 Experimental Section 

4.2.1 Materials: Gold tetrachloro acid trihydride (HAuCl4.3H2O, 99.9 %), 4-

aminothiophenol (4-ATP, 90%), tridecylamine (TDA, 98%), sodium borohydride (NaBH4, 

99%) and lithium perchlorate (LiClO4, 99.9%) were purchased from Aldrich chemicals. 

Silver nitrate (AgNO3, 99.9%), toluene (99.8%), and N, N-dimethyl formamide (DMF, 

99.9%) were purchased from Merck. All these chemicals were used without further 

purification. Water used for these experiments was deionized with Milli-Q Reagent water 

system.  

4.2.2 Procedure for the Preparation of Silver Benzoate: 1.2 M benzoic acid was 

mixed with 1M NaOH in water. Finally, solid silver benzoate was obtained by the 

dropwise addition of aqueous AgNO3 (1M) into the as prepared sodium benzoate under 

vigorous stirring, followed by filtration, washing (with deionized water for several times) 

and drying under vacuum at 40 0C. 

4.2.3 Synthesis of Nanoparticles 

(a) Synthesis of Au NPs: Gold nanoparticles were prepared in a two-phase 

water/toluene system using modified Brust’s method.27 Briefly, equal volume (50 ml 

each) of ammoniacal aqueous solution of 0.5 mM HAuCl4 (pH ca.7.8) and 1 mM ATP 

solution in toluene were taken, followed by reduction with freshly prepared 0.01 M 

aqueous NaBH4 solution under continuous stirring for 30 min. 4-ATP capped Au NPs 

readily reached the interface due to the hydrophilic amine group, which were then 

separated out and washed thoroughly with water and toluene. After drying under 

nitrogen atmosphere [complete drying makes it difficult to re-disperse in DMF], Au NPs 

were re-dispersed in 40 ml DMF.  

 

(b) Formation of Au-Ag Hetero-assembly, Set 1: 0.5 mM AgNO3 was added to 40 ml 

of 4-ATP capped Au NP dispersion in DMF under continuous stirring. AgNO3 was 
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spontaneously reduced in DMF to form Ag NPs forming Au-Ag hetero-assembly. 

Set 2: Similarly, 0.5 mM silver benzoate was added to 40 ml DMF containing Au NPs 

under vigorous stirring and was reduced instantaneously with 1 ml triethylamine (TEA).  

4.2.4 Characterization Techniques 

4.2.4.1 UV-visible Spectroscopy : All UV-visible (UV-vis) absorption measurements 

were recorded using UV-2101PC double beam spectrometer, Shimadzu with quartz cells 

of 1 cm path length. The spectra were background subtracted using the solvent used for 

nanoparticle dispersion.  

4.2.4.2 TEM Analysis: The TEM micrographs were taken on a JEOL model 1200EX 

instrument operated at an accelerating voltage of 120 KV. The TEM samples were 

prepared by drop-casting the respective solutions on a carbon coated Cu grids (3 nm 

thick, deposited on a commercial copper grid) and air dried at room temperature.  

4.2.4.3 XPS Analysis: XPS measurements were carried out on a VG MicroTech ESCA 

3000 instrument at a pressure >1 × 10-9 Torr. The general scan inclusive of Au 4f, Ag 3d, 

C 1s, S 2p, and N 2p core-level spectra was recorded with un-monochromatized Mg Kα 

radiation (photon energy = 1253.6 eV) at a pass energy of 50 eV and an electron takeoff 

angle (angle between electron emission direction and surface plane) of 60o. The overall 

resolution was ~1 eV for all the measurements. The core-level binding energies (BE) 

were aligned taking the adventitious carbon binding energy as 285 eV. The powdered 

samples of Au-ATP-Ag was separated from the precipitate and purified by successive 

washing with acetonitrile/water mixture and finally by dry acetonitrile. Similarly, initially 

prepared Au nanoparticles were washed thoroughly with water and toluene prior to the 

XPS analysis. These samples were then dried under vacuum.  

4.3 Results and Discussion 

UV-visible spectroscopy is a commonly used tool for monitoring the assembly 

formation, since such assemblies are associated with color changes due to the  

interaction of surface plasmons of neighboring nanoparticles.28 Generally, absorption 

characteristics of assemblies are different to that of their individual component 
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nanoparticles. Therefore, it is highly desirable to study the individual UV-visible 

absorptions of component nanoparticles prior to their assembly. Accordingly, Figure 4.1 

shows UV-visible spectra of (i) 4-ATP capped Au nanoparticles in N, N-

dimethylformamide, (ii) similar sized Ag nanoparticles synthesized by the reduction of 

silver benzoate using triethylamine, and (iii) silver nanoparticles from in situ reduction of 

AgNO3 by N, N-dimethylformamide.29 The individual surface plasmon absorption of ATP 

capped gold, triethyl amine capped  and bare silver at 532, 430, and 425 nm 

respectively indicate the formation of stable nanoparticles in N, N-dimethylformamide.30 

In comparison, spectrum ‘iv’ shows the surface plasmon band for tridecylamine capped 

silver nanoparticles, which gives a symmetric and sharp peak at 434 nm, confirming the 

feasibility of amine as a potential capping agent. Surface plasmon band of Au 

nanoparticles centered at 532 nm lies much higher in energy than the earlier report on 4-  

 

 
 
Figure 4.1: UV-visible spectra of different nanoparticle dispersions in N,N-dimethylformamide. (i) 
4-ATP protected Au nanoparticles, (ii) Ag nanoparticles formed by reducing Ag-benzoate with 
triethylamine, (iii) Ag nanoparticles by spontaneous reduction of silver nitrate in DMF, and (iv) 
tridecylamine capped Ag nanoparticles. 
 
ATP capped gold nanoparticles (650 nm in methanol).31a Our method of preparation 

presumably restricts the self-assembly formation during the synthesis and prevents any 

self-aggregation. The value at 650 nm arises mainly from the self-assembly of Au 

nanoparticles and the consequent coupling of the surface plasmon band. The 

appearance of surface plasmon peak at higher energies indirectly indicates the free 

availability of one of the functional groups (either amino or thiol) for further assembly 
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formation. 

In sharp contrast, Figure 4.2(a) shows the evolution of surface plasmon band after 

the addition of AgNO3 to the dispersion of 4-ATP capped Au NPs in DMF.  A 

characteristic single plasmon peak at 558 nm is evident, which is significantly red-shifted 

from the original SPR peak of 4-ATP capped gold nanoparticles. The appearance of this 

peak at 558 nm suggests the generation of silver nanoparticles on the addition of silver 

nitrate followed by the interlinking with functionalized gold nanoparticles preferably by 

Ag-amine link. This peak is significantly a dampened one, which further diminishes in 

intensity with time due to aggregation process. The change in the color of the sample 

after the assembly formation is evident from the photographs given as inset in Figure 

4.2(a). The stability of amine protected silver nanoparticles has been extensively 

investigated recently exhibiting effective protection of silver surface by amino group due 

  

 
Figure 4.2: UV-visible spectra of Au-Ag bi-metallic assemblies in N, N-dimethylformamide. (a)  
spectrum for the aggregates formed on addition of AgNO3 to a dispersion of 4-ATP capped gold 
nanoparticles in DMF; (b) spectrum for the bi-metallic assembly synthesized by reduction of Ag-
benzoate on addition of triethylamine in the presence of Au nanoparticles; inset of ‘a’ shows the 
photographs of different samples (1) 4-ATP capped gold nanoparticles, (2) Ag nanoparticles, (3) 
physical mixture of Au and Ag nanoparticles, and (4) chemically interlinked Au-Ag nanoparticle 
assemblies (all dispersions are in DMF). 

