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1

Scope 

 Advances in nanoscience and nanotechnology are closely linked to the 
development of new methods for the synthesis and assembly of nanostructures.  
Development of environment-friendly procedures and control of particle size, shape and 
organization are important contemporary issues.  The 'bottom-up' approaches to metal 
nanoparticle synthesis are mostly based on the colloidal route.  However, assembly of 
nanoparticles in matrices such as polymer films is of major interest in several optical, 
nonlinear optical and sensor applications, especially those requiring large area 
coverage and flexible design.  Nanoparticle-polymer composite films afford superior 
versatility in their design and fabrication, and hence are emerging as important 
candidates to meet several challenging demands of modern technology.  This thesis 
envisages the development of a simple and environment-friendly approach to the in situ 
synthesis of metal nanoparticles inside polymer films, enabling the variation of particle 
size, shape and size/shape distribution by control of the composition of the films and 
parameters related to the thermal treatment.  Such a procedure would also be 
significant in the context of the current debates on potential health hazards of free and 
inhalable nanoparticles.  The potential utility of these metal nanoparticle-polymer 
composites fabricated in the form of supported or free-standing thin films, in optical 
limiting and antibacterial applications are explored.  

 In this chapter we present an appraisal of the uniqueness of nanomaterials (Sec. 
1.1), followed by a brief sketch of the historical perspective (Sec. 1.2).  An overview of 
nanoscopy is presented in Sec. 1.3, since the revolutionary developments in the field of 
microscopy has been critical for the emergence of nanoscience and nanotechnology as 
we know it today.  Some general classifications of nanomaterials are listed in Sec. 1.4, 
and the experimental methods for their synthesis are discussed in Sec. 1.5.  This is 
followed by a brief discussion of the range of properties that show dramatic variation 
from the bulk state (Sec. 1.6) and applications of the unique properties and functions of 
nanostructures (Sec. 1.7).  Sec. 1.8 and 1.9 present an overview of two topics of special 
interest in this thesis, namely optical limiting and antibacterial applications.  The layout 
of the thesis is outlined in Sec. 1.10. 

1.1. Uniqueness of Nanomaterials 

 Materials play a vital role in our daily lives and activities, and influence 
considerably the evolution of our culture and civilization.  Materials can be classified 
based on their function (structural/engineering, electronic, magnetic, optical/nonlinear 
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optical) as well as their composition (metals/alloys, semiconductors, ceramics, glasses, 
polymers and molecular materials).  The properties of materials and hence their 
applications are largely defined by the chemical composition and atomic/molecular 
organization.  Traditionally, particle size of materials is of relevance only in some very 
specific or technical contexts such as characterization using X-ray diffraction (where the 
diffraction lines broaden for small particles), solubility (the dissolution becoming easier 
for smaller particles), sintering and processing (rate increasing with decreasing size).   

 The current interest in materials in the nano size domain arises due to novel 
physical phenomena and attributes they exhibit and unique applications they can be 
deployed in.  The extensive range of methodologies through which they can be 
fabricated, has also considerably enhanced the excitement about nanomaterials.  At the 
nanometric size, novel physics can appear due to the confinement of electrons or 
excitons; surface effects related to plasmons, adsorption and chemical reactivity become 
pronounced.  Mechanical properties of materials and role of defects can be considerably 
modified in nanoparticulate matter.  Unusual effects can crop up at times, such as 
polymorphic structures which are metastable in the bulk materials becoming stabilized 
in the nanometric range.  Even though there is considerable discussions and debate 
about where the nano-domain begins, it is judicious to avoid explicit use of dimension; 
a good example of this approach may be found in the report from the Royal Society on 
nanoscience and technology.1  In a broad sense, nanoscience can be defined as the study 
of phenomena and manipulation of materials at atomic, molecular and supramolecular 
level, where properties differ significantly from those at a larger scale.2 

 Nanomaterials cover the diverse range of materials we have referred above, in 
terms of their functions and compositions.  Another unique aspect is the range and 
breadth of areas which contribute to the growth of nanomaterials and are influenced by 
nanoscience and nanotechnology.  Chemistry plays a crucial role in the synthesis of 
nanomaterials and assembly of nanostructures through the so called ‘soft methods’ and  
novel properties at nanoscale can alter significantly chemical reactivity and enhanced 
catalytic process.  Physics at the nanoscale is a subject in its own right and a whole host 
of devices are emerging based on such physics.  Growth in the field of nanobiology is 
opening up new vistas in the understanding of sub-cellular structures and areas such as 
targeted drug delivery systems and biosensors.  The concept of miniaturizations is at the 
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heart of emerging technologies.  Nanomaterials are beginning to play a major role in 
industries such as textiles, paints/coating and catalysis.  They are also being increasingly 
used in agriculture, for example in soil remediation using magnetic nanoparticles and 
water remediation using carbon nanotubes, and in tackling environmental problems.  
Development of better diagnosis and therapy systems (for example gold nanoparticles 
for the cancers/tumors) and possible futuristic applications of nanorobots are promising 
avenues in nanomedicine. 

 Over a last few years, the potential impact of introducing nanotechnologies and 
nanomaterials into the market has received considerable attention.  Critical questions 
have been raised about ethical and legal implications such as those related to patenting. 
For the case of patenting under the US law, an invention may not be patentable where 
the sole element of novelty is a difference in size.3  On the other hand, the Royal Society 

has recommended in the year 2004 that the chemical in the form of 
nanoparticles/nanotubes should be treated as new substance and assigned a new 
Chemical Abstract Service (CAS) Registry number.1  The enormous capital input for 
research and development and increasing investments in the industry has fuelled serious 
debates about the long-term impact of nanotechnology.  One of the major concerns 
raised is the potential health and environment risks associated with it.  An interesting 
case concluded recently is the world-wide competition and the new warning symbol 
proposed for potential hazards due to nanomaterials.4  Despite the tremendous societal 
benefits offered by nanotechnology, fingers have been pointed at possible negative 
impacts on the health of workers, consumers and above all the environment.  Currently 
there is little information available concerning the risks and several investigations are 
aimed at unraveling the toxicological aspects of nanomaterials.   

 The different aspects discussed above clearly show that nanomaterials form a 
unique subject for fundamental investigations and novel applications.  

1.2. Historical Perspective 

 The discussions in the previous section indicate that nanostructures, 
nanomaterials and phenomenona at the nanoscale are likely to provide critical solutions 
to a wide range of technological problems in the current century.  However, 
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nanomaterials have been in use for quite some time.  A striking example from the 
ancient past is the Lycurgus cup, believed to be from the 4th century A.D.  The chalice 
has a dark greenish tint under reflected lighting, but appears red when illuminated from 
behind; this is attributed to the optical responses of gold nanoparticles dispersed 
throughout the glass.  Similar phenomena are also featured in the stained glass windows 
in the 10th century’s cathedrals which utilized mostly, nanoparticles of coinage metals 
such as copper, silver and gold.  These were indeed, not systematic scientific 
experiments with the metals fabricated in the nanometer size regime.  It is generally 
agreed that Michael Faraday conducted the first careful experimentation on ‘activated 
gold’, in the year 1857.  He synthesized gold colloid by the reduction of gold chloride 
using phosphorous in CS2.5 

 In 1905, Albert Einstein provided a quantitative theory for the colloidal state, 
using the picture of ‘big atoms’ subjected to Brownian motion.  Significant 
contributions of Mie,6 Debye7 and several others provided the foundation for 
understanding the physical behavior of nanoparticles.  Preparation of monolayers of 
molecules at air-water interface by Langmuir in 1932 and their transfer to suitable 
substrates by Blodgett in 1938, were further landmark events in the slow progress of 
materials at the nanoscale.  The exciting possibilities in the field of nanoscience and 
technology were described most eloquently by the visionary exposition by Richard 
Feynmann at the annual meeting of the American Physical Society at Caltech in 1959, 
through his famous lecture, ‘There’s plenty of room at the bottom’. Revolutionary 
developments witnessed in the field of microscopy during the last quarter of the last 
century were the critical factors that triggered the avalanche of activities occurring in 
this field currently. 

1.3. Advent of Nanoscopy 

 As noted above, several decades have passed since metal colloids were first 
synthesized through systematic procedures.  A range of techniques have been employed 
to characterize nanomaterials.  They include powder X-ray diffraction, small angle X-
ray scattering, dynamic light scattering, Brunauer-Emmett-Teller gas absorption surface 
area measurement and pore structure analysis (BET methods), X-ray photoelectron and 
a range of other spectroscopies.  However, lack of appropriate sophisticated analytical 
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techniques for the detailed characterization and visualization of nanomaterials and 
nanostructures have hampered in-depth understanding of nanoscience and effective 
utilization of nanotechnology.   

 Development of electron microscopy in the 1930’s made it possible to go 
beyond the limitations of optical microscopy and image features with dimensions well 
below micrometers.  However it is the advent of scanning tunneling microscopy (STM) 
and atomic force microscopy (AFM) in the 1980’s that really opened up for the first 
time, the possibility of visualizing materials at the atomic scale.  High resolution 
electron microscopy is also now added to this repertoire for imaging at the atomic level.  
It is now possible to not only ‘see’ atoms, but also to manipulate them in desired 
fashions.  Since the development of nanoscience and nanotechnology are intimately 
connected to the advent of modern nanoscopy, we provide a brief overview of the 
salient aspects of the electron and scanning probe microscopies.    

1.3.1. Electron Microscopy  

 The first practical transmission election microscope (TEM) was built by Albert 
Prebus and James Hillier in 1938 using concepts developed by Max Knoll and Ernst 
Ruska in 1931.  TEM was developed because of the limited image resolution of light 
microscopes, imposed by the wavelength of visible light.  Use of electron beams with 
considerably smaller wavelengths should provide much higher resolution.  The 
wavelength of the electron beam can be tuned by controlling the accelerating voltage.  A 
high-voltage electron beam is partially transmitted through a very thin sample (~ 100 
nm); the areas which do not allow the beam to pass lead to an image which is magnified 
using appropriate magnetic lenses and recorded by a fluorescent screen or charge-
coupled device (CCD) based camera.  Modern high voltage instruments, high resolution 
TEM (HRTEM) provide Angstrom resolution enabling efficient and accurate imaging 
of nanostructures.  The electron beam can also be used to record diffraction from 
selected areas of the samples allowing fingerprinting of the periodic atomic lattice 
structures.  This is referred to as selected area electron diffraction (SAED).   

 The first, true scanning electron microscope (SEM) was developed by Zworykin 
et al in 1942 and the first commercial SEM, Cambridge Scientific Instruments Mark I, 
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was available in 1965.  In a scanning electron microscope, a finely focused electron 
beam sweeps across the surface of the specimen giving a wide range of signals 
including secondary or backscattered electrons.  These signals vary according to 
differences in the surface topography and composition, allowing imaging of structures 
down to nanometer sizes.  Important features of SEM are its capability to examine 
objects at low as well as high magnification; extraction of 3-dimensional information of 
the specimen images, and the feasibility of studying nonconducting samples by applying 
a thin coating of conducting film.  Energy dispersive X-ray scattering (EDXS) allows 
the mapping of elemental composition with high spatial resolution. 

1.3.2. Scanning Probe Microscopy 

 The scanning tunneling microscope (STM) was discovered by Gerd Binnig and 
Heinrich Rohrer in 1981.  In STM, a weak current tunneling between a fine probe tip 
and a conducting surface is monitored; the tip is mechanically connected to the scanner, 
an XYZ positioning device using piezoelectric materials.  The sample is positively or 
negatively biased so that a small current, the ‘tunneling current’ flows if the tip is 
sufficiently close to the sample surface.  This feeble tunneling current is amplified and 
measured.  With the help of the tunneling current the feedback electronics keeps the 
distance between tip and sample constant.  If the tunneling current exceeds its preset 
value, the distance between tip and sample is increased, if it falls below this value, the 
feedback decreases the distance.  The tip is scanned line by line above the sample 
surface following the topography of the sample; it is possible to image surface features 
down to atomic resolution.   

 The restriction in the case of STM imaging to samples with conducting surface 
is circumvented in the design of the atomic force microscope (AFM) by Gerd Binnig, 
Calvin Quate and Christoph Gerber in 1986.  When the sample is moved using a piezo 
scanner, a fine probe tip resting in close proximity of the sample surface monitors the 
weak forces of interaction with the features on the surface.  The resulting tiny 
deflections of the tip are detected using an optical system consisting of a laser beam, 
reflecting mirror in the back of the probe tip and a position sensitive detector.  AFM 
allows the 3-dimensional imaging of surface features with nanometer resolution.  
Developments in AFM technology allow imaging in contact and dynamic force or 
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tapping (non contact) modes and exploitation of a wide range of forces including 
electrostatic, magnetic, friction and viscoelastic.8 

1.4. Classifications of Nanomaterials  

 In view of the wide range of nanostructures and nanomaterials that are known 
today, it is very difficult to make a general and unique classification scheme.  Several 
terminologies are commonly used to describe nanostructured materials; some of the 
terms encountered often are: cluster, colloid, nanoparticle, nanocrystal, quantum dot.9  
Although these terms are not very precisely defined, some general meanings are as 
follows.  Cluster usually means a collection of units (atoms/molecules) surrounded by a 
ligand shell which makes it stable, isolable and soluble in an appropriate medium.  
Colloid is a stable liquid suspension having particles with size typically < 1 µm.  
Nanoparticles are solid particles with sizes upto a few hundred nanometers; they could 
be polycrystalline or single crystalline.  If the nanoparticle is single crystal in nature, 
then it is termed a nanocrystal and if it exhibits confinement effect due to size in three 
dimensions, it is called a quantum dot. 

 A crystal consists of a periodic arrangement of specific repeating units (atoms, 
ions or molecules).  The individual repeat units have quantized electronic structure, 
while the crystal has continuous band structure resulting from overlap and combination 
of the wave functions of the repeating units.  When the crystal size decreases to the 
nanometer regime (~ 1 - 100 nm), the electronic band starts getting quantized and 
assumes a character intermediate between that of the crystals and its building units.  The 
nanocrystals thus exhibit novel properties which differ from that of both the bulk and 
the atomic/molecular units; strong dependence on the size, shape and mode of assembly 
also emerges.  Precise control over size and shape can lead to control over their physical 
properties and chemical reactivities.  Because of their unique electronic structure, 
nanocrystals can be used as novel building blocks for the assembly and patterning of 
future nanodevices. 

 Based on the growth habit and morphology, nanostructure can be classified as 2, 
1 and 0-dimensional.10  Plates and discs with polygonal shape are 2-dimensional 
structures; rods, cylinders and wires are examples of 1-dimensional structures (e.g. 
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nanorods and nanowires of metals and semiconductors, carbon nanotubes); isotropic 
spheres, icosahedrons and cubes can be classified as 0-dimensional (e.g. spherical 
particles of metals and semiconductors, C60) (Fig. 1.1).  Several novel nanostructure 
have been reported which fall outside the ambit of these general classifications.  Some 
of these interesting structures include L-shaped or V-shaped bipods, T-shaped tripods 
and multipods appearing as kinetically controlled intermediate states in the assembly of 
the regular building blocks.11 

 
 
 
 
 
 
 
Figure 1.1.  Classification of nanostructures based on growth habit and morphology 
(Figure adapted from Ref. 10).  

 Assemblies of nanocrystals or superlattice structures build up using basic nano 
building blocks can also be achieved by chemical interparticle interactions or binding 
mediated by linker groups.  Slow evaporation of a solution of highly monodisperse 
nanocrystals leads to highly ordered 3-dimensional closed packed structure built 
through van der Waals interaction.  The symmetry of the superlattice structures is 
closely dependent on the size, shape and interparticle interaction.  For example, 
assembly of spherical nanoparticles with shorter or longer interparticle distances 
(imposed by the chain length of the capping agent) leads to cubic or hexagonal packed 
superlattices respectively.12 

1.5. Nanomaterials: Synthesis 

 The various approaches to the synthesis of nanomaterials can be broadly 
grouped into “top-down/break-down” and “bottom-up/build up” methods.  In the top-
down approach, large objects are broken down to give smaller features down to the 

1-D2-D 0-D 
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nanolevel, for example by mechanical techniques (e.g. machining, grinding, polishing), 
laser-beam processing and lithographic techniques.  In the bottom-up approach, atomic 
or molecular building blocks are assembled into nanostructures; examples include 
colloid formation, induced-assembly and self-assembly.  Top-down techniques have 
been developed for production of nanomaterials at the industrial scale but optimization 
of the process to produce well-defined nanostructures remain difficult; the size limits 
that can be reached in these techniques are still larger than those obtained through 
bottom-up approaches.  Bottom-up techniques on the other hand can provide extremely 
small structures with superior control over size, shape,13 and even organization.14 
Current efforts are likely to lead ultimately to a solution of the problem of large scale 
production capability.15   

 We discuss below, some of the bottom-up synthesis approaches to three 
important classes of nanomaterials based on metals, semiconductors and ceramics.  
Special emphasis is placed on metal nanoparticles as they are of particular interest to the 
work presented in this thesis.   

1.5.1. Metals  

 The different procedures are based on two general approaches to the conversion 
of precursor to metal atoms followed by the controlled aggregation of the atoms (Fig. 
1.2).  The first one employs different sources of external energy whereas the other 
methods use specific reducing agents.   

 The first group of method include the use of irradiation (UV, near-IR), 
sonochemistry, radiolysis, thermolysis, laser ablation and nucleation from vapor.  UV or 
near IR irradiation causes the photochemical reduction of the precursor where the 
reaction rate can be controlled by light intensity.16  UV irradiation in presence of 
micelles or seeds facilitates synthesis along with control of size and shape.17  Presence of 
an ultrasonic field can provide control on the rate of precursor reduction and control 
over nanoparticle size.  It can also be used for the synthesis of nanoparticles within the 
pores of silica and for the synthesis of bimetallic nanoparticles.18  Radiolysis has been 
used to synthesize metallic/bimetallic nanoparticles and control their size and size 
distribution.19  Thermolysis of organometallic complexes, mostly metal carbonyl   
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Figure 1.2.  Schematic diagram illustrating some of the bottom-up protocols for the 
synthesis of metal nanoparticles.  

complexes can produce uniform-sized metal nanocrystals.20  Thermolysis of crude 
preparations of Brust’s gold nanoparticles led to an increase of the particle sizes and this 
size evolution was discussed on the basis of a thermodynamic model.21  Laser ablation 
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is another technique of nanoparticles synthesis that has been used under various 
conditions whereby size control can be induced by laser irradiation.22  Sputtering of 
nanoparticles give flexibility to the synthesis of uniformly distributed metal clusters and 
permits the fabrication of composite films of various metals and dielectric materials.23 

 In the second set of approach to metal nanoparticles synthesis, metal salts are 
usually reduced in the presence of a suitable protecting agent.  Reducing agents such as 
molecular hydrogen, hydrazine, NaBH4, LiAlH4, citrate, ascorbic acid, glucose, alcohols 
or some naturally occurring materials such as protein/enzyme and plant extract is added 
to a solution of the metal salt.24  An easily oxidized solvent may function both as the 
electron donor and the dispersing medium.  Alcohols and ethers have been used 
extensively for this purpose.25  Nanoparticles tend to agglomerate in order to reduce the 
surface free energy, and therefore, it is necessary to protect them using ligands, 
surfactants or dendrimers.  Phosphine, phosphine oxide, thiols, amines, carboxylates, 
cyclodextrin, citrate, quaternary ammonium salts, PAMAM dendrimers etc have been 
used for this purpose.   Reaction media such as supercritical fluid or ionic liquid are 
used to facilitate efficient isolation of nanoparticles.  Ionic liquids with suitable 
functional groups can also act as reducing and/or stabilizing agents, allowing the 
reactions to occur at room temperature.26  The well-known Brust biphasic method of 
synthesis uses thiol ligands that strongly bind gold due to the soft character of Au and 
S.27  In an alternate strategy, the metal salt is reduced in microemulsion, copolymer 
micelles or reversed micelles.28  In this technique, the micelles function as nanoreactors, 
where the size of the particles can be controlled by the concentrations employed and the 
micelle size.  Although the size of nanoparticles cannot be controlled very preciously in 
such synthesis, it is possible to narrow the size distribution by controlling the reaction 
conditions.  Functionalized polymers and polyelectrolytes29 have also been used 
extensively in the synthesis of nanoparticles.  The most commonly used polymers for 
the stabilization of nanoparticles include poly(N-vinyl-2-pyrrolidone) (PVP) and 
poly(ethylene glycol) (PEG).30  Poly(vinyl alcohol) (PVA) is also used in some cases.31  
Assembly of nanoparticles inside polymer matrices is also of considerable interest.  
Although there are several ways to fabricate nanoparticle-polymer composites,32 the 
following approaches are quite common.  In situ synthesis of the nanoparticles in the 
polymer matrix is achieved by reduction of the metal salts dissolved with the polymer in 
solution or in a film.33  Films can also be cast using a mixture of preformed 



                 Chapter 1 12 

nanoparticles and the polymer.34  In plasma deposition technique, metals are evaporated 
on to heated polymer surface and impregnated in the film, or metals and polymers are 
evaporated and collected on a substrate.35  Polymerization around the nanoparticles has 
also been used to produce metal-polymer nanocomposite.36  The sol-gel method 
regularly used for metal-oxide nanoparticles synthesis can also be used to synthesize 
metal nanoparticles inside a solid medium.  Modified sol-gel monomers are used to 
stabilize the metal salts before the reduction step and to cap and prevent coagulation of 
the metal sol after reduction, through gel formation, drying, and aging.37  Synthesis 
inside solid matrices is especially significant from the point of view of potential health 
hazards of inhalable nanoparticles.38   

1.5.2. Semiconductors  

 Decomposition of molecular precursors in presence of coordinating solvent (e.g. 
tri-n-octylphosphine oxide, TOPO) at relatively high temperatures39 and RF magnetron 
sputtering in a glass matrix40 are a couple of common approaches used to synthesize 
semiconductor nanocrystals.  A popular method for the synthesis of nanocrystals of 
materials such as CdS, CdTe and Ag2S makes use of mixed reverse micelles.41  Micellar 
solutions containing the metal ion (Cd2+, Ag+) and S2- or Te2- are mixed together and the 
formation of the semiconductor phase occurs inside the nanoreactors.  The nanocrystals 
can be extracted or isolated from the micelles as powders and re-dispersed in 
appropriate solvents for further processing.  Metal-sulphide nanocrystals can also be 
formed inside confined spaces, using H2S gas as the source of sulfur and the metal ions 
confined in a variety of host matrices; which may be soft (microemulsions, liquid 
crystals, polymer solutions), semi-rigid (gels, Langmuir-Blodgett monolayer films, 
polymer thin films) or hard (zeolites, mesoporous materials, layered solids).42  Sol-gel 
process is also commonly used for the synthesis of semiconductor nanocrystals.43 

1.5.3. Ceramics  

 Ceramics based on oxides such as MgO, CaO, Al2O3, SiO2, ZnO, TiO2, NiO, 
Fe2O3 and Cr2O3 can be synthesized as nanosized particles by a variety of methods.  
Mechanochemical methods,44 aerosol methods including gas condensation techniques,45 
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spray pyrolysis,46 and thermochemical or flame decomposition of metal-organic 
precursors47 are some of the most commonly used procedures.  Reverse micelles48 and 
sol-gel49 are also frequently employed for the synthesis of metal oxide nanoparticles.  
Synthesis using micelles follows the methodology discussed in the case of metal 
nanoparticles.  Sol-gel process is typically used to prepare metal oxides via hydrolysis 
of metal alkoxides in an alcoholic medium to the corresponding hydroxide. Removal of 
water via condensation followed by gelation leads to a dense porous gel, a polymeric 
structure having interconnected 3-dimensional framework.  Removal of solvent from the 
gel and further heat treatment causes the formation of metal oxide nanoparticles. 