 

to which such nanoparticles are stable even after one year.30b  

In order to understand the role of silver salts, we have investigated the assembly 

formation by replacing silver nitrate with silver benzoate. Silver nanoparticles are in situ 

synthesized by reducing silver benzoate with triethylamine in a solution of 4-ATP capped 

gold nanoparticles under identical experimental conditions. Interestingly, faster 

aggregation is observed as compared to that of the earlier case with a distinct color 
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change. The UV-visible spectrum of these interconnected nanoclusters shows a red 

shifted peak at 575 nm [Figure 4.2(b)]. This SPR absorption is further red-shifted 

compared to the earlier case. However, this band can also be assigned to the 

interparticle plasmon resonance band for the mixed metal aggregates, which is 

consistent with the data included in the earlier reports.32 Effective assembly formation for 

the present organization process causes the relatively larger shifting. Thus the presence 

of UV-visible absorption maxima in the range 550-580 nm provides the vital proof for the 

assembly formation. Interestingly the optical property of this network structure is more or 

less similar to the gold encased silver nanoclusters where a red shifted single plasmon 

  

 
Figure 4.3: UV-visible spectrum of a physical mixture of 4-ATP protected Au nanoparticles and 
Ag nanoparticles in N, N-dimethylformamide. 
 

peak has been observed.33  

To confirm that the above optical absorption characteristics  are not simply from a 

physical mixture of individual gold and silver nanoparticles, UV-visible absorption for a 

mixture containing equal amount of pre-formed Au and Ag nanoparticles is investigated. 

Accordingly, Figure 4.3 shows a typical UV-visible spectrum for such a mixture with two 

shoulders, which can be de-convoluted into two peaks corresponding to the 

characteristic surface plasmon values at 432 nm for Ag and 530 nm for Au nanoparticles 

respectively. These peaks match well with their individual surface plasmon peaks 

(Figure 4.1) confirming our assignment for the interparticle coupling of the surface 

plasmon bands in the case of interlinked Au and Ag nanoparticles. Interestingly, the 
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appearance of plasmon peak at lower energy region precludes the possibility of alloy 

formation as absorption bands of alloys fall between the maxima of their constituent 

silver and gold surface plasmon absorption bands respectively and core-shell structures 

manifest themselves into two distinct bands depending on the thickness of the shell.34 
 

 
 

Figure 4.4 Transmission electron micrographs of interlinked Au and Ag nanoparticles. (a) 
Aggregates formed by the in situ reduction of AgNO3 in solution containing 4-ATP protected gold 
nanoparticles. (b) Bi-metallic assembly formed from Ag-benzoate on reduction by triethylamine. 

 

The formation of mixed metal assembly as suggested from the UV-visible spectra is 

further supported by the results of TEM studies. Accordingly, Figures 4.4(a) and 4.4(b) 

show a comparison of micrographs of mixed metal assemblies formed by the reduction 

of Ag+ ions when AgNO3 and Ag-benzoate are used as silver salts respectively. As seen 

in Figure 4.4(a), the in situ reduction of AgNO3 by DMF shows crystalline hetero-

assembly with individual clusters placed in random locations. In sharp contrast, TEM 

micrograph of sample from Ag-benzoate shows close-packed extended assembly 

[Figure 4.4(b)].  

Thus a distinct difference in degree of assembly formation is observed as we go from 

silver nitrate to silver benzoate as source for silver nanoparticles. It is expected that 

benzoic acid formed as byproduct during the reduction process controls the assembly 

formation. Benzoic acid binds strongly to as synthesized silver nanoparticles due to the 

Ag+-CO2
- interaction and thereby controls the nucleation process.35 This stabilization of 

silver nanoparticles controls the linking process ultimately leading to a close-packed 

crystalline bi-metallic assembly. This type of structural arrangement has a basic 

difference from the one reported by Schiffrin et al, where they have prepared non-
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interactive superlattices of Au and Ag nanoclusters (no chemical linkage between Au 

and Ag) by evaporating the solvent from the mixture of thiol stabilized gold and silver 

nanoparticles.36 

 

 

Figure 4.5: Transmission electron micrographs of different nanoparticles: (a) 4-ATP capped Au 
nanoparticles, (b) in situ prepared Ag nanoparticles in DMF, and (c) Ag nanoparticles synthesized 
using silver benzoate. 

 

Figure 4.5 shows the TEM images of 4-ATP capped Au NPs (a), bare silver 

nanoparticles synthesized by in situ reduction of AgNO3 in DMF (b), and benzoic acid 

protected silver nanoparticles by reducing silver benzoate with triethylamine. Figure 

4.5(a) shows the smaller sized gold nanoparticles assembled together due to the 

presence of bi-functional 4-ATP, while silver nanoparticles synthesized from silver nitrate 

are not uniform in shape and size. The absence of stabilizers causes non-uniform 

growth of silver nanoparticles, because silver nanoparticles can grow in an uncontrolled 

manner as nucleation and growth continue without any interruption. In contrast, silver 

nanoparticles from silver benzoate are protected by benzoic acid concomitantly 

regulating the growth. Figure 4.5(c) shows the TEM image of benzoic acid protected 

silver nanoparticles with comparatively uniform shape and size compared to that 

obtained by the former route. Thus, in situ generated silver nanoparticles from AgNO3 

are highly poly-dispersed, while NPs from Ag-benzoate are comparatively uniform. This 

is schematically depicted in Scheme 4.1. Briefly, Scheme 4.1 a shows the formation of 

poly-dispersed Ag NPs from AgNO3 due to the lack of stabilizers, while in ‘b’ the 
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formation of monodispersed Ag nanoparticles capped by benzoic acid is shown.  

Important information on the surface binding properties of 4-aminothiophenol is 

provided by the analysis of the X-ray photoelectron spectroscopy from a comparison of 

spectra recorded for both gold nanoparticles before and after bi-metallic assembly 

formation. Surface binding properties of 4-aminothiophenol is identical for both the 

assemblies, i.e., assemblies from silver nitrate and silver benzoate. Since, bi-metallic 

assembly from silver benzoate provides better ordering, XPS analysis is provided for the 

sample prepared from silver benzoate to see the role of benzoic acid. Figures 4.6.i(a) 

and 4.6.i(b)  show a comparison of  S 2p spectrum for 4-ATP capped gold nanoparticles 

 

 
Scheme 4.1 (a) In situ reduction of AgNO3 in DMF leading  to poly-dispersed silver nanoparticles, 
while (b) reduction of Ag-benzoate by triethylamine (TEA) in DMF gives nearly monodispersed 
benzoic acid coated silver nanoparticles. 
 
and Au-Ag assembly respectively. The exact assignments for the different peaks are 

quite difficult and available data is also ambiguous.37 Though the major contribution is 

from the bound thiolate species, minor peaks are also seen in regions arising from the 

oxidized sulfur species.38 For bound sulfur, S binding energies are obtained at 161.8 eV 

and at 163.2 eV from Au-ATP-Ag [Figure 4.6.i(b)]. Jonhson et al. have assigned these 

peaks as S 2p3/2 and S 2p1/2 respectively.31 An important finding is that the ratio of 

the2p3/2 and 2p1/2 peaks for the as synthesized Au-Ag nanoparticles is nearly 2 : 1 

indicating thiolates adsorbed on Au surface.39 However, we could get only an unresolved 

peak at 163.2 eV for Au-ATP. There are two other peaks at ca. 165.5 eV and at ca. 

168.5 eV respectively, which are presumed to the formation of oxidized species. X-ray  
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Figure 4.6 (i): Core level XP spectra of S 2p, N1s, and, C1s species present in Au-ATP and Au-
ATP-Ag. The triangles represent the experimental data; the solid lines represent Gaussian fits to 
the data. a, c, e are for Au nanoparticles and b, d, f are for Au-Ag bi-metallic assembly. 
 

photoelectron spectra also show a shift in the binding energies for nitrogen when Ag 

nanoparticle is attached to 4-ATP capped Au nanoparticles. For example, a single N 1s 

peak for Au nanoparticles is obtained at 399.5 eV, which is shown in Figure 4.6.i(c).31 

However, after bi-metallic assembly formation, this peak is resolved into two, thoughthe 
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most significant contribution to the spectrum still comes from the peak at 399.7 eV. A low 

intensity peak at 401.2 eV appears due to the interaction of N with silver [Figure 4.6.i(d)]. 

This peak suggests the presence of N as charged species, indicating the ionic 

interaction with silver.31b This gives a strong evidence for the attachment of silver 

nanoparticle on gold nanoparticle surface via the Ag-N linkage. The synthesis of gold 

nanoparticles at high pH leaves the amino group free on the surface, since it can attach 

to the gold surface only at low pH.26 Moreover, Au-S (~1.6 eV) bond is comparatively 

stronger than the Au-N bond (~0.6 eV), leading to the monolayer formation 

predominantly through the Au-S linkage providing free availibilty of amino group to 

further link with in situ generated silver nanoparticles.40

 

  

 
 

Figure 4.6 (ii): Core level XP spectra of Au 4f species present in Au nanoparticles (a) and Au-Ag 
bi-metallic assembly (b). (c) Ag 3d spectrum for Au-Ag bi-metallic assembly. The triangles 
represent the experimental data; the solid lines represent Gaussian fits to the data. 
  

Figure 4.6.i(e) and 4.6.i(f) shows the C 1s region for samples Au-ATP and Au-ATP-

Ag. A major peak is observed at 285 eV, which corresponds to the carbon atoms within 

the phenyl ring. There is a minor contribution from C-N carbon giving a peak at ca. 287 
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eV. Au 4f peaks show a slightly shifted value towards the higher binding energy. This 

shifting of binding energies compared to bulk gold implies a corresponding shift in the  

  
Table 4.1: Binding Energy values for the atomic species present within Au-ATP and Au-ATP-Ag. 
 

 

Species 

 

Au-ATP 

B. E (eV) 

 

Au-ATP-Ag 

B. E. (eV) 

N 1s 399.5 399.7, 401.2 

C 1s 285.1, 287.4 285.1, 287.5 

Au 4f7/2

4f5/2

84.3 

87.9 

84.3 

87.9 

Ag 3d5/2

3d3/2

- 368.4 

374.4 

S 2p 

Unbound/oxidized S 2p 

163.2 

165.9, 168.9 

161.8, 163.2 

165.5, 168.5 

O 1s  530, 533 

 

………………………………………………………………………………………………………………………….....

Fermi level.31 An elaborate explanation of the shifting of binding energies has been 

discussed in Chapter 3. Deconvoluted XP spectra in Figure 4.6.ii(a) and 4.6.ii(b) show 

the 4f7/2 peak at 84.3 eV and 4f5/2 peak at 87.9 eV respectively. Figure 4.6.ii(c) shows the 

XP spectra of Ag 3d5/2 and 3d3/2 for Au-ATP-Ag, indicating the presence of silver in its 

metallic state. However, it is worth mentioning that the binding energy shift between 

Ag(0) and Ag(I) state is too small to be used for differentiation between these two 

oxidation states.37d, 41 Ag 3d5/2 and 3d3/2 bands occur at 368.4 and 374.4 eV, 

respectively, which correspond to Ag(0). These peak positions are again relatively higher 

in energies compared to the bulk metal (368 and 374 eV). This finding suggests that 

some of the surface atoms of the assembled nanoparticles carry partial positive charges. 

This is a result of the presence of partial Ag-CO2
- bond on the nanoparticle surface 

leading to an increased positive charge on Ag.25a Oxygen 1s region shows two very 

weak peaks at ca. 533 and 530 eV, and are presumed to be from the oxygen of Ag-O- 

linkage and the adsorbed oxygen or atmospheric oxygen species respectively.25b A 

comparison of the XPS data is given in Table 4.1. From the table it is clear that benzoic 
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acid formed during the synthesis finally attaches to silver nanoparticle surface giving an 

ordered assembly. This is in excellent agreement with the UV-visible and TEM results 

suggesting the formation of more ordered assemblies from the reduction of silver 

benzoate.  

 
Scheme 4.2 Au-Ag hetero-assembly by in situ generation of Ag NPs from (a) Ag NO3 and (b) Ag-

benzoate 

 

The above experimental results clearly suggests that at higher pH, the orientation of 

the 4-ATP is such that only thiol group is projected towards the interface (during 

synthesis of gold nanoparticles) and selectively chemisorbed on the gold nanoparticle 

surface. This orientation is the most favorable one at higher pH (as amines are weak 

base). This step is very crucial as 4-ATP shows pH dependent capping characteristic.26 

4-ATP capped Au nanoparticles thus formed do not easily undergo cross-linking, 

however, they may undergo assembly formation due to hydrogen bonding in nonpolar 

solvents. To avoid further cross-linking, gold nanoparticles are dispersed in DMF. DMF 

is a better choice for two reasons: (a) the stability of Au nanoparticles is found to be 

higher in DMF compared to other solvents and (b) it acts as a reducing agent for silver 

nitrate.29a DMF also stabilizes Au nanoparticles possibly through dipolar interactions. 

This is in excellent agreement with the recent finding that polar solvents interact with 

surface of the gold nanoparticles through their nonbonding electrons.29b Therefore, the 

selection of solvent plays a very important role since solvents also stabilize these hybrid 
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assemblies.  

Au-Ag hetero-assembly formation from both these methods is now clearly 

understood based on the above experimental results. The random assembly observed in 

the TEM image from AgNO3 route is due to the formation of poly-dispersed particles 

which are mutually linked with 4-ATP capped Au NPs. There may also be some 

multilayers due to hydrogen bnding. However, for the Ag-benzoate route, silver 

nanoparticles are stabilized by benzoic acid to form uniformly sized particles which 

successively get linked with 4-ATP capped gold nanoparticles giving an ordered 

assembly. Both of these processes are schematically depicted in Scheme 4.2. 

illustrating the formation of random assembly  during the in situ reduction of silver nitrate 

(a), while assembly from silver benzoate gives only ordered network structure in 

presence of 4-ATP protected gold nanoparticles.   

In conclusion, the experimental results presented in this chapter clearly suggest Au-

Ag bi-metallic assembly formation assisted by 4-aminothiophenol. The fact that at 

controlled pH gold nanoclusters can be functionalized with free amine group opens a 

new dimension to the hetero-metallic assembly formation through the controlled 

introduction of different metal nanoparticles. We have used silver nanoparticles as a 

case study to anchor on the gold surface via Ag-N linkage. UV-visible absorption studies 

confirm the Au-Ag bi-metallic assembly formation with an absorption maximum in the 

range 550-580 nm. TEM analysis further confirms the hetero-hetero-assembly formation, 

with more ordered assembly formation by the reduction of silver benzoate to that from 

silver nitrate. XPS studies suggest the existence of Au-S and Ag-N linkages, suggesting 

the bi-metallic assembly formation through the freely available amino group on the gold 

nanoparticle surface. The free availability of the amino group on the surface of gold 

nanoparticles is also important to anchor different multifunctional molecules such as 

bioactive macromolecules, redox moieties, and molecules of biomedical importance. 

Moreover, the formation of chemically linked superlattice structure is also possible with 

this technique by selectively anchoring pre-formed and well-defined monolayer protected 

nanoclusters. These hybrid nanostructures may be of increasing interest to diverse 

nanotechnology applications including the “bottoms-up” fabrication of nanoelectronic and 

photonic devices. 
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Chapter 5 
 

Hybrid Nanostructure Assembly: Controlled Organization of Gold 

Nanoparticles on Silver Nanowires*

 

 
 

The present chapter describes our attempts to form one-dimensional organization of 

gold nanoparticles on silver nanowire surfaces. More specifically, directional integration  

 

of tridecylamine protected gold  (Au-TDA) nanoclusters (4-6 nm) on silver nanowires (Ag 

NWs, 60 nm) and their properties have been investigated using a variety of techniques 

including powder X-ray diffraction, Scanning and Transmission Electron Microscopy, X-

ray Photoelectron Spectroscopy and four-probe electrical conductivity measurements to 

demonstrate significant changes in  optical, and electrical properties. A new surface 

plasmon absorption peak is observed at 570 nm, while electrical measurement shows a 

transition from metallic to semiconductor behavior at 150 K. 

 

 

 

The scheme shows the 
strategy adopted for the 
linear integration of gold 
nanoparticles on silver 
nanowires. Silver nanowires 
were initially functionalized 
with 3-aminobenzoic acid 
followed by the controlled 
attachment of gold 
nanoparticles. 