Precipitation from solutions is another simple and common procedure to prepare oxide 
nanoparticles.50  It involves the precipitation of the relevant metal hydroxide from an 
aqueous solution of the precursor salt by addition of a suitable base (NaOH or NH4OH), 
followed by filtration, washing and calcinations to form the metal oxide nanopowder.  
Metal oxide nanoparticles are also obtained by electric arc discharge in an oxygen 
atmosphere.51 

1.6. Nanomaterials: Properties  

 Properties of materials are generally governed by the chemical composition and 
atomic/molecular/ionic structure and organization.  In the nanoscopic world however, 
the physical and chemical properties are strongly dependent on the size, shape and 
interparticle separation and assembly of the nanoparticles; for example color and 
solubility as well as thermal, chemical (catalytic), mechanical, magnetic, electrical, 
nonlinear optical and antibacterial properties, are significantly different compared to 
their bulk counterparts.  Properties and applications of materials are intimately related to 
each other.  However, for convenience of presentation, we outline first, the conceptual 
aspects of the properties of nanomaterials in this section and then discuss the application 
possibilities in the following section (Sec. 1.7). 

 Many of the special properties of nanomaterials are related to the very high 
surface area/volume ratio arising as a result of the ultrasmall sizes.  For bulk materials, 
the surface atoms are a negligible part of the total number of atoms.  The smaller the 
particle, higher the proportion of surface atoms.  This would be clear from an estimation 
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of the surface area/volume ratio for spherical particle.  If the radius is r, surface 
area/volume = 4πr2/[4πr3/3] = 3/r.  This means that the surface area/volume ratio is 
inversely proportional to the radius for spherical particles.  The ratio increases by a 
factor of 107 when a 1 cm radius particle is broken down into 1 nm radius particles.  The 
impact of this effect can be understood from the fact that 1g gold nanoparticles having 1 
nm radius would have a surface area of ~ 155 m2 ! 

1.6.1. Color 

 Bulk metals are usually opaque and the smooth surfaces of some metals have a 
shiny luster due to the reflection of light.  If the metal particles reach nanodimensions, 
they can develop genuine color.  For example, bulk silver is shiny white (‘silvery’), 
while silver nanoparticles with sizes in the range of 5 - 10 nm are yellow in color.  Gold 
nanoparticles can exhibit a range of colors due to absorption in the range, 500 nm to 
near IR depending on the particle size/shape.52  Even more dramatic variation of color is 
observed in the emission from semiconductor nanoparticles.  For example Si and CdSe 
can be prepared in nanoparticulate forms emitting colors in the wide spectrum of visible 
range.53, 54, 55  The origin of the phenomenon of light absorption by the metallic 
nanoparticles was explained by Mie6 in terms of the coherent oscillation of the 
conduction band electrons induced by the interacting electromagnetic field; this is 
commonly known as Mie theory.  According to Mie theory,56, 57 for very small spherical 
particles of radius, R (where R<< λ, wavelength of light), the extinction cross-section 
can be expressed as 
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where, ε = ε'(λ) + iε″(λ) is the wavelength dependent, complex dielectric function of the 
nanoparticle material and εm is the dielectric constant of the surrounding medium.  Eq. 
1.1 shows that at the wavelength for which ε' = -2εm, Cext will be maximum.  In this 
condition, the electromagnetic field of the radiation induces a resonant coherent dipolar 
oscillation of free electrons across the nanoparticle.  This oscillation is known as surface 
plasmon resonance (SPR) (Fig. 1.3).  For silver, copper and gold this resonance occurs 
at the visible frequencies.  The SPR of metal electrons results in a strong enhancement 
of absorption and scattering of electromagnetic radiation.  The wavelength, intensity and  
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Figure 1.3.  Schematic representation of interaction of the electromagnetic field of light 
with metal nanospheres (Figure adapted from Ref. 57). 

the width of SPR spectra depends on the metal composition, size and shapes of 
nanoparticles, dielectric properties of the surrounding medium and interparticle 
interactions.58 

  Variation of the wavelength of light absorption and emission54 with size of the 
semiconductor nanocrystals arises as a result of quantum confinement59 of the 
conduction electron.  This is particularly significant when typical exciton delocalization 
lengths are larger than the diameter of the nanocrystals.  The particle-in-a-box picture 
shows that the quantized energy level and therefore the energy gaps between them 
would scale inversely with the square of the box size.  This explains the red shift of the 
absorption/emission with increasing particle size.  

1.6.2. Solubility 

 Bulk metals and semiconductors are generally insoluble in common organic 
solvents and water.  However, in the nanoparticulate form they are soluble in several 
solvents including water.  For example, gold nanoparticles capped with stabilizers are 
soluble in water and organic solvents such as alcohols, acetone, acetonitrile.60  The 
increased solubility of nanomaterials is related to the enhanced interaction of the surface 
atoms with the solvent molecules, modulated by the capping agents present. 

Metal 
nanosphere 

e- cloud 

E-field 
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1.6.3. Chemical (Catalytic)  

 The large surface area/volume ratios and the unique binding sites of 
nanoparticles make them better heterogeneous catalysts.  The adsorption characteristics 
and thermodynamics are also considerably modified in the nanomaterials.  More 
importantly, deliberate tailoring of nanoparticle size, shape and surface composition or 
structure enables tuning of the catalytic properties.61  For example, single component 
semiconductor nanoparticles exhibit relatively poor photocatalytic efficiency since the 
majority of the photogenerated charge carriers undergo recombination.62  
Semiconductor-metal composite nanoparticles on the other hand, facilitate charge 
rectification (i.e., directing the flow of electrons and holes) and improve the 
photocatalytic efficiency.  Deposition of a noble metal on semiconductor nanoparticles 
has been shown to maximize the efficiency of photocatalytic reactions.63 

1.6.4. Mechanical  

 Metal nanocrystals often exhibit high strength as compared to the bulk.  For 
example, nanocrystalline copper with a narrow grain size distribution (~ 2 - 3 nm), 
exhibits tensile yield strength approximately an order of magnitude higher than that of 
conventional µm-grained copper.64 

 In several applications, ceramics are preferred over metals because of their 
superior chemical resistance, hardness and wear resistance; higher melting temperature, 
low density and reduced cost.  However, the use of ceramics is often hampered by their 
brittleness, especially at low temperatures.  The limitation can be overcome by reducing 
the grain sizes.  The traditional brittle ceramic materials (e.g. Al2O3, TiO2, ZrO2, ZnO 
etc.) can be made ductile in nature by making them nanocrystalline.65  The ceramic 
nanocrystals can be deformed superplastically at modest temperatures and then heat-
treated at higher temperatures for strengthening.  Superplasticity and ductility refer to 
the capability of polycrystalline materials to undergo extensive tensile deformation 
without necking or fracture.  The great interest of this property stems from the fact that 
brittle fracture is a technical barrier in the use of ceramics in load-bearing applications. 
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1.6.5. Magnetic 

 In the case of ferromagnet or ferrimagnet, the magnetic moment can be 
enhanced by reducing the size.  If the cluster size is smaller than the critical sizes for 
magnetic domains, then the magnetic anisotropy energy is much smaller than the 
thermal energy.  This makes the cluster behave like paramagnetic species.  In the 
absence of external magnetic field, the net magnetization in any direction would then be 
zero.  As the magnetic field is applied, the cluster develops a magnetic moment and 
responds to the applied field independently; the moments can be quite large, of the order 
of thousands of Bohr magnetons.  The applied field would tend to align the giant 
magnetic moments but thermal energy would always try to randomize them.  If the 
thermal energy is lower than the magnetic anisotropy energy, then the cluster can show 
spontaneous magnetization.  This phenomenon of enhanced magnetization called 
superparamagnetism, is observed in several nanomaterials.66 

1.6.6. Electrical  

 In bulk metals the collective motion of electrons (current, I) and the applied 
voltage (V), which induces it are related linearly and described by Ohm’s law, V = RI, 
where R is the resistance of the material.  The electrical transport properties become 
size-dependent in the nanoscopic size regime. The I – V characteristics of quantum dots 
are not linear.  In order to tunnel an electron onto a nanoparticle, it is necessary to 
overcome a charging energy EC  = e2/2C, where C is the capacitance of the particle; this 
phenomenon is called the Coulomb blockade.  In such a situation, the I – V graph shows 
a staircase structure, indicating that the injection of an additional electric charge into a 
nanocrystal that is already charged by an electron is prevented by the Coulombic 
repulsion between the two electrons.67   

1.6.7. Nonlinear Optical 

 Nanoparticles exhibit characteristic size and shape-dependent electronic 
structure leading to unique optical and nonlinear optical (NLO) responses.  The optical 
nonlinearity of metal nanoparticles in dielectrics is of special interest because of their 
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high polarizability and ultra fast responses.  The strong electric fields associated with 
the nanocrystal surfaces can play a significant role in producing enhanced NLO effects.  
Second-harmonic generation (SHG) has been used as an optical probe of electronic 
properties of metal nanoparticles of varying shape, size, composition, and spatial 
organization.68  The arrays of gold nanoparticles can be characterized by SHG 
microscopy, which delivers the high contrast images due to enhancement of the electric 
field.69  The electric properties or electro-optics effects of polar nanoparticles are also an 
interesting subject to examine.70  The SPR energy states of metal nanoparticles can 
facilitate multiphoton excitations and hence nonlinear absorptions.  As this thesis 
presents several studies of optical limiting application of metal nanoparticle, more 
details on this topic are presented later. 

1.7. Nanomaterials: Applications 

 Nanoscience and technology are extremely vibrant and fast growing areas of 
research and development today.  Therefore the numbers of applications of 
nanomaterials are increasing steadily.  It is impossible to review them exhaustively.  
Based on the various properties discussed in Sec. 1.6, we list below a small section of 
applications of nanomaterials in different fields.  In each case a few examples are 
provided, to impart a flavor of the nature of applications.  We follow this up with details 
of two specific areas of application (Sec. 1.8 and 1.9) that are relevant to the work 
presented in this thesis. 