*A part of the work has been published in Appl. Phys. Lett. 2006, 88, 193103. 
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5.1 Introduction 

One dimensional nanostructures, such as nanowires, nanobelts, and nanoribbons  

constitute an ideal and interesting system to study the dependence of electrical, thermal, 

and mechanical properties on dimensionality and size confinement.1 Consequently, 

these structures have generated tremendous research interest in recent times due to 

their unique applications in mesoscopic physics including the fabrication of nanoscale 

electronic, optoelectronic, electrochemical, and electromechanical devices as both 

interconnects and functional units.2 For example, silver nanoparticles and nanowires (Ag 

NWs) have attracted considerable interest because bulk silver exhibits highest electrical 

and thermal conductivities and it  is very important to see the size and aspect ratio 

dependence  in contrast to the bulk analogues. Interestingly, the elastic modulus of 

smaller diameter (30 nm) silver nanowires is found to be higher than that of the larger 

ones (250 nm) as has been investigated by resonant contact atomic force microscopy 

(AFM) recently.3 Similarly, they also have large scattering cross sections at specific 

wavelengths and show local electrical field enhancement due to resonant excitation of 

plasmons leading to a large enhancements of the local electromagnetic field at the 

nanoparticle surface with a positive effect on Raman scattering.4  

Metallic nanostructure possess geometry-dependent localized plasmon resonances, 

which fascinates many researchers to synthesize and study rapidly expanding array of 

metallic nanoparticle geometries, such as nanorods, nanorings, nanocubes, and 

nanoshells.5 For example, high aspect ratio nanostructures (nanorods, nanobelts, and 

nanowires) provide unique ability to control different properties by tuning their diameter 

and length. More specifically, the tunability of surface plasmon resonance (SPR) 

absorption is limited in case of spherical nanoparticles since its frequency is independent 

of the size as long as r « λ (where r is the radius and λ is the wavelength at SPR 

absorption), while the resonance frequency is very sensitive to the shape of the 

nanoparticles, covering whole visible and near-infrared range. Therefore, quasi-one-

dimensional structures like nanowires are promising systems for optical and other 

studies as their properties can be easily tuned by varying the aspect ratio (R).6 For 

example, the variation of the longitudinal plasmon resonance of gold nanorods from 2.4 

to 0.6 eV has been demonstrated by increasing R from 1 (sphere) to 13 (nanorod).6b 

Another important way of tuning their properties is by formation of hetero-structured 
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assembly as has been recently demonstrated by thickness-controlled synthesis of silver 

coated coaxial gold nanorods with exceptional optical properties.7  

This type of hetero-assembly provides a unique control over electrical and thermal 

carriers by modulating the connecting spacer molecule or doping level with consequent 

enhancement of their functionalities.8 For instance, modulation of the composition or 

doping level enables the passivation of interfaces of various semiconductor 

heterostructures, which interestingly, generates devices with multiple functions.9 

Hierarchical structures with controllable interfaces by the formation of core–shell 

heterostructures in nanoscale building blocks  have been increasingly exploited by many 

researchers for  the assembly of  several multifunctional electronic, sensor, and photonic 

devices with enhanced efficiency.10  It is expected that  more potential applications of 

these materials can be fully realized only by creating nanowires with controllable 

structural complexity, such as coaxial heterostructured nanowires and their superlattice 

assembly, radial heterostructured nanowires, and branched nanowires.1c, 11 For example, 

Halas and co-workers have recently designed and fabricated a new hybrid nanorods that 

combines the intense local fields of nanorods and nanoshells in a single structure, with 

highly tunable plasmon resonances leading to the understanding of its plasmon 

resonances.12a This new resonance absorption arises from a hybridization of the 

primitive plasmons of a solid spheroid and an ellipsoidal cavity inside a continuous 

metal. Thomas et al. have demonstrated the longitudinal organization of gold nanorods 

by hydrogen bonding, which shows interesting optical properties.12b Consequently, 

considerable research effort is being expended world wide for creating such 

heterostructures, however, mainly for the semiconductor nanowires.13 For example, 

randomly formed interfaces as kinks between metallic and semiconducting parts of 

CNTs and several other doping (pn) junctions have been more recently identified and 

investigated extensively.11g, 14 Although different strategies have been adopted to 

organize metallic or semiconductor nanoparticles on carbon nanotubes for the pursuit of 

their applications with tailored properties, there is no such report available on the 

organization of nanoclusters on general nanowires,  and Ag NWs in particular.9e, 11c,d, 15 

More significantly, these type of hetero nanostructures form a new class of hybrid  

materials with tunable electronic and optical properties similar to nanoparticle decorated 
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carbon nanotubes and silicone nanowires, except that the nature and length of the 

organic interconnecting molecule plays a critical role in deciding their properties.16

In this chapter, we report directional organization of tridecyl amine (TDA) protected 

gold nanoparticles (Au-TDA NPs) on Ag NWs using ligand exchange forming 

heteronanowires (for convenience, ‘Au-Ag heteronanowires’). The strategy adopted for 

these nanostructures is the manipulation of the ligand exchange reactions with the 

introduction of bi-functional molecules as organic linkers, followed by the controlled 

introduction of preformed Au-TDA NPs, which can alternatively act as heterojunctions.17 

More significantly, each of the gold q-dots attached on the Ag nanowires can be further 

used for creating branched structures in pursuit of their applications in molecular 

electronics. Additional surface exchange reactions by appropriate linker molecules with 

controlled chain length can facilitate the creation of higher order hierarchical 

nanostructures.     

5.2 Experimental Section 

5.2.1 Materials: Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4.3H2O, 99.9 %), 

lithium perchlorate (LiClO4, 95 %), c (TDA), 3-aminobenzoic acid (3-ABA, 90%), 

hexachloroplatinic acid (H2PtCl6, 99.9%) and poly(N-vinyl pyrrolidone) (PVP, MW 

55,000) were purchased from Aldrich Chemicals. All other reagent grade chemicals such 

as silver nitrate (AgNO3, 99.9 %), dichloromethane (DCM, CH2Cl2), acetone [(CH3)2CO], 

and ethylene glycol (CH2OHCH2OH) were purchased from Merck, India and were used 

without further purification. Water used for these experiments was de-ionized with Milli-Q 

Reagent system (18 MΩ cm). 

5.2.2 Synthesis of Au-TDA NPs, AgNWs and Au-Ag Heteronanowires:  Au-TDA 

nanoparticles (4-6 nm) were synthesized by the modified Brust’s synthesis procedure. 

Briefly, tridecylamine solution in toluene was mixed with aqueous auric chloride solution 

(1 mM, 50 mL each) in 250 mL round bottom flask under vigorous stirring for 30 min in a 

ice bath (273 K). Then, freshly prepared aqueous solution of NaBH4 (0.1 M, 5 mL) was 

added to it dropwise so that the solution turned wine red immediately. Stirring was 

continued for another 1 h. The organic phase containing gold nanoparticles was 

separated from the aqueous phase with a separating funnel and procedure was 
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repeated for several times (10) to get a large amount of gold nanoparticles, which was 

then purified by size selective precipitation method on addition of excess ethanol. 18  

Similarly, Ag NWs were synthesized by the polyol method with a minor modification 

and the resultant product was washed several times to get pure AgNWs.1d Purified Ag 

NWs (ca. 0.03 g) were re-dispersed in 20 mL ethylene glycol and stirred in presence of 

3-ABA (0.05 g) overnight at 80 0C followed by the repeated washing (with excess 

acetone, 7 times) and centrifugation at 3000 rpm. These Ag NWs were then mixed with 

the ‘as synthesized’ Au-TDA nanoclusters (ca. 0.01 g) in 30 mL dichloromethane and 

stirred for 24 h and again purified by washing with dichloromethane (Au-Ag 

heteronanowires readily settled in dichloromethane, while un-reacted Au-TDA 

nanoclusters were highly dispersible thus facilitating easy separation). This purification 

process was repeated several times until the dichloromethane fraction contained no gold 

nanoparticles beyond the detectable level in UV-visible spectrum. A large quantity of the 

sample was prepared by repeating the above procedure several times.   

 

5.2.3 Characterization Techniques 

Most of the characterization techniques used in the present chapter are similar to 

that described in chapter 2 and therefore, only new techniques used to characterize 

these hybrid materials are discussed in the present section.    

5.2.3.1 STM/STS Measurements: One of the most widely used test samples for STM is 

highly oriented pyrolytic graphite (HOPG), which was used after cleaving off surface 

layers of graphite using good quality tape to create a fresh, atomically flat surface, with 

distinct cleavage steps. Later, they were cleaned with acetone and ultrasonically 

agitated in methanol bath to remove impurities and adhered particles, if any. The 

samples for STM analysis were prepared by putting a drop of nanoparticle solution on 

HOPG substrate and subsequently keeping it for 5 minutes for drying. STM studies were 

carried out immediately after the deposition, using tips made from 0.25 mm diameter 

polycrystalline Pt - Ir wire by mechanically cutting them at a specific angle. 