1.7.1. Colorants 

 Nanoparticles have found a wide range of applications from fabrics colorants to 
paint whiteners.  From 10th Century AD onwards nanoparticles have been employed as 
colorants in stained glass windows.  Nanoparticles of desired color can be fabricated by 
suitable size/shapes variations designed based on theoretical calculations.71  Simple 
size-tuning in the case of semiconductors55 and changes of shape anisotropy in the case 
of nanoparticles of metals such as gold52 are commonly employed to dramatically 
modify the optical properties.  Efficient absorption in the UV region by TiO2 
nanoparticles make them useful in protecting human skin from harmful UV rays.  
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1.7.2. Sensors 

 Plasmonic metal nanoparticles have great potential for chemical and biological 
sensor applications, due to their sensitive spectral response to the local environment 
around the nanoparticle surface. The strong scattering or absorption of the metal 
nanoparticles helps in the efficient monitoring of optical signals.  Surface enhanced 
Raman scattering (SERS) is often used in sensing applications.  The detection of heavy 
metal ions is very important for biomedical and industrial applications.  
Functionalization of nanoparticles with ligands that bind selectively to heavy metal ions 
facilitates nanoparticle aggregation in presence of specific ions, leading to shifts in the 
absorption spectrum and concomitant color changes.  This provides a powerful optical 
method for sensing.72  Colorimetric techniques have been developed for DNA detection 
using gold and silver nanocrystals.73  Exposure to vapors, such as methanol, ethanol, 
propanol, hexane, pentane, toluene etc changes the conductivity of functionalized metal 
nanoparticles.  Measurement of changes in the current at a fixed applied voltage is a 
convenient method for vapor sensing by the nanoparticles.74  Conductivity changes of 
palladium nanowires are exploited in sensing hydrogen gas.75  Metal oxide 
nanoparticles are efficient gas sensors and find applications in a number of areas 
including environment monitoring, healthcare, and automobiles.2, 76 

1.7.3. Catalysts  

 Transition metal nanoparticles are efficient catalysts and are often supported on 
suitable substrates for enhanced stability, reusability and broader scope of 
applications.77  Palladium is one of the most popular catalysts in modern organic 
synthesis and widely used for a wide range of synthetic transformations. Beyond its 
well-known early applications in hydrogenation reactions,78 palladium has gained 
enormous relevance in various coupling reactions such as Heck, Stille, Suzuki, 
Sonogashira and Buchwald-Hartwig reactions.79  Many products could be synthesized 
by this methodology for the first time or in a much more efficient way than before.  
Palladium catalysis provides high reaction rate and high turnover numbers (TON) and 
often affords high selectivity and yields.  Palladium nanoparticles stabilized by block 
copolymer micelles or phosphine dendrimer, or supported by silica shows high activity 
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and recyclability for reactions leading to C-C and C-X (X = Heteroatom) bond 
formation.80  Bulk gold is chemically inert and has generally been found to be poorly 
active as a catalyst.  However, when size is reduced to ~ 10 nm, it turns out to be 
amazingly active for reactions such as CO oxidation, especially at low temperature.81 

 Bi-metallic nanoparticles in the form of core-shell structures often show 
improved catalytic activity over the individual counterparts or their physical mixtures.82  
Since catalytic reactions occur only on the surface of the nanoparticles, the core of the 
nanoparticle is essentially unused; this could turned out to be very wasteful if the whole 
nanoparticle is constituted of expensive metals like Pd or Pt.  Synthesis of core-shell 
nanoparticles having a cheap metal as the core and a noble metal as the shell turns out to 
be economical, without compromising the catalytic activity.83  Additional factors like 
modulation of the shell surface activity by the core material could also be significant. 

 Nanoparticles of semiconductors like TiO2 are important photocatalysts for 
decomposition of harmful organic pollutants.84  Several metal oxides are catalysts for 
industrial applications such as oxidation-reduction reactions and hydrogen generation; 
they also act as supports for metal catalysts.  In the nanoparticle form, they show 
enhanced catalytic activity.85   

1.7.4. Coating and Structural Materials 

 It is well-known that surface properties such as wear resistance, friction and 
corrosion resistance of materials can be improved without changing the properties of the 
bulk material, by providing thin film coatings.  Coatings by nanostructured materials 
can enhance wear protection of cutting tools and reduce the friction in sliding parts.  
Superhard nanocomposites such as nanocrystalline-(Ti1–xAlx)N/amorphous-Si3N4 show 
superior cutting performance compared to conventional, hard coatings with (Ti1–xAlx)N, 
commonly used for dry machining.86  Nanoparticles, chain aggregates of carbon 
nanoparticles or carbon nanotubes have been used as reinforcements to improve the 
mechanical properties of matrix composites.87  Addition of silica nanoparticles to 
polypropylene polymer matrix led to an increase of both Young’s modulus and impact 
strength; addition of powder silica did not have such favorable impact on the 
mechanical properties of the polymer.88  The mechanical properties of nanoparticle 
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chain aggregates are important in the manufacture of composite materials such as 
reinforced rubber, fabrication of sensor films and nanoparticle catalyst films.  
Measurement of the nanomechanical properties and the mechanism of enhancement due 
to nanoparticle chain aggregates are of great current interest,89 because of their potential 
application to deformable electronic surfaces.  The change in mechanical property by 
the incorporation of nanomaterials in the required matrix is highly relevant for 
biomedical application such as bone tissue engineering.90 

1.7.5. Magnetic Materials 

 High-density magnetic data storage arrays provide a major technological driving 
force for the exploration of magnetic nanoparticles.  They have been used as functional 
elements in magneto-optical switches,91 and magnetically controllable single electron 
transistor devices.92  Magnetic nanoparticles have found use in photonics crystals93 and 
as toxic waste remediators for decomposing a variety of chemicals in ground water 
including halogenated alkenes.94  They are also used to remove heavy metals.95  The 
suspension of magnetic nanoparticles (ferrofluids) has enormous number of applications 
starting from friction-reducing lubricant in automobiles to medicine for cancer therapy.  
Magnetic nanocrystals are used in the drug delivery applications; the appropriate 
biochemical entity bound to magnetic nanocrystals; can be steered into regions of the 
body where they are required using applied magnetic fields.96 

1.7.6. Electronics 

 Nanowires and single molecule conductors are critical components required for 
the miniaturization of electronic systems and devices.  Nanoparticles behaving as 
quantum dots are extremely important in future nanoelectronics because they enable 
single-electron storage and tunneling.  It has been shown that 17 nm palladium particles 
behave like bulk material at room temperature, following Ohm’s law, but as quantum 
dots at liquid helium temperature, exhibiting a measurable value of Coulomb gap.97  
Studies on 1.4 nm gold clusters have shown typical Coulomb blockade behavior even at 
room temperature.98  Therefore, these particles behave as single electron transistors 
whereas normal transistor unit on a silicon wafer works with ~104 electrons per action.  
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1.7.7. Photonics 

 Nanophotonics is a rapidly growing field of research holding considerable 
promise for wide range areas including communication, computation, information 
technology, biology and medicine.  Surface plasmon of metal nanoparticles can be 
exploited in many applications such as subwavelength optics, data storage, light 
generation, microscopy and bio-photonics.99  Promising developments in 
optoelectronics has greatly increased the demand for new nonlinear optical materials in 
recent years.  The optical nonlinearity of metal nanoparticles can be utilized in 
applications such as optical switching.100 

1.7.8. Health and Medicine 

  Nanoparticles are ideal for probing biological systems such as cells and their 
constituent organelles having sizes upto micrometers.101, 102  Tunable surface chemistry 
facilitates the coating, functionalization and integration of nanoparticles with a host of 
biomolecular moieties.103  These phenomena open up a range of applications in 
molecular biology and biomedicine, such as drug96, 104 and gene105 delivery, tissue 
engineering,101, 106 protein and DNA sensing73, 107 and detection based diagnostics108 and 
biological/biomedical imaging.57, 109  Nanomaterials can also be used in purification of 
drinking water.  Magnetic nanoparticles and nanoporous materials such as zeolites and 
attapulgite have been used to absorb toxic heavy metals, organic pollutants and bacteria 
from water.94, 95, 110 

1.8. Optical Limiting: Concepts and Materials 

 Advances in the field of lasers have led to revolutionary changes in many fields 
of science and technology.  Power flux densities from 1012 to 1019 W cm-2 can be 
obtained using short focused pulses of laser with pulse widths in the range nanosecond 
to femtosecond.  High-power lasers find use not only in academic research, but also in 
several industrial and military applications.  Semiconductor and solid-state lasers are 
portable, compact and efficient, and hence of special interest in the realm of laser 
weaponry.  With the advent of such high power laser sources operating over wide 
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ranges of wavelengths and pulse durations, the necessity for protection of sensors, 
optical components and human eyes from laser inflicted damages has increased 
enormously over the last few years.  In this context, optical limiters which can display 
decreasing transmittance at high intensities (power per unit area) and fluence (energy 
per unit area) have received significant attention.  In an ideal optical limiter, the 
transmittance change abruptly at some critical input intensity or threshold and therefore 
exhibits an inverse dependence on the intensity; the output is thus clamped at a certain 
value (Fig. 1.4).  If this value is below the minimum that can damage the particular 
equipment, the optical limiter becomes an efficient safety device.  The limiting 
threshold (I1/2) of the material is defined as the input intensity/fluence at which the 
transmittance reduces to half of the linear transmittance.111  An optical limiter can clamp 
the output intensity/fluence over a wide range of input intensity/fluence, but may 
breakdown after certain value, most probably due to the material damage, and exhibit 
increased transmittance again.  The threshold upto which the material can provide 
effective limiting is called the damage threshold and the ratio of damage threshold to the 
limiting threshold is called the dynamic range of the optical limiter.111  Desirable 
attributes of an effective optical limiter are (i) low limiting threshold and high optical 
damage threshold and stability, leading to a large dynamic range, (ii) sensitive 
broadband response to long and short pulses, (iii) fast response time, and (iv) high linear 
transmittance, optical clarity, and robustness (i.e. resistance to damage/degradation with 
time due to humidity, temperature etc).112 
  

 
 
 
 
 
 
 
 
 
 
Figure 1.4.  Schematic representation of the behavior of an ideal optical limiter. 
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1.8.1. Processes Leading to Optical Limiting 

 Optical limiting can be achieved by various nonlinear optical mechanisms.  The 
most common ones are mostly by nonlinear refraction effecting self-focusing, self-
defocusing, induced aberration, induced scattering, induced refraction etc and nonlinear 
absorption mediated by excited state absorption (ESA), reverse saturable absorption 
(RSA), free-carrier absorption (FCA), two-photon absorption (TPA) and multiphoton 
absorption.113, 114  Fig. 1.5 shows a classification of the various mechanisms that can 
lead to optical limiting broadly based on energy spreading and energy absorbing modes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5.  Schematic representation of the various mechanisms responsible for 
optical limiting.  
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1.8.2. Energy-spreading type Optical Limiters 

 The key requirement for energy-spreading type of materials is to place an 
aperture or pinhole in front of a detector or the target where the laser light is directed.  
The limiting of the detected laser beam is based on the change in the spatial energy 
distribution of the transmitted beam. With the increase of input laser intensity/fluence, a 
larger fraction of the incident laser energy is spread out to a wider solid-angle range; as 
a result the fraction passing through the aperture will decrease accordingly.  In these 
cases, the observed limiting behavior depends not only on the input laser intensity and 
the nonlinear medium, but also on the pinhole size and the geometric configuration of 
the optical system for a given device. For most of this type of materials, thermally 
induced refractive index changes play a key role.  Typical effects operating in energy- 
spreading type of optical limiting materials are schematically shown in Fig. 1.6.  In all 
these cases the size of the aperture is chosen in such a way that when the input fluence 
is very low, the laser beam transmitted through the medium can totally pass through the 
aperture without any blocking.  In the case self-focusing (Fig. 1.6a) and self-defocusing 
(Fig. 1.6b), when the input fluences are high, the detected energy is significantly 
reduced due to the energy spreading in the aperture plane.  Fig. 1.6c represents the 
mechanism based on induced aberration.  It is well known that induced refractive index 
change is a function of the local intensity distribution of the laser beam inside the 
nonlinear medium.  An irregular spatial distribution of local light intensity can lead to 
random refractive index changes at high intensity levels, causing severe aberration 
influences on the wavefront of the transmitted laser beam.  By keeping a small pinhole 
in the focal plane of a focusing lens, the portion of the laser energy passing to the 
detector can be decreased as the induced aberration becomes larger.115, 116  Fig. 1.6d and 
1.6e show optical limiting based on laser-induced intensity dependent scattering and 
refraction.  In the case of induced scattering, the limiting medium is a system of linearly 
absorbing particles randomly distributed in a transparent host material.  For weak input 
intensity, the temperature and refractive index changes of the particles due to light 
absorption in the system are negligible, whereas for strong input intensity, the 
absorption-induced heating of the particles is no longer negligible.  Each particle forms 
an individual heating center and the medium becomes highly inhomogeneous resulting 
in considerable part of the energy spreading out into a wider spatial range and only a 
small fraction passing through the aperture.117  In the case of induced refraction, the 
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Figure 1.6.  Schematic illustration of energy-spreading type optical limiters (Figure 
adapted from Ref. 115). 

medium is composed of two microscopic components that have the same static 
refractive index but are in different phase (e.g. liquid and solid mixture).  If one 
component is transparent and the other absorbs the incident laser beam, the selective 
heating, makes the whole system inhomogeneous at the boundary between the two 
components.115  Although, all energy-spreading type of optical limiting are featured 
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using an aperture, in some experimental cases no aperture is used; in the latter case, the 
limited sensitive area of the detector plays the role of an aperture.   