A home-built STM based on fine mechanical-screw-lever arrangement assembly with 

a compact, four-quadrant, three-dimensional scanner was used for this investigation. 

Details of the system and the general procedure for imaging with the help of SPIP 
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software are discussed elsewhere.19 The STM imaging was carried out in air with 

optimum values of tunnel current (I = 0.5 nA) and bias voltage (V = 0.59 V) in constant 

current mode. I-V characteristics were always repeated several times and finally the 

signal was averaged over tens of runs.  

5.2.3.2 AFM Measurements: The samples for AFM analysis were prepared by putting a 

drop of nanoparticle solution on HOPG substrate and keeping it for 5 minutes for drying. 

Non contact atomic force microscopy (NcAFM) experiment was carried out immediately 

(within 10 minutes) after the deposition using Si cantilevers (NSC12/W2C/5, Ultra sharp 

cantilevers by Micromasch) with a force constant of 0.30 N/m. 

5.3 Results and Discussion 

Transmission electron microscopy is a very useful technique to compare the 

morphology of nanowires before and after their surface functionalization especially by 

this ligand exchange. Accordingly, a typical low magnification TEM image of such a 

heterostructure is shown in Figure 5.1(a), which clearly depicts the extensive 

organization of gold nanoparticles on silver nanowire surface. This organization arises 

primarily due to the covalently attached monolayer of 3-ABA, presumably acting as a 

linker moiety between Au-TDA nanoparticles and Ag NWs. It is interesting to note that 

the reactivity of nanowires is relatively high at both the termini as higher abundance of 

gold nanoparticles can be seen at the ends as compared to that on the lateral side walls 

(see inset). This is in complete agreement with the earlier observation that PVP binds to 

the {100} face more strongly than to the {111} surface.20  It appears that during washing, 

the PVP layer does not get completely removed from the side walls due to the strong 

interaction with the {100} surface, while both the ends are relatively PVP free. However, 

high magnification image of a part of the nanowire in Figure 5.1(b) shows a strong lateral 

organization of gold nanoparticles with a concomitant increase of the diameter of the 

nanowire, suggesting the formation of a new monolayer. An approximate increase of 

diameter by 8-10 nm is observed in the inset of Figure 5.1(b), which could be normally 

expected from 4-6 nm sized Au-TDA nanoparticles. Interestingly, only a single layer of 

Au-TDA NPs gets organized on the surface of Ag NWs suggesting the effectiveness of 

functionalization and the absence of excess 3-ABA after the purification process. It is 

particularly significant to note that silver nanowires withstand the stress generated during 
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the reaction at high temperature as the 1D morphology is mostly intact since no 

chopping or breaking is seen in these images. For comparison, TEM image of pure Ag 

NWs (diameter ca. 60 nm) is also given in Figure 5.1(c), where the image clearly shows 

the surface smoothness [sharp edges compared to the jagged edge of hetero nanowires 

in Figure 5.1(b)]  and absence of any nanoparticles on its surface.  

 

 

  
Figure 5.1 TEM images of as synthesized Au-Ag heteronanowires and pure Ag nanowires; (a) a 
typical low magnification TEM image of a Au-Ag hetero-nanowire along with the enlarged image 
(inset) of the tip, (b) high magnification TEM image of a part of the Au-Ag hetero-nanowire, while 
inset shows TEM image of the section of the hetero-nanowire to show the organization of Au 
nanoclusters, and (c) TEM image of pure Ag nanowires. Silver nanowires are synthesized by the 
polyol method followed by surface functionalization with 3-aminobenzoic acid. 
 

Further, these Au-Ag heteronanowires were deposited on a highly oriented pyrolytic 

graphite (HOPG) substrate using drop coating (solution was made in acetone) technique 

and subsequently dried for 5 minutes for Non-contact AFM imaging. Accordingly, Figure 

5.2(a) shows the NcAFM image of Au-TDA nanoclusters aligned along Ag NWs. A linear 

array of nanoparticles is evident from the AFM image. The line profile [shown in Figure 

5.2(b)] along the Au-Ag heteronanowires gives an estimated diameter of around 80 nm. 

Further, for the same sample, STM/STS studies were carried out using Pt-Ir tip with 
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JSPM-5200 and accordingly, Figure 5.3(a) shows the constant current STM image of 

Au-Ag heteronanowires. Four linear arrays of nanoclusters aligned parallel to each other 

are clearly seen. Figure 5.3(b) shows the line profile across the length of nanowire 

including these four linear arrays which gives an approximate diameter of 70 nm. 

However, the diameter of the Au-Ag heteronanowires estimated from NcAFM is larger 

than that obtained from TEM/STM suggesting the dominance of tip convolution effects. 

The size of Au-TDA nanoclusters estimated from STM is around 5 nm which is 

comparable to the TEM data.  The difference in numerical values of width of 

heteronanowires obtained from TEM and STM can be attributed to distribution in the 

width of nanowires, perhaps due to the aggregation of nanoclusters on particular 

portions or due to tip induced aggregations.  

 

 
 

Figure 5.2 (a) Non-contact AFM image of gold nanoparticle decorated silver nanowires. Scan 
area: 1000 x 1000 nm. (b) Line profile of nanoparticles and nanowires marked by a line in (a). 
 

Scanning electron microscopy images in Figures 5.4(a) and 5.4(b) reveal the change 

in morphology of Ag NWs after the surface modification. Importantly, SEM image of as 

synthesized Ag NWs clearly show the uniform distribution of silver nanowires with length 

ranging from 1 to several µm. Similarly, the SEM image of Au-Ag heteronanowires  

indicates that the structural integrity of nanowires is largely intact during the modification 

[Figure 5.4(b)]. The only difference observed is the aggregated structures after the 

modification due to the presence of bi-functional linker molecules on the surface, which 

obviously enhances the branching capability. Thus, the observation of a certain extent of  
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Figure 5.3 (a) Constant current STM image of gold nanoparticle decorated Ag nanowires, scan 
area: 192 x 192 nm, I = 0.50 nA, V = 0.59 V (b) Line profile across the nanowire marked by a line 
in (a).  
  

assembly formation among nanowires is justified. The elemental analysis of Au-Ag 

heteronanowires by EDAX during the SEM measurements provides important 

information of the organization process. Within the nanowire regions, strong signals from 

silver and carbon can be seen along with a significant gold signal originating from the 

Au-TDA NPs, while signals from the Al substrates of sample holder are also found 

[Figure 5.4(c)]. This substantiates the presence of gold nanoparticles on the surface of 

silver nanowires.  

 

 
Figure 5.4 SEM images of (a) pure Ag nanowires, (b) Au-Ag heteronanowires and (c) EDAX 
spectrum of Au-Ag heteronanowires. Samples were prepared by drop casting respective 
solutions (in acetonitrile) on aluminum sample holders. 
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The strong evidence for the presence of different elemental species and their 

interaction with gold and silver has been further achieved from the results of X-ray 

photoemission studies. Figure 5.5 shows the XP spectra of different species present 

within the Au-Ag heteronanowires. First, the XP spectrum of gold shows peaks at 83.7 

(4f7/2) and 87.4 (4f5/2) eV respectively, with a peak to peak separation of 3.7 eV 

confirming the presence of Au (0) in these nanostructures [Figure 5.5(a)]. Interestingly, 

no shift in B. E. values compared to that of bulk gold is observed, contrary to an earlier  

 

 
Figure 5.5 Core level XP spectra of (a) Au 4f, (b) Ag 3d, (c) N 1s, (d) O 2p, and (e) C 1s species 
present in Au-Ag heteronanowires. The circles represent the experimental data while the solid 
lines represent Gaussian fits to the data. 
 
report of a size dependent positive shift in the 4f core-level for gold nanoparticles. 21  

Themaximum shift of 0.41 eV has been reported for smallest particle (~ 1nm) without 

any significant line width broadening, suggesting that these changes can affect the 

whole particle and not only the particle surface, where the actual Au-S or Au-N bond is 

localized. One possible reason for the discrepancy is that the particle size of present 

study is comparatively larger than that of the reported particle size, where positive shift 

in binding energy has been observed. Similarly, XP spectrum of Ag shows peaks at 

368.1 and 374 eV corresponding to 3d5/2 and 3d3/2 respectively confirming the presence 

of metallic silver [Figure 5.5(b)]. Interestingly, XP spectrum for N 1s region shows peaks 

corresponding to charged amino and neutral amino groups, as has been reported for 
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other similar gold-amine interactions.22 The peaks at ca. 396.2 and 399.9 eV are 

ascribed to pyridinic N and neutral amino group respectively, while the peaks at ca. 