 Although all these mechanisms lead to slow temporal response, the opto-thermal 
effect-induced refractive index change is considered to be important for optical limiting.   
Even though impurities or external particles cause only small residual linear absorption 
in transparent and non-resonantly absorptive medium, this small absorption is strong 
enough to create remarkable thermally induced refractive index changes at higher input 
laser intensity.  The induced refractive index change will be significant for a resonant 
and linearly absorbing medium even at low input intensity. 

1.8.3. Energy-absorption type Optical Limiters 

 Nonlinear absorption is another mechanism employed for optical limiting.  In 
this case no aperture or pinhole is necessary, and the optical limiting relies on the fact 
that the transmittivity of nonlinear absorbing media decreases when the input laser 
intensity increases.  At sufficiently high intensities, the probability of a material 
absorbing more than one photon or an excited molecule (or electron in the case of, say, 
semiconductors) being elevated to a higher-lying excited state before relaxing to ground 
state can be greatly enhanced.  The optical limiting devices based on this mechanism 
can be called the energy-absorption type of optical limiters and the various processes 
leading to optical limiting are listed below. 

Excited State Absorption (ESA) 

 When the incident intensity is well above the saturation intensity, then the 
excited state can become significantly populated.  If the excited state has a high density 
of states near to it (as in the case of a semiconductor), the excited electron can rapidly 
make a transition to these states before it decays back to the ground state.  There could 
also be a number of higher-lying states which are coupled with these intermediate states, 
for which the energy differences are in near-resonance with the incident photon energy. 
In such a case, before the electron completely relaxes to the ground state, it may 
experience absorption that promotes it to a higher-lying state.  This process is called 
excited state absorption.  This process is observable when the incident intensity is 
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sufficient enough to deplete the ground state significantly.  

 Fig. 1.7 represents the ESA mechanism for nonlinear absorption, usually called 
five-level model, referring to five distinct electronic states. 116  Absorption of an incident 
photon promotes an electron to the first excited singlet state, S1, from which one of the 
following can happen: (i) the electron can relax back to ground state by radiative or 
nonradiative transition, with rate constant fk , (ii) it can undergo spin flip transition to a 
triplet state T1 (intersystem crossing) with rate constant, isck , or (iii) the material can  

 
 
 
 
 
 
 
 
 
 

 
Figure 1.7.  Schematic energy level diagram for the excited state absorption (ESA).  

absorb another photon, promoting the electron to a higher-lying singlet state, S2 from 
which it can relax back to the first excited singlet state.  Electron in the lowest triplet 
state has two options: (i) it can relax back to the ground state by another spin flip 
transition, leading to phosphorescence, with rate constant phk , or (ii) the material can 

absorb another photon, promoting the electron to a higher-lying triplet state T2, from 
which it can relax back to T1. 

 If the absorption cross-section of the excited state is smaller than that of the 
ground state, the transmission of the system will be increased when the system is 
strongly excited.  This process is called saturable absorption (SA) which is similar but 
more complex than that of saturation of absorption occurring in simple two-level 
systems.  On the other hand, if the absorption cross-section of the excited state is larger 
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than that of the ground state, the system will be less transmissive when excited; since 
this phenomenon is opposite to that of saturable absorption, it is called reverse saturable 
absorption (RSA).  Free carrier absorption (FCA) has similar characteristics as RSA. 
Among these three nonlinear processes RSA and FCA contribute to optical limiting and 
hence are discussed further below. 

Reverse Saturable Absorption (RSA) 

 Materials showing RSA show enhanced absorption as the input optical 
intensity/fluence is increased.118  Such a nonlinear optical response is exhibited when 
materials have weak ground state absorption over some spectral range and strong 
excited state absorption in the same wavelength range.  Reverse saturable absorbers are 
of special interest since (i) they display large nonlinear attenuation while maintaining 
high linear transmittance;  (ii) energy is absorbed and converted to heat and not spread 
as in nonlinear refractive or scattering media, making the limiting process more reliable 
and useful in fast (highly convergent) optical systems and (iii) materials with prompt 
singlet excited-state absorption and long-lived triplet-state absorption may be effectively 
used for optical limiting of a wider range of pulse widths (sub-picosecond to 
microsecond duration).   

 A simple model of sequential one-photon absorption in a two-step process115, 116 
can be used to explain RSA as shown schematically in Fig. 1.8.  1, 2 and 3 are the  
 
 
 

 
 
 
 
 
 
 
 
Figure 1.8.  Schematic energy level diagram for reverse saturable absorption (RSA). 
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ground, first and higher-lying excited states respectively, N1, N2 and N3 the respective 
populations and σg and σex, the absorption cross-sections for the ground and excited 
states respectively.  If the material has resonant linear absorption for the incident laser, 
excitation of a definite population to state 2 occurs, followed by further transition from 
state 2 to 3 via further photon absorption.  Probability of the latter transition depends on 
N2, σex and the incident intensity, I; N2 is determined by N1, σg and I.  With increase in 
the intensity, N2 increases continuously and hence the sequential one-photon absorption  
from state 2 to 3 becomes significant provided  σex >> σg.  Under steady state 
conditions,  

                                               ININN
dz
dI

exg 221 )( σσ −−−=                                … (1.2) 

In the simplest situation, it can be assumed that 0, 321 ≈〉〉 NNN and NN ≈1  where N  
is the total population of the absorbing species.  If NbN gσ≈2 , where b is a 

proportionality constant, the attenuation of the light inside the medium,  

                                                   2NIbNI
dz
dI

exgg σσσ −−=                                   … (1.3) 

                                                          2
0 II

dz
dI βα ′−−=                                           … (1.4) 

The linear and nonlinear absorption coefficient 0α  and β ′are defined as  

                                                               Ngσα =0                                                … (1.5) 

                                                            Nb exgσσβ =′                                             … (1.6) 

The solution of Eq. 1.4 gives the intensity of the light at a distance, z inside the medium,  
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where 0I  is the input intensity incident on the medium. If the linear absorption is small, 
then ze z

010 αα −≈− , transmittivity,  

                                                     
0

0

0
0 1
)(

zI
T

I
IIT

β ′+
==                                        … (1.8) 

Here zeT 0
0

α−=  is the linear transmittivity of the material for low input intensity.  )( 0IT  

is the intensity dependent transmittivity of the same material at high input intensity.  
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This simplest quantitative description of RSA explains how the transmittivity decreases 
with increasing input intensity.  

Free Carrier Absorption (FCA) 

 Absorption of photons with energy greater than the band gap will promote 
electrons to the conduction band, where they become free carriers.  With sufficiently 
high intensities, there is a high probability for them to absorb more photons although 
they are still in the conduction band.  This can lead to nonlinear absorption.  Once free 
carriers are generated in semiconductors, they may experience phonon-assisted 
absorption to higher lying states in the conduction band.   

Two-photon Absorption (TPA) 

 Two-photon absorption (TPA) involves a transition from ground state 1 of a 
material to a higher-lying state 2 by the simultaneous absorption of two photons via an 
intermediate virtual state, as schematically shown in Fig. 1.9.  

  
 
 
 
 
 
 
 
 
 
 
Figure 1.9.  Schematic energy level diagram for two-photon absorption (TPA). 

 In this case, the attenuation of the incident light is described by 
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dz
dI βα −−=                                            … (1.9) 

where 0α  and β  are the linear and two-photon absorption coefficient respectively. 
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 Three-photon and multiphoton absorption involves a transition from the ground 
state to a higher-lying state by the simultaneous absorption of three or more photons via 
multiple number of virtual states.  

Two-photon Assisted Excited State Absorption 

 When TPA is particularly strong in a material, it can lead to significant 
population of a two-photon allowed state.  Often there are allowed transitions from this 
state to higher-lying states of the system, i.e. when excited with ultrashort laser pulses, 
ESA can ensue from the two-photon excited state.  Attenuation of the laser intensity can 
be written as  

                                                     NIII
dZ
dI σβα −−−= 2

0                                     … (1.10) 

where 0α  and β  are the linear and TPA absorption coefficient and σ is the ESA cross-

section. 

1.8.4. Materials for Optical Limiting 

 A wide variety of materials have been studied as potential candidates for optical 
limiting based on different processes.  Nonlinear materials with higher sensitivity and 
negligible linear absorption are prime targets for development and incorporation into 
optical systems.  Particular attention is focused on optical limiters for pulsed lasers in 
the visible and near infrared range, in view of their importance for eye protection.119  
Colloidal suspensions provide optical limiting in the UV to near IR range, using 
scattering mechanisms.120  Several dye molecules are useful in the visible band because 
of nonlinear absorption and refraction.  The most extensively studied systems are 
phthalocyanines,121 porphyrins122 and fullerenes and their derivatives123 in which long-
lived triplet excited state can be produced conveniently.  Liquid crystals are another 
class of materials studied in the visible to mid IR region; they cause optical limiting via 
refraction and TPA.124  Another system studied is bacteriorhodopsin.125  Photorefractive 
materials,126 photonic band gap materials,127 nonlinear absorbers doped in xerogels and 
sol-gel films,128 glasses,129 filters,130 organic/ inorganic clusters131 and layered 
systems132 have been reported to show efficient optical limiting properties.   
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 Over the last few years, semiconductor nanoparticles and carbon nanotubes,133 
as well as metal nanoparticles134 have emerged as promising candidates for optical 
limiting in the nanosecond and picosecond regime.  Semiconductor quantum dots,135 
metal nanoparticles,136 carbon nanostructures,137 fullerene functionalized polymers,138 
and organometallics139 have been reported to show optical limiting of femtosecond laser 
pulses.  Optical limiting properties of metal nanoparticle-embedded polymer thin films 
in the nanosecond and femtosecond regimes will be the subject of some of the studies 
presented in this thesis. 

1.9. Antibacterials: A Brief Overview  

 A microorganism or microbe is a living organism which is microscopic in size 
i.e. typically few micrometers along the largest dimensions.  Microorganisms can be 
bacteria, fungi, archaea or protists, but not prions or viruses which are non-living.  An 
antimicrobial is a substance which can kill or inhibit the growth and reproduction of 
microbes.  When the antimicrobial substance is effective only against bacteria, it is 
called an antibacterial.  The action of these substances can be bactericidal (killing) or 
bacteriostatic (inhibition of growth and reproduction).  