402.7 eV could be assigned to the charged amino species [Figure 5.5(c)]. Similarly, O1s 

gives peaks corresponding to binding energies of >C=O and >C−O– species at ca. 

532.4 and 530 eV respectively [Figure 5.5(d)], while C 1s region shows three peaks at 

284.3, 286.7, and 287.7 eV [Figure 5.5(e)].23 One of the major conclusions drawn from 

the XPS studies is the electrostatic interactions of amino group with nanoparticles 

indirectly suggesting that the carboxyl group is linked by covalent interactions to the Ag 

surface.  

XRD is used to investigate the crystal structure of the Au-Ag heteronanowires, 

although, the precise identification of structural differences is quite difficult due to the 

identical crystal structures (face centered cubic with similar lattice constants, Au: 4.0786 

A0, Ag: 4.0862 A0 respectively) of both gold and silver. Nevertheless, the elucidation of 

crystal growth and its structure is qualitatively derived from the X-ray diffraction data. 

Accordingly, Figure 5.6 shows a comparison of X-ray diffraction patterns of pure Au-TDA 

nanoparticles (a), Ag NWs (b), and Au-Ag heteronanowires (c) for all these samples 

drop-casted on glass slides. The high intensity (111) peak of pure Ag NWs clearly 

suggests the existence of 1D structure as is the case for similar other structures, while  

 

 
Figure 5.6 XRD patterns of (a) pure tridecylamine protected Au nanoparticles, (b) pure Ag 
nanowires, and (c) Au-Ag heteronanowires. Corresponding crystal planes are also indicated. 
Samples were drop casted from respective solutions in acetone on glass slides for XRD 
measurements. 
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intensities of all other peaks are insignificant. More significantly, the splitting of the (200) 

peak suggests the deformation of the five-twined structures (commonly observed for Ag 

NWs). This is in clear agreement with X-ray diffraction pattern reported for the Ag NWs 

earlier.23 In contrast, XRD of Au-Ag heteronanowires shows certain distinct differences 

from that of pure silver nanowires. For example, Figure 5.6(b) shows the X-ray diffraction 

for Au-Ag heteronanowires. One of the major differences is the increase of diffraction 

intensities for (200), (220) and (311) crystal planes along with a minor shift (towards the 

lower value) of 2θ values for the (111) peak. The splitting of the (200) peak disappears, 

perhaps due to the high coverage by Au-TDA NPs on Ag NWs  which is in excellent 

agreement with the conclusion drawn from TEM analysis. The change in the crystal 

patterns and existence of a minor shift (0.8 degree) together suggests the presence of 

polycrystalline Au-TDA NPs on the surface of Ag NWs. 

 

 

 
Figure 5.8 UV-visible spectrum of Au-Ag heteronanowires from a dispersion in acetonitrile; inset 
a represents the spectrum for pure Ag nanowires, while inset b is for Au-TDA nanoclusters in the 
same solvent. TEM image of Au-TDA nanoclusters is also given along with spectrum in inset b. 
 

The UV-visible absorption spectrum of Au-Ag heteronanowires is given in Figure 5.8, 

which shows many interesting surface plasmon features distinctly different from that of 

pure Ag NWs. As a result, an additional absorption shoulder appears at ca. 570 nm 

apart from the well known characteristic longitudinal and transverse absorptions at 380-
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430 nm for silver nanowires. For comparison, inset ‘a’ of Figure 5.8 shows the 

absorption spectrum for pure Ag NWs with characteristic peaks at 352, 390, and 424 

nm. The absorption at 390 nm is a typical optical signature of Ag NWs. The surface 

plasmon absorption corresponding to the longitudinal band of Ag NWs is not observed 

as aspect ratio exceeds 5, while the characteristic bulk silver absorption occurs as a 

shoulder at 350 nm and these results are in complete agreement with the optical 

properties of silver nanowires reported earlier.24 Interestingly, the characteristic 

absorption peak of Ag NWs is red shifted to ca. 430 nm and more significantly, a new 

shoulder appears at ca. 570 nm for Au-Ag heteronanowires. The intercrystal resonance 

absorption of cross-linked Au NPs also shows absorption maxima in this region. 

However, this is a rare possibility as special care has been taken to remove excess of 3-

ABA and hence formation of aggregates can be neglected since both TEM and SEM 

images also do not show such aggregates, while parent Au-TDA NP solution shows  

  

 
Figure 5.9 Thermogravimetric   data for Au-Ag heteronanowires in nitrogen environment along 
with the derivative plot (dotted line); the inset shows differential scanning calorimetry profile for 
Au-Ag hetero-nanowires in the temperature range 200 to 370 K under constant N2 flow at a 
heating rate of 10 K/min. 
 

surface plasmon absorption peak only at ca. 520 nm. For the ease of comparison, the 

UV-visible spectrum of Au-TDA NPs in the same solvent is also given as inset ‘b’ in 

Figure 5.8 along with its TEM image. The red shifted optical signature of silver 

nanowires after the modification clearly suggests the formation of hetero-structures. 
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Therefore, the peak at 570 nm can be assigned to the intercrystal oscillations of Ag NWs 

with Au-TDA NPs. Recently, Keating and co-workers have studied the optical properties 

of linear Au and Ag nanoparticle chains with controllable aspect ratio and found a similar 

red shifted surface plasmon absorption at 600 nm corresponding to the intercrystal 

coupling between gold and silver.25 Interestingly, the UV- visible spectrum of present Au-

Ag heteronanowires does not show any absorption in this region. The minor difference 

observed is apparently originated from the structural differences with that of the Au and 

Ag chains and the Au-Ag heteronanowires. Additionally, this approach of obtaining Au-

Ag heteronanowires is conceptually different from the nanometer sized linear chain 

structures of Ag and Au synthesized by templated alternate electro-deposition in the 

pores of alumina membrane.25 Thermal analysis of Au-Ag heteronanowires shows the 

initial onset of a minor mass loss at 435 K signifying the loss of tridecylamine monolayer 

of the Au-TDA NPs. The degradation process completes with the major and final mass 

loss at 535 K as shown in Figure 5.9. This mass loss accounts for the degradation of 3-

ABA layer on the silver nanowires. More significantly, the total mass loss is nearly 20% 

as calculated from this thermal profile compared to only a marginal (2%) mass loss for 

pure silver nanowires in this temperature range. The weight loss due to PVP layer of 

pure silver nanowires has been observed at ca. 873 K.23    DSC studies (inset of Figure 

5.9) show an endothermic peak at around 255 K during heating and interestingly this 

peak is reversible on repeated cycling although a minor shift in peak position occurs. 

The corresponding enthalpy value calculated from the area under the peak is very small 

(0.03 J/g) compared to that normally observed for the phase transition of pure alkyl 

chains, since only a minor fraction of hydrocarbon chains is involved in the present 

structural changes.26   Also, alkyl thiol protected nanoparticles undergo phase transitions 

due to melting/crystallization of alkyl chains at relatively higher temperatures, in general, 

implying that the observed transition is due to the ordering of nanoparticles on the 

nanowire surface with a direct relationship with the electrical conductivity of Au-Ag 

heteronanowires. 