1.9.1. Bacteria 

 Bacteria are the simplest, most diverse and widespread group of microbes on 
earth.  The structural differences of bacteria lie in the organization of a key component 
of the cell wall, peptidoglycan, which is one of the most essential parts for survival of 
most bacteria.  Gram-negative bacteria (Escherichia coli, Salmonella etc.) possess only 
a thin peptidoglycan layer (~ 2 - 3 nm) between the cytoplasmic membrane and the 
outer membrane; in contrast, gram-positive bacteria (Bacillus, Listeria, Staphylococcus 
etc) lack the outer membrane but have a peptidoglycan layer that is ~ 30 nm thick.140 

 Bacteria can inhabit practically all environments where liquid water is available 
and temperature is below 140oC; they can quickly adapt and respond to new 
environments and environmental stresses.  Some of the bacteria can make spores, which 
are reproductive structures adapted for dispersion and survival over extended periods of 
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time in adverse conditions.  They reproduce by binary fission.  Under optimal 
conditions they can grow extreme rapidly and the population can be doubled within few 
minutes.  The standard bacterial growth curve is shown in Fig. 1.10 consisting of four 
phases: (i) lag phase when growth is slow while bacteria adapt to the food and nutrients 

  

 
 
 
 
 
 
 
 
 
 
 
Figure 1.10.  Bacterial growth curve showing the four phases of growth versus time.  

in their new habitat, (ii) log phase in which metabolic machinery is operative and 
exponential growth occurs, (iii) stationary phase where the bacteria start competing for 
the dwindling food and nutrients causing the growth rate to reduce and the number of 
bacteria to stabilize, (iv) death phase in which the toxic waste products built up and 
depleted food lead to death of bacteria.  The number of viable bacteria present in a 
sample can be measured indirectly by a method named ‘plate counts’, where the sample 
is diluted by nontoxic diluent (e.g. water) before plating/spreading.  If plated on a 
suitable medium (usually nutrient agar surface), each viable unit grows and forms a 
colony.  The count of colonies is expressed as the number of colony forming units 
(CFU); it provides an estimate of the viable number of bacteria present in the original 
sample.  Although the majority of bacteria are harmless or even benefit a host in 
different ways, a few are pathogenic, invading other organisms and causing various 
diseases. 
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1.9.2. Antibiotics 

 Antibiotics are generally used to treat bacterial diseases such as cholera, syphilis, 
plague, tuberculosis, anthrax, leprosy and many more.  Some antibiotics are 
bactericidal, whereas others are merely bacteriostatic allowing the host’s immune 
system to eradicate them.  Originally all antibiotics were based on formulations derived 
from living organisms, penicillin being the classic example; however synthetic 
molecules such as sulfonamides are quite common now.  It has been known for long 
that heavy metal such as mercury, lead, copper and silver as well as their ionic salts can 
exhibit strong antibacterial activity. 

 Misuse or excessive use of antibiotics has led to the emergence of antibiotic-
resistant pathogens.141  For example infections due to Staphylococcus aureus used to be 
treated with penicillin in the mid-nineteenth century.  But at present nearly all strains of 
these bacteria are resistant to penicillin and even a few other antibiotics.  The genes 
coding for antibiotic resistance is transferred between bacteria via plasmids, making it 
possible for bacteria which were never exposed to an antibiotic to acquire resistance 
from those that have been already exposed.  Even though bacteria have not been able to 
develop resistance against heavy metals and their salts, most of these are unsuitable for 
treating infectious deceases because of their high toxicity to other living organisms 
including humans. 

 Recently, different types of materials have been used as antimicrobial/ 
antibacterial agents, such as ampiphilic polymers,142 or synthetic mimics of naturally 
occurring antibacterial peptides,143 microbe-repelling anti-adhesive polymers,144 and 
polymeric/composite materials loaded with slow releasing biocides such as heavy 
metals,145 antibiotics,146 small molecule biocides,147 halogen species,148 etc.   

1.9.3. Efficacy of Silver  

 Silver-based materials are popular antibacterial because of their potent 
efficacy,149 ease of fabrication, low toxicity towards mammalian cells150 and low 
provocation of microbial resistance.151  Compounds containing both ionic silver (Ag+)152 
and metallic silver (Ag0)153 exhibit antimicrobial activity.  They can be used to reduce 
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infections in burn treatment154 and arthroplasty155 and to prevent bacteria colonization 
on prostheses,156 catheters,157 vascular grafts,158 dental materials,159 stainless steel 
materials,160 and even human skin.161  Silver-containing materials can be employed to 
eliminate microorganisms on textile fabrics162 and for water treatment.163 

 Silver nanoparticles have emerged as one of the most popular agents for 
bactericidal applications.164, 165  Contrary to bactericide effects of ionic silver, the 
antimicrobial activity of colloid silver particles are influenced by the dimensions of the 
particles; the smaller the particles, greater the antimicrobial effect.165, 166  Colloidal 
silver nanoparticles,166, 167, 168, 169 as well as embeddings in polymers,170 foams,171 
fibers172 and textiles173 have been extensively used as antibacterial agents. Silver 
nanoparticles also exhibit potent cytoprotective activity towards HIV infected cells.174 

1.9.4. Bactericidal Mechanism of Silver Nanoparticles 

 The bactericidal effect of silver on micro-organisms is very well known; 
however, the mechanism involved in bactericidal action is only partially understood.  It 
is the subject of extensive investigations currently.  It is generally believed that the 
silver nanoparticles provide slow and controlled supply of silver ions which actually 
participate in the bactericidal process.  The electrostatic attractive interaction due to 
surface charges of the nanoparticles and bacteria is also implicated in the antibacterial 
activity.  It has been shown that the bacterial cells get damaged after treatment with 
metal nanoparticles, the formation of ‘pits’ in the cell wall of the bacteria has been 
suggested to lead to the antibacterial activity.168  It has also been reported that 
nanoparticles enter the bacterial cell and presumably get attached to the DNA.165  A 
recent study suggests that the enhanced activity of nanoparticles is due to their large 
surface area/volume ratio and the improved surface interaction that facilitates specific 
binding to cell membrane (generally to the sulfur-containing proteins) causing greater 
permeability of the membrane culminating in bactericidal action.169  Whatever the 
details of mechanism, silver nanoparticles have clearly been demonstrated to be useful 
and effective in antibacterial applications. 
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1.10. Layout of the Thesis 

 The main objectives of this thesis are the development of a simple and 
environment-friendly in situ process for generating metal nanoparticles inside polymer 
films and exploration of their utility in different applications.  We merge the advantages 
of the chemical route to nanoparticles, environment-friendly reagents, and the 
stabilization of the particles in a polymer matrix, in the fabrication of nanoparticle- 
embedded polymer film using appropriate precursors and polymers.  The polymer we 
have chosen in our study, poly(vinyl alcohol) (PVA) can serve multiple functions as, 
reducing agent for the precursor metal ions, stabilizer for the nanoparticles and the 
matrix for homogeneous distribution and immobilization.  The specific metals we have 
chosen in our studies are silver, gold and palladium, based on the fact that the hydroxyl 
group on PVA can reduce the corresponding cations.  The protocol we have developed 
is generally carried out in aqueous medium and provides a convenient route to 
supported as well as free-standing films of the nanoparticle-embedded polymer; 
fabrication of the latter involves the use of a sacrificial layer of polystyrene (PS).  The 
free-standing films are not only useful from an application point of view, but also 
facilitate direct imaging in a transmission electron microscope.  The process we have 
developed facilitates the variation of particle size, shape and size/shape distribution by 
control of the composition of the films and parameters related to the thermal treatment.  
The nanocomposite materials fabricated are found to have efficient optical power 
limiting capability and reusable antibacterial application.  This thesis is organized in 
five chapters.  The uniqueness and significance of nanomaterials are introduced in this 
chapter along with an overview of the historical perspective including the crucial role of 
microscopy in the development of nanotechnology.  The classifications, different 
methods of the synthesis, special properties and multidisciplinary applications of 
nanomaterials are already discussed in the previous sections of this chapter.  The salient 
features of the subsequent chapters are summarized below.   

Chapter 2  

 This chapter presents the details of the methodology we have developed for the 
in situ generation of metal nanostructures inside polymer films.  The chapter is 
specifically focused on silver nanoparticles formed in PVA films.  The nanoparticles are 
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generated by the reduction of silver nitrate in situ inside the film, through thermal 
treatment; PVA acts simultaneously as the reducing agent and stabilizer for the 
nanoparticle formation and facilitates homogenous nucleation.  A simple and efficient 
protocol for the fabrication of free-standing films is also demonstrated.  The 
silver/polymer ratio, time and temperature of thermal treatment are shown to exert a 
strong influence on the size of the nanoparticles and the size distribution.  Fine-tuning 
these parameters can provide homogeneous and narrow distributions around small 
particle sizes typically, 2 - 3 nm.  The films fabricated are characterized using 
spectroscopy and microscopy.  Nonlinear absorption and optical limiting properties of 
the supported and free-standing silver nanoparticle-embedded PVA films are 
investigated using Z-scan studies in the nanosecond and femtosecond regimes.  These 
studies revealed strong responses in the thin films which are comparable or superior to 
those reported for silver colloids earlier.  Antibacterial application of the reusable 
composite films is presented in the last part of this chapter. 

Chapter 3  

 Extension of the methodology developed in Chapter 2 to the fabrication of gold 
nanoplates embedded in PVA films is presented in this chapter.  A range of polygonal 
shapes are realized by optimizing the gold/polymer ratio and the reaction conditions.  
Infrared spectroscopy allowed us to investigate the chemistry occurring in the polymer 
film leading to the formation of the gold nanostructure.  Optical limiting application of 
the supported Au-PVA film studied using femtosecond pulse laser is also presented in 
this chapter.  An assortment of studies including the synthesis of gold nanopyramids, 
green synthesis of gold nanocrystals and the real time monitoring of the in situ growth 
of gold nanodomes, are collected in the last part of this chapter.  

Chapter 4 

 This chapter describes the studies of palladium nanowire formation inside PVA 
films.  Crystallization of the precursor, potassium palladium (II) chloride as nanowires 
inside the film and the influence of its concentration on the morphology of the 
nanostructures formed are discussed.  The precursor nanowires are reduced to palladium 
nanowires by the polymer under mild thermal annealing.  The chemical reaction 
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occurring in situ inside the polymer films, including byproduct formation, are 
investigated through spectroscopy together with microscopy and electron diffraction.  
The overall process can be described as a novel case of crystal-to-crystal transformation 
at the nanoscopic level.  Optical limiting studies of the nanowires-embedded polymer 
thin films are discussed.  In the last part of the chapter, general utility of the present 
approach to nanowire fabrication is demonstrated using preliminary explorations carried 
out on gold in PVA. 

Chapter 5 

 The final chapter presents an overview of the various investigations presented in 
the thesis and highlights the salient achievements of the in situ synthesis methodology 
we have developed for the fabrication of metal nanoparticle-polymer composite films.  
The highlights of the work include : (i) the simple, convenient and general fabrication 
protocol developed for the synthesis of metal nanoparticles, (ii) use of bio-compatible 
and bio-degradable polymer and aqueous medium for the fabrication process, (iii) the in 
situ generation of nanocrystals in polymer films using the matrix itself as the reagent, 
leading to free-standing or supported films with embedded nanoparticles, (iv) control 
over size, shape and size/shape distribution of the nanoparticles, (v) orientational 
ordering of nanoplates and nanowires without the help of special templates or linker 
molecules, (vi) monitoring of the reaction occurring inside the polymer thin films using 
spectroscopic and microscopic tools, (vii) optical limiting capability of the silver, gold 
and palladium nanoparticle-polymer composite thin films and the unambiguous 
estimation of the nonlinear refractive index and nonlinear optical susceptibility of the 
nanoparticles without the substrate contribution through the use of free-standing films 
and (viii) the efficient bactericidal application of reusable silver nanoparticle-polymer 
composite films. 

 The current protocol opens up a wide range of possibilities for the fabrication of 
supported/free-standing metal or semiconductor nanoparticle-embedded polymer films. 
Organized assembly of the nanostructures inside the polymer matrix may be achieved 
by fine-tuning our protocol or mechanical manipulation of the films.  Exploration of 
further applications of the composite films in areas including catalysis and opto-
electronics are some of the important directions for further work. 
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Scope 

 We present in this chapter, our investigations of silver nanoparticles generated 
in situ inside poly(vinyl alcohol) film through thermal treatment, the polymer serving 
simultaneously as the reducing agent and stabilizer for the nanoparticle formation.  A 
simple and efficient protocol for the fabrication of free-standing films is also 
demonstrated.  Spectroscopy and microscopy studies show that the silver/polymer ratio 
and the time and temperature of thermal treatment can be used effectively to fine-tune 
the size and density of nanoparticles in these composite films.  Homogeneous and 
narrow distributions around small particle sizes (2 - 3 nm) can be achieved under 
optimal conditions.  Nonlinear optical studies using Z-scan measurements indicate that 
these nanoparticle-embedded polymer films are potentially efficient optical limiters.  
Bactericidal application of reusable silver nanoparticle-polymer composite films is also 
presented in this chapter. 