The variation of electrical conductivity (4-probe) of Au-Ag heteronanowires with 

temperature is represented in Figure 5.10. Accordingly, Figure 5.10(a) shows an 

interesting variation of dc conductivity with temperature for Au-Ag heteronanowires, 

where these hybrid structures exhibit a clear transition of electron transport behavior at 
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150 K. Initially, conductivity decreases with increasing temperature up to 150 K, followed 

by a sudden increase. In the temperature range of 150-280 K, Au-Ag heteronanowires 

exhibit electrical behavior similar to that of a pure semiconductor. However, after 

transition point at 150 K, conductivity increases with a decrease in temperature  

 

 

 
Figure 5.10 Variation of conductivity vs. temperature for (a) Au-Ag heteronanowires and for (b) 
pure silver nanowires; these measurements were carried out by keeping the probe distance 
constant at 3 mm and contact was provided by standard silver paint. (c) Logarithm of resistance 
vs. 1000/T plot for Au-Ag heteronanowires. 
 

exhibiting the PTC (positive temperature coefficient) behavior of a pure metal. The 

reason for the appearance of a minor transition point at around 200 K is presently not 

clear although we believe that the organic interlinking molecules with aromatic rings are 

responsible for this. The variation of logarithm of resistance with temperature is also 

shown in Figure 5.10(c). Interestingly, a direct correlation of the onset of this transition in 

electrical conductivity with phase changes revealed by the DSC results is observed, 
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despite with a distinct temperature variation. A sudden increase in conductance and 

phase changes in the DSC could be ascribed to a favorable orientation of capping 

organic molecules. A plausible explanation considers the ordering of disordered Au-TDA 

nanoclusters (at transition points) by re-organization of organic molecules, which  

  

 
Scheme 5.1:  Schematic representation of the 4-probe conductivity measurement and associated 
electron transfer processes involving highly conducting part, tunnel barriers, and variable 
conductivity regions. 
 

facilitates the electron transfer at low temperature leading to a sudden increase in 

conductivity. In sharp contrast, similar measurements carried out for silver nanowires 

(surface modification with 3-ABA) exhibit pure metallic behavior [Figure 5.10(b)], 

indicating the involvement of complex electron transfer dynamics from nanoparticles to 

nanowires. More intricate mechanism of electronic transport has to be invoked to explain 

such changes as these Au-Ag heteronanowires consist of highly conducting part (Ag 

NWs), tunnel barriers (organic/polymer layer) and variable conducting zone (Au NPs) as 

indicated in Scheme 5.1.  

It is instructive to compare present result with the electrical conductivity  of a single 

silver nanowire  along the longitudinal axis measured  at room temperature using the 
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four-probe method (~ 0.8 x 105 Scm-1)24a   although,  the present experimental data 

represent an ensemble of nanowires with much lower conductivity values. Therefore, a 

study of electron tunneling transport across the decorated nanowires is important in the 

context of understanding overall electron transport properties of these heterostructures. 

Accordingly, tunneling spectroscopy (I-V) measurements were carried out in STM after 

locating the Au-TDA nanoclusters aligned on Ag NWs and also on a bare Ag NW by 

positioning the tip above a nanoparticle and a nanowire respectively. Figure 5.11 shows 

the comparison of I-V measurements on bare Ag NW, isolated Au-TDA nanocluster and 

Au-Ag heteronanowires along with the line profile along the aligned Au MPCs on silver 

nanowire [Figure 5.3(a)]. Comparative I-V behavior shows that electron transport across 

the bare Ag NW is entirely different to that of Au-Ag heteronanowires. A linear I-V curve 

for the bare Ag NW suggests metallic behavior, although a high tunnel resistance (0.15 

GΩ) indicates the presence of an insulating layer on the surface, while Au-Ag 

  

 
Figure 5.11: I-V characteristics taken on bare AgNW (marked by ‘∆’) and Au-Ag hetronanowire 
(marked by dark solid line). Inset (a) shows the line profile along the aligned AuMPCs on silver 
nanowire in Figure 5.3a. 
 

heteronanowire gives a tunnel resistance of 0.013-0.015 GΩ. Thus, an approximate 

order of magnitude variation of tunnel resistance is indicative of a change in electron 

transport mechanism due to the integration of Au-TDA nanoclusters. Also, the I-V 

behavior for Au-Ag heteronanowires is very similar to that of Au-TDA nanoclusters 

indicating that the tunneling electron transport across Au-Ag heteronanowires is mostly 
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governed by the features of Au-TDA nanoclusters, like the size of the Au core, length of 

TDA chains, distance between Ag wire edges to the Au cluster edge etc. The non-linear 

I-V for Au-Ag heteronanowire with large current suppression region near zero bias 

suggests more complex mechanism for carrier transport in these hybrid materials. Along 

the length of the nanowires electron transport will be ballistic or diffusive depending on 

whether the mean free path is considerably larger than or smaller than diameter.  

 

 
Scheme 5.2 Different steps speculated during the formation of Au-Ag hetero-assembly. Silver 
nanowires were initially surface functionalized with 3-aminobenzoic acid, and was subsequently 
treated with tridecyl amine protected gold nanoparticles to form Au-Ag heteronanowires. 
 
Across the nanowires it will be governed by double barrier tunnel junction (DBTJ) formed 

between AgNWs by the presence of Au-TDA nanoclusters. The carrier transport in such 

DBTJ will depend on size of nanoclusters, HOMO-LUMO gap of capping agent and the 

spacing between nanowires and nanoclusters. Earlier, the fabrication of hyperbranched 

nanowires and electrodes with controllable gap between Au and Ag nanowires has been 

demonstrated using lithographic techniques.4f, 6a However, the present work is 

considerably different to above organization processes as the interconnecting organic 

molecule offers unique opportunity to modulate the barrier properties. The gold 

nanocluster size as well as the cluster to silver nanowire spacing can be tuned to suit the 

applications although this ideal situation may be different from the actual directed 

assembly due to the possibility of orientational changes induced by the electrical field. 
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On the basis of experimental results, we speculate a mechanism of formation of 

these heteronanowires in several steps. Scheme 5.2 shows the sequences involved in 

the Au-Ag heteronanowire formation by different chemical steps. Briefly, as synthesized 

silver nanowires are surface functionalized with 3-aminobenzoic acid to form surface 

functionalized silver nanowires. In the succeeding steps, tridecylamine protected gold 

nanoparticles are introduced to form heteronanowires, which are linked to nanowire 

surface by covalent bonding through organic layer.  

5.4 Conclusions 

In conclusion, the effective organization of gold nanoparticles on silver nanowire 

surfaces is demonstrated using various techniques such as TEM, SEM, XRD, XPS, and 

UV-visible spectroscopy. These hybrid materials exhibit exceptional optical and electrical 

properties as illustrated by a characteristic surface plasmon absorption peak (570 nm) 

and a remarkable conductivity change with temperature at 150 and 180 K respectively. 

Although, this  hybrid material displays an exciting combination of semiconductor and  

metallic behavior  from resistivity measurements and phase changes from differential 

scanning calorimetric results, several other factors  such as reorganization of capping 

molecules, possibility of tunneling pathways, orientation dependent  interdigitation of 

hydrocarbon chains, and variable cluster–cluster spacing and  variations in silver 

nanowire surface coverage  will need to be further investigated  before their applications 

as electronic or photonic components. If the outcome of such studies are successful, this 

type of heteronanowires would be important  components in molecular electronics, 

where each nanoparticle acts as branching point attached through organic linker 

molecules. 
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Conclusions and Future Prospects 

 

 

 

 

 
 

This chapter provides a summary of the major outcomes of the present study, 

illustrating several important merits and challenges faced during the synthesis and 

characterization of different nanomaterials of monolayer protected silver and gold. A 

brief discussion on the applications of these nanowires   is given along with the future 

prospects of these materials in a broad perspective of the societal impact of 

nanotechnology. Few of the limitations of these nanostructured materials are also 

discussed in the end along with   their environmental concerns.   
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6.1 Introduction 
High aspect ratio nanostructured materials, more precisely anisotropic nanomaterials 

have generated tremendous research interest both for fundamental and practical point of 

view.1 For example, metal nanowires are important components of electronic circuits, 

which are envisioned as conductors, rectifiers, switches, and photoconductors of future 

generation devices.2 Accordingly, several methods have been developed for the 

synthesis of high aspect ratio nanostructured materials.3 However, certain factors such 

as incomplete knowledge on actual growth controlling steps, lack of a more generalized 

method of synthesis, and control over yield or scale up issues motivate researchers to 

develop newer and newer methods of synthesis. We have successfully developed new 

strategies for the synthesis of several such nanostructures including nanowires and 

triangular nanoplates.  

The thesis starts with a brief introduction to the world of high aspect ratio 

nanomaterials, with special emphasis on gold and silver. Subsequently, an elaborate 

discussion on the significance of such nanostructures and their theoretical relevance has 

been given. This chapter also discusses some of the most recent developments for 

producing high aspect ratio nanomaterials of gold and silver followed by a brief summary 

of the size and shape dependant properties of such nanomaterials and their possible 

applications.   