2.1. Introduction  

 Synthesis and assembly of nanoparticles are central themes in nanomaterials 
science and technology.  Environment-friendly procedures are highly desirable1 and 
methods which allow control of particle size and shape are extremely useful.  Even 
though metal nanoparticles are often synthesized in colloidal solutions,2 their solid 
composites in polymer or glassy matrices are in demand in various device 
applications.3,4  The common approaches to such materials include casting of films from 
a mixture of preformed nanoparticles and polymer,5 plasma deposition techniques6 and 
in situ growth.3, 7, 8  The latter mode of synthesis inside solid matrices is of interest in 
the context of the current debate on potential health hazards of inhalable nanoparticles.9  
Free-standing thin films are useful for device applications, and have been fabricated at 
the air-water interface10 and through layer-by-layer assembly;11 however, preformed 
nanoparticles were used in both cases.  The methodology we have developed combines 
the advantages of the chemical reduction route to metal nanoparticles, environment-
friendly reagents and the stabilization of the particles in a polymer matrix, in the 
fabrication of silver nanoparticle-embedded polyvinyl alcohol (PVA) films.  Optimal 
concentrations and thermal treatment for short periods of time are shown to lead to a 
homogeneous in situ generation of 2 - 3 nm diameter particles.  A simple procedure 
involving a sacrificial layer12 of polystyrene (PS) is used to obtain free-standing Ag-
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PVA films.  This strategy facilitated the monitoring of particle size directly in a TEM, 
without the need for microtoming.  To the best of our knowledge, ours was the first 
report of in situ fabrication leading to free-standing polymer film incorporating silver 
nanoparticles.  Further, the small sizes and narrow distributions achieved under such 
mild conditions and short processing time are very significant.  Our methodology opens 
up a wide range of possibilities in terms of the choice of metals, polymers and particle 
growth conditions and the feasibility of further mechanical or optical manipulations.13  
We have investigated the optical limiting capability of these nanoparticle-embedded 
polymer films in the nanosecond and femtosecond regimes.  In addition, we have found 
that the Ag-PVA films can be used as an efficient bactericidal agent, in repeated action 
cycles.  The reusable films could be monitored using spectroscopy and microscopy to 
investigate possible changes after bactericidal action.   

2.2. A New Fabrication Protocol  

 The steps involved in the fabrication are shown in Fig. 2.1.  The procedure used 
to prepare films, with different Ag/PVA weight ratios, x is as follows.  5.3 mg or 8.1 mg  
or 10.8 mg of silver nitrate (AgNO3) dissolved in 0.5 ml water was mixed with a 
solution of 120 mg of poly(vinyl alcohol), PVA (Fluka, average molecular weight, Mw 
= 15 kDa, % hydrolysis = 87-89) in 0.6 ml water to prepare the three different 
compositions, x = 0.028, 0.042 and 0.058.  In each case, the solution mixture was 
diluted by adding 2.0 ml more of water and stirred for 10 min at room temperature (27 - 
30oC).  The solution was always protected from light.  Millipore purified water was 
used in all operations.   

Glass/quartz plates were cleaned by sonication in isopropyl alcohol, methanol 
and finally acetone for 10 min each.  A few drops of a solution of polystyrene, PS (Mw 
= 280 kDa) in toluene (1 g in 8 ml) was spin coated on the glass substrate using a 
standard photoresist spinner at 1,000 RPM for 10 sec.  Two such layers were coated in 
succession and the coated plate was air-dried.  On top of the polystyrene coating, the 
AgNO3-PVA solution was spin coated at 6,000 RPM for 10 sec.  A second layer was 
coated similarly.  Alternately, the AgNO3-PVA solution was spin coated directly on 
quartz substrates without the polystyrene film, and used for optical studies.   
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Figure 2.1.  Schematic representation of the fabrication procedure for Ag-PVA and Ag-
PVA/PS films. 

 Since the thermal properties of the polymers are relevant for the in situ 
nanoparticle synthesis, we have examined them using differential scanning calorimetry 
(DSC).  PVA film showed a glass transition with onset at 92oC and melting transition 
with peak at 191oC; these are consistent with values expected for partially hydrolyzed 
PVA (Fig. 2.2a).14  The thermal behavior of PVA is retained in PVA/PS film; pure PS 
shows melting peak at 209oC (Fig. 2.2b).  These data suggest that the PVA film is likely 
to be in a soft (but not molten) state during the thermal treatment carried out for the 
formation of metal nanoparticles in the temperature range of 50 - 150oC, as described 
below.   

 Silver nanoparticles were generated in situ, inside the polymer film by heating 
the AgNO3-PVA films in a hot air oven under ambient atmosphere.  Different 
conditions of heat treatment were explored with temperatures, T = 50 - 110oC and times, 
t = 5 - 60 min.  PVA acts simultaneously as the reducing agent,15 stabilizer for the 
nanoparticles and the matrix for homogeneous distribution and immobilization.  The 
films obtained are fully transparent with no visible coloration; however when larger 
amounts of silver are involved, the films appear yellow.  Interestingly, the photostability  
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Figure 2.2.  Differential scanning calorimetry (DSC) plots of (a) PVA film (scan rate = 
10oC/min) and (b) PS (scan rate = 3o/min) used in the nanoparticle-polymer composite 
fabrication.   

of AgNO3-PVA and Ag-PVA films are considerably enhanced with respect to that of 
colloidal mixtures of AgNO3 and PVA.  After the thermal treatment, the Ag-PVA/PS on 
glass could be peeled off to give free-standing films.  Alternately, the glass substrate 
with Ag-PVA/PS was immersed in toluene whereupon the PS layer dissolved and the 
floating freestanding Ag-PVA film could be isolated (inset of Fig. 2.3).  The thickness 
of the individual layers was examined by SEM imaging of the cross section image of 
the Ag-PVA/PS film.  The film was sandwiched between two glass plates and held 
vertically to examine the cross section.  The thickness of the PS and PVA layers are ~ 3 
- 6 µm and 400 - 500 nm respectively as seen from the SEM image (Fig. 2.3).  EDXS 
was used to confirm the presence of silver in the Ag-PVA layer.  
 
 
 
 
 
 
 
 
 

Figure 2.3.  SEM image of the cross-section of Ag-PVA/PS film.  Inset shows the Ag-
PVA free-standing film on a teflon support; the empty hole shows the contrast. 
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Polystyrene
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2.3. Size Tuning of the Nanoparticles   

 We envisaged that the Ag/PVA ratio, x as well as the temperature and time of 
thermal treatment would have significant influence on the size and size distribution of 
the silver nanoparticles formed inside the polymer films.  As noted in the fabrication 
procedure, these parameters were varied and the films obtained were investigated using 
spectroscopy and microscopy to observe the size variation of silver nanoparticles inside 
the polymer films. 

 Absorption spectra of Ag-PVA films with different values of x (0.028, 0.042 and 
0.058), heated at T = 90oC for different lengths of time, t are shown in Fig. 2.4.  The 
spectra were deconvoluted using Gaussian functions to extract the features of the 
surface plasmon resonance (SPR) peak accurately, avoiding errors due to broad 
absorption appearing deep in the UV region. The variation of intensity, peak maximum  

 
 

 

 

 

 

 

 

 

 
Figure 2.4.  Absorption spectra of Ag-PVA films with x = (a) 0.028, (b) 0.042 and (c) 
0.058, heated at T = 90oC for different periods of time, t.  Variation of (d) intensity, (e) 
peak maximum and (f) line width of the absorption spectra in (a), (b), and (c), with 
heating time. 
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and line width for different compositions are shown in Fig. 2.4.  The intensity plots 
show that the nanoparticle production increases with time and saturates in about an 
hour; the progress is very prominent at the highest Ag/PVA ratio. The small but steady 
blue shift of the peaks with heating time indicates decrease of the particle size.16  We 
found that our observations are quite reproducible and supported by TEM studies 
discussed below.  The marked line width reduction reflects the increasing 
monodispersity of the size.  Fig. 2.5 represents the SPR spectra of Ag-PVA films with x 
= 0.028 and 0.042 heated at different temperatures for 1 h; considerable enhancement in 
the peak intensity is observed at higher temperature.  It is important to note that, an 
earlier study of silver nanoparticles in polymers17 reported a broad size distribution (10 - 
60 nm) and suggested possible increase of size with heating time.  No supporting 
microscopy evidence was provided, however.  

 For the TEM studies, a small piece of Ag-PVA/PS film peeled off the glass 
substrate was placed on a 100 mesh copper grid and the PS layer was dissolved out by 
dipping the grid for 3 - 5 min in toluene taken in a petri dish.  The thin film samples 
were directly examined at an accelerating voltage of 100kV.  The Ag-PVA films 
showed the formation of smaller particles, tighter size distribution and size decrease 
with heating time, fully consistent with the plasmon absorption data.  Fig. 2.6 shows 
TEM images of the roughly spherical silver nanoparticles in PVA matrix obtained by 
heating the films (x = 0.042) at 90oC.  The histograms illustrate the increase in particle 
density (average number of particles in unit area of the film), decrease in the mean 
diameter (dmean) and narrowing of the size distribution with increasing heating time.  
Film heated for 60 min shows very small particles (dmean = 2.6 nm) and a tight 

  
 
 
 
 
 
 

Figure 2.5.  Absorption spectra of Ag-PVA films with x = (a) 0.028 and (b) 0.042 
heated at different temperatures, T for t = 60 min.  
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Figure 2.6.  TEM images of Ag-PVA films (x = 0.042) heated at T = 90oC for t = (a) 5, 
(b) 10, (c) 20, (d) 40, (e) 60 min (scale bar = 20 nm).  Mean diameters (standard 
deviation) are : (a) 5.4 (0.9), (b) 4.5 (1.0), (c) 3.8 (0.8), (d) 2.8 (0.3) (e) 2.6 (0.2) nm.  
The histograms show the particle size distribution in the image area. 

distribution (σ = 0.2 nm).  Other Ag/PVA compositions (x = 0.028 and 0.058) show 
similar trends, at T = 90oC with different heating times, t = 5 - 60 min, but the average 
size increases and size distribution broadens with concentration (Fig. 2.7).  Temperature 
also provides control on the particle size.  In the case of x = 0.042, very few particles 
with variable sizes are formed at 50oC when heated for 60 min.  But uniformly small 
particles (dmean = 2.1 (0.2) nm) are obtained at 110oC (Fig. 2.8).  For x = 0.028, 
nanoparticles do not form at 50oC even after heating for 60 min (Fig. 2.9).  Gradual 
decrease in size is obtained for x = 0.028, 0.058 with increasing T.  Interestingly, the 
Ag/PVA = 0.058 film heated at 110oC for 60 min showed appreciable ordering of the 
nanoparticles.  If the heating temperature is sufficiently high and the Ag/PVA ratio 
moderate, uniform silver nanoparticles can be generated in very short time.  For 
example, Fig. 2.10 shows that, uniform nanoparticles can be generated when x = 0.042 
and T = 110oC even at t = 10 min.  Fig. 2.11 shows the electron diffraction patterns  
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Figure 2.7.  TEM images of Ag-PVA films heated at T = 90oC,  with x = 0.028  for t = 
(a) 5, (b) 10, (c) 20, (d) 40, (e) 60 min.  (f) – (j) are similar images for x = 0.058 (scale 
bar = 20 nm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8.  TEM images of Ag-PVA films (x = 0.042) heated for t = 60 min at T = (a) 
50, (b) 70, (c) 90, (d) 110oC (scale bar = 20 nm).  Mean diameters (standard deviation) 
are : (a) 10.2 (1.7), (b) 4.5 (0.8), (c) 2.6 (0.2), (d) 2.1 (0.2) nm.  The histograms show 
the particle size distribution in the image area. 
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Figure 2.9.  TEM images of Ag-PVA films with x = 0.028 heated for t = 60 min at T = 
(a) 50, (b) 70, (c) 90, (d) 110oC.  (e) – (h) are similar images for x = 0.058 (scale bar = 
20 nm). 
 