Solvent properties and organic reducing agents are two important parameters, which 

also control the anisotropic growth. Interestingly, silver nanowire can be synthesized 

using 4-aminothiophenol (4-ATP), a unique reducing and shape directing agent in 

aqueous-acetonitrile. It has been established that AgNO3 and 4-ATP concentration along 

with the solvent mixing ratio control the growth of silver nanowires. Modulations of such 

parameters leads to the formation of spherical silver nanoparticles to the high aspect 

ratio (R = 1-100) silver nanowires. Surprisingly, reduction of auric chloride by 4-ATP in 

aqueous N,N-dimethylformamide leads only to spherical gold nanoparticles, which 

subsequently forms spherical aggregates establishing the versatile role of polyfunctional 

organic molecules in achieving shape selectivity. For example, gold nanoplates are 

exclusively formed by other multifunctional dye molecules like BBR/BBY.  

The electrochemical study on well-defined silver nanowires and nanoparticles 

demonstrates that electron transfer features, as revealed by the half wave potential (E1/2) 
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and ∆Ep, are dependent on the shape and size of silver nanoparticles. Significantly, the 

E1/2 values of silver nanowires and larger sized nanoparticles are relatively higher than 

that of the smaller sized DDT capped Ag NPs (2-7 nm). This is in agreement with the 

reported observation that for smaller sized nanoparticles, E0 (≈ E1/2 for ideal reversible 

system) should shift negatively to that of larger counterparts. More interestingly, in situ 

generated smaller sized silver nanoparticles act as electrocatalysts in Wolff 

rearrangement of α-diazoketones which occurs through a ECCE or ECE coupled 

reaction pathway.   

Similarly, cyclic voltammograms of the 4-ATP protected Au nanoparticles show 

quasi-reversible redox behavior, different from those of self-assembled monolayer 

(SAM) of ATP on gold electrode. Surprisingly, BBR/BBY protected gold nanoplates show 

unprecedented electrochemical properties exhibiting surface confinement features.  X-

ray photoelectron (XP) and Fourier transform infrared (FTIR) spectroscopic analysis 

show the presence of a fraction of BBR/BBY as surface passivating agent either in the 

un-reacted molecular state or as a mixture of reacted and un-reacted product, which 

probably undergoes charge transfer with gold nanoplates. X-ray diffraction analysis 

confirms the predominant orientation of gold nanoplates in the (111) crystal planes with 

a lattice constant ~ 4.07 A0 of fcc gold.  

Further, 4-ATP also acts as a linker molecule for Au-Ag bi-metallic assembly 

formation. The fact that at controlled pH, synthesis of 4-ATP capped gold nanoclusters 

functionalizes with free amino group is applied for the hetero-metallic assembly 

formation. UV-visible absorption studies confirm the Au-Ag bi-metallic assembly 

formation with an absorption maximum in the range 550-580 nm. Interestingly, effective 

organization of gold nanoparticles on silver nanowires exhibits exceptional optical and 

electrical properties as illustrated by a characteristic surface plasmon absorption peak 

(570 nm) and a remarkable conductivity change with temperature at 150 and 180 K 

respectively. Although, this  hybrid material displays an exciting combination of 

semiconductor and  metallic behavior  from resistivity measurements and phase 

changes from differential scanning calorimetric results, several other factors  such as 

reorganization of capping molecules, possibility of tunneling pathways, orientation 

dependent  interdigitation of hydrocarbon chains, and variable cluster–cluster spacing 
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and  variations in silver nanowire surface coverage  will need to be further investigated  

before their applications as electronic or photonic components.  

Several difficulties were also associated with the synthesis and processing of high 

aspect ratio nanostructures of silver and gold.  Few of such difficulties are:  

• Silver nanoparticles and nanowires are easy to synthesize, but difficult to handle due 

to the possibility of oxide formation. We could not purify 4-ATP capped silver 

nanowires from excess surface layers. Although, we presented a comparison of 

electrochemical properties of similar sized silver nanoparticles and silver nanowires, 

it may not be the ideal case as we could not synthesis nanoparticles beyond the size 

range of 40 nm;  

• Although we have synthesized gold nanoplates with comparatively good yield, they 

are actually a mixture of hexagonal and triangular shaped plates with little impurities 

of spherical particles. We could not achieve 100 % selectivity. The fate of poly-

functional organic molecules, BBR and BBY is also not clearly understood and need 

further study;  

• We have demonstrated the usefulness of 4-ATP towards the synthesis and assembly 

formation of different nanomaterials. However, it is not clear which end of 4-ATP 

actually links selectively with gold and silver and how to control this.   

• The organization of gold nanoparticles on silver nanowires opens up several new 

opportunities, but the percentage of actual coverage is still not known.    

Despite such inherent limitations, we have presented several new findings which 

could be of use for future applications. In particular, catalysis by nanoparticles is an 

active area of research and the shape dependence on catalytic activity is recently 

demonstrated.4 This is because different crystal facets of such nanomaterials have 

different catalytic activity, therefore, most of their properties also depend on their crystal 

facets. Wolff rearrangement of α-diazoketones using silver nanoparticles provides an 

efficient preparative electrochemical route to realize Wolff-rearranged products in 

excellent yields at room temperature.  Apart from catalytic activity, such nanomaterials 

will find place in optics, plasmonics, molecular electronics, and bio-medical diagnosis. 

Further extension of present study, especially the organization of magnetic nanoparticles 

on silver nanowires could generate new properties and application possibilities. Several 

such promises and fundamental interest on nanomaterials will lure researchers in 
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coming days for finding out more general synthetic route and newer and newer 

properties to be useful for commercial exploitation. A promising brighter future is 

envisioned for nanotechnology as coming days will solve several such difficulties 

associated with the applications of nanomaterials.    

6.2 Opportunities, Risks, and Future of Nanotechnology 

Convergence of different technologies, such as nanotechnology, biotechnology could 

generate new materials which behave differently beyond the common perception of 

present generation of materials. However, nanomaterials exist all around us – nature 

also produces them. The supporters of nanotechnology believe that it is because today’s 

knowledge and scientific tools enable scientists to begin to discover what has been 

previously impossible: building new products and compounds atom by atom. This is the 

reason behind the common belief that nanotechnology is the next “transformative 

technology”, like the Internet or electricity.5 Some of the nanotechnology products have 

already been developed and commercialized and few others are still concepts which 

require further rigorous research.  Consequently,  this    outcome of nanotechnology is 

likely to cause many innovative solutions for generating  improved water purification 

systems, nonpolluting and inexhaustible energy systems, smart and non-invasive health 

care systems,  and information and communication technologies.6 For example, there 

are a number of filter systems based on nanotechnology, which are capable of filtering 

bacteria and even viruses out of water.7 Several such products could save millions of 

human lives in the developing countries potentially having drinking water scarcities. 

Similarly, bio-nanotechnology can have breakthroughs in health sector by developing 

effective drugs and detection tools for several diseases like AIDS, TB, Cancer, etc.7d

However, above outcomes of nanotechnology may posses potential danger to 

mankind as little is known about how nanometer sized materials interact with living cells, 

and therefore, existing regulations, guidelines, norms, and ways of thinking may be 

irrelevant to nanotechnology. The smaller a particle is the larger is the surface area, 

causing enhanced reactivity (and perhaps toxicity too) and their accumulation in living 

organisms can cause many serious concerns. A report from “Swiss Re” about 

nanotechnology states: “Human contact with nanoparticles takes various forms: they are 

inhaled with air, swallowed, and may possibly enter the body via the skin. How do these 
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particles behave on or in the organism?”8 Surprisingly, information on the effects, if any, 

of nanoparticles on ecosystems, animals, plants, and microorganisms is still 

inadequate.9 Apart from aforementioned environmental issues, nanotechnology may 

also create socioeconomic and ethical problems.10 This is because nanotechnology 

could be a major problem for poorer countries if it makes their labor, commodities, and 

other exports less necessary in the global market. Similarly, nanotechnology monitoring 

devices raise ethical problems because of their small size, could be ubiquitous and 

invisible and thereby interfering the right to privacy issues by such common surveillance 

systems.  

Despite the commonly perceived apprehensions on the use of nanotechnology, 

several such drawbacks can be easily circumvented by responsible and equally 

distributed benefits of nanotechnology.11 Therefore, opponents and believers have to 

decide how to use benefits of nanotechnology advantageously to overcome the threat 

perceptions arising from it.  
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