 
 
 
 
 
 

Figure 2.10.  TEM images of Ag-PVA films with x = 0.042 heated for t = 10 min at T = 
(a) 50, (b) 70, (c) 90, (d) 110oC (scale bar = 20 nm). 
 
  
 
 
 
 
 
 

Figure 2.11.  Electron diffraction images of Ag-PVA films (a) x = 0.042, T = 110oC, t = 
10 min, (b) x = 0.042, T = 110oC, t = 60 min and (c) x = 0.058, T = 90oC, t = 60 min. 
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recorded for selected Ag-PVA films.  The ring patterns can be indexed to fcc silver, 
providing final evidence for the formation of silver nanoparticle inside the PVA matrix. 

 The change in the particle density and size distribution with time, and more 
markedly with temperature of heating appears to result from the varying extent of 
chemical reduction as well as a digestive ripening process.  Digestive ripening observed 
earlier with gold nanoparticles15 has been reported recently for silver nanoparticles as 
well.18  Longer heating time and higher temperatures lead to greater progress of reaction 
and faster rates respectively.  The concomitant decrease in the polymer viscosity 
possibly facilitates higher ion/atom mobility and homogeneous nucleation.  The small 
sizes obtained suggest that the PVA matrix effectively suppresses particle aggregation. 
 These studies on Ag-PVA system illustrate the simple in situ process we have 
developed for the fabrication of free-standing metal nanoparticle-embedded polymer 
film and the control it provides on the particle size and size distribution. 

2.4. Optical Limiting 

 Noble metal nanoparticles exhibit characteristic size and shape dependent 
electronic structure leading to unique optical and nonlinear optical (NLO) properties.  
These attributes find application in a wide range of fields including electronics,19 
photonics,20 plasmonics21 and sensing.22  The plasmon absorption of metals such as 
copper, silver, gold and palladium occur in the UV-visible region of the spectrum.  
Multiphoton excitations in this energy range and further excited state absorptions can be 
exploited to elicit NLO responses from these nanomaterials.  From a materials point of 
view, it is advantageous to embed the metal nanoparticles in thin polymer films for 
optical and nonlinear applications.23  The polymer matrix serves not only as a medium 
to assemble the nanoparticles and stabilize them against aggregation, but with its 
characteristic mechanical properties should be uniquely suited for device applications.   

 Optical power limiting, a phenomenon to which a range of processes including 
nonlinear absorption and nonlinear scattering can contribute (Sec 1.8), is an important 
area of application where metal nanoparticles are promising candidates.24, 25  Optical 
limiters are ideally suited for the protection of human eyes and devices from damages 
that can be inflicted by high energy lasers.  Extensive studies have been reported on 
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optical limiting in the nanosecond and picosecond time scales using metal 
nanoparticles.25  Nonlinear absorption in the nanosecond regime, of Ag/Au-PVA films 
typically 100 µm thick, has also been reported.26  Thermal effects may play a significant 
role in the optical limiting process at these time scales.  Optical limiting of femtosecond 
pulses, involving higher input power in the terawatt (TW) regime and likely to be 
dominated by purely electronic responses, have been explored relatively less; some of 
the materials that have been investigated include semiconductor quantum dots,27 silver 
and gold nanocrystals,28, 29 carbon nanostructures,30 fullerene functionalized polymers,31 
and organometallics.32 

 We present first, Z-scan measurements and optical limiting studies in the 
nanosecond time scale, on silver nanoparticle-embedded poly(vinyl alcohol) film 
layered over polystyrene (Ag-PVA/PS) and supported on glass.  These experiments 
demonstrated that films typically a few micrometers thick show characteristics 
comparable to colloidal silver with path lengths of a few millimeters.    We have also 
investigated the nonlinear absorption/refraction and optical limiting of femtosecond 
laser pulses by Ag-PVA coated directly on glass and more importantly, as free-standing 
films with the tri-layer structure, PVA/Ag-PVA/PVA.  The films with optimal 
concentrations of Ag show efficient responses and are quite stable against the high 
energy laser irradiation.  Unlike the case with nanosecond laser pulses, the high 
intensities associated with the femtosecond laser pulses can cause the substrates on 
which the films are coated to produce their own nonlinear responses.  Open and closed 
aperture Z-scan experiments on the free-standing films allowed unambiguous estimation 
of the nonlinear absorption cross sections and nonlinear refraction due to the 
nanoparticles without the complications arising from the contribution of the glass 
substrate.  Ag-PVA film shows large nonlinear absorption (β = 2.2 cm GW-1) and 
nonlinear refractive index (n2 = 1.20×10-12 esu).  Significantly, the n2 dominated by 
electronic responses has a positive sign; experiments in the nanosecond domain 
revealed contrasting behavior, with negative nonlinearity possibly arising due to thermal 
contributions.  The Ag-PVA films show nearly 90% linear transmission coupled with 
efficient optical limiting for femtosecond pulses; the free-standing nature of these 
composite films is a significant development from the point of view of device 
applications.   
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2.4.1. Studies on Supported Ag-PVA/PS Film in the Nanosecond Regime 

The films were fabricated as discussed in Sec. 2.2.  All the studies were carried 
out on Ag-PVA/PS films with x = 0.058, prepared by heating at T = 90oC for t = 60 
min. 

Nonlinear absorption of the films supported on glass was studied using the open 
aperture Z-scan technique.  The second harmonic beam (532 nm) of an Nd:YAG laser 
(6 ns, 10 Hz) was employed in f/24 geometry.33  Laser beam was focused on the sample 
using a lens of 60 mm focal length; the beam waist was 20 µm at focus leading to peak 
fluences in the range 0.18 - 1.7 J cm-2 which could be varied using calibrated neutral 
density filters.  The transmitted output was collected using a calibrated fast photodiode 
(FND 100) and processed using a data acquisition system consisting of a boxcar 
avarager, ADC and computer.  The sample position was moved along the Z-axis using a 
computer-controlled translation stage; repeated scans were used to ensure 
reproducibility of the data.  The films were stable at all the intensities we report below.  
The experimental setup is shown in the Fig. 2.12; the aperture is removed for the open 
aperture Z-scan experiment. 

Optical limiting capability was studied keeping the sample at the focus in f/24 
geometry.  The input energy was varied using calibrated neutral density filters and the 
 
 
 
 
 
 
 

 
 
 
 
Figure 2.12.  Schematic diagram of the experimental setup for the Z-scan and optical 
limiting studies. 
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output was measured as noted above.  The optical limiting curve was drawn as output 
fluence versus input fluence.  Each experimental point is an average of 64 laser pulses.  

 Ag-PVA/PS films ~ 5 µm thick, with a linear transmission of 84% at low laser 
intensities, show strong reverse saturable absorption at higher intensities (Fig. 2.13a).  
Plot of the output fluence versus the input fluence (Fig. 2.13b) shows appreciable 
optical limiting with a threshold (I½)34 (Sec. 1.8) of 0.83 J cm-2 and output clamped at 
0.35 J cm-2.  The dynamic range estimated32 from the damage and limiting thresholds is 
approximately 2.  Ag-PVA films without PS showed similar behavior, however the 
damage threshold was lower.  It is significant that this first report of optical limiting 
with silver nanoparticle-embedded polymer thin films indicates thresholds which are 
comparable or superior to those obtained earlier35 for silver nanoparticles in colloidal 
medium with 1 - 2 mm path lengths.   

 In order to gain insight into the nonlinear absorption of the Ag-PVA/PS film, we 
have investigated the response of the individual polymer layers and their combinations: 
PS, PVA, Ag-PVA, and Ag-PVA/PS.  PVA does not show any nonlinear absorption.  
The Z-scans for the other films at two different input intensities are shown in Fig. 2.14.  
PS shows a weak reverse saturable absorption (RSA) at the lower input intensity, which 
is enhanced slightly at the higher intensity.  Ag-PVA film on the other hand exhibits  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13.  (a) Open aperture Z-scan traces at different input fluences, (b) Output 
versus input fluence plot of Ag-PVA/PS film on glass substrate for nanosecond laser 
pulses.  
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RSA and saturable absorption (SA) respectively at the two intensities.  The appreciable 
RSA of Ag-PVA/PS at the low input intensity is further enhanced at the higher 
intensity.  These observations clearly indicate a non-additive behavior in the nonlinear 
response of Ag-PVA/PS films.  PS does not show any electronic absorption in the 
visible region but has an absorption peak at 270 nm.  The absorption at high laser 
intensities observed in the Z-scan curve (Fig. 2.14a, d) suggests possible two-photon 
absorption by PS.  Different processes are known to lead to optical limiting behavior in 
metal nanoparticles (Sec. 1.8).  The films containing silver nanoparticles show plasmon 
absorption with a peak at ~ 420 nm (Fig. 2.4c); a weak absorption occurs at 532 nm, the 
wavelength of the laser used.  The RSA in Ag-PVA films may be attributed to 
excitations from the plasmon band to the free carrier band of the silver nanoparticles; at 
higher input intensities, fast decay of the free carriers to the plasmon band can lead to 
the observed SA (Fig. 2.14b, e).  It is likely that the free carrier band of Ag-PVA 
overlaps with the absorption band of PS so that in the case of Ag-PVA/PS a channel of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14.  Open aperture Z-scan traces of PS, Ag-PVA and Ag-PVA/PS films at 
input intensities of (a, b, c) 0.11 GW cm-2 and (d, e, f) 0.24 GW cm-2. 
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energy transfer to PS is opened up leading to strong absorption by the silver 
nanoparticles and enhanced RSA in the multilayer system (Fig. 2.14c, f).   

2.4.2.  Studies on Supported and Free-standing Ag-PVA Films in the Femtosecond 
 Regime 

 The film fabrication procedure and the polymer used in the synthesis of these 
Ag-PVA films are slightly different from those described in Sec. 2.2.  Therefore we 
discuss first, the fabrication protocol, followed by the details of spectroscopy, 
microscopy and nonlinear optical studies.  The linear and nonlinear absorption and 
optical limiting characteristics of the supported and free-standing films are presented 
along with details of the analysis.   

 Required weight of silver nitrate (AgNO3) dissolved in 1.0 ml water was mixed 
with 0.4 ml of a solution of poly(vinyl alcohol) (PVA; Aldrich, Mw = 13 - 23 kDa, % 
hydrolysis = 86) in water (2.4 g PVA in 8 ml water) to prepare different compositions 
designated using the Ag/PVA weight ratio, x (e.g. 5.5 mg of AgNO3 gives x = 0.029).  
The solution mixture was stirred for 5 min at 27 - 30oC.  Millipore purified water was 
used in all operations.  The glass substrate was cleaned by sonication using the 
methodology described earlier.  The substrate required for fabricating free-standing 
films of Ag-PVA and samples for TEM studies was prepared by spin-coating a few 
drops of a solution of polystyrene, PS (average molecular weight = 280 kDa) in toluene 
(1 g PS in 8 ml toluene) on glass, using a photoresist spinner, at 1,000 RPM for 10 sec 
followed by drying in a hot air oven at 85 - 90oC for 15 - 20 min.  Three kinds of 
AgNO3-PVA films were prepared for the current study, by spin-coating at 6,000 RPM 
for 10 sec: (i) AgNO3-PVA solution on glass substrate, (ii) AgNO3-PVA solution on 
PS/glass substrate, and (iii) PVA, AgNO3-PVA and PVA solutions in succession on 
PS/glass substrate (Fig. 2.15); the first two are similar to those described in Sec. 2.2, but 
the third one is new.  The film coated plates were heated in a hot air oven at T = 130oC 
for t = 60 min to generate the silver nanoparticles in situ inside the PVA matrix.  Sample 
prepared using procedure (i) is referred in the following discussion as Ag-PVA film on 
glass.  Samples from procedures (ii) and (iii) were immersed in toluene taken in a petri 
dish to dissolve the PS layer and release free films.  The free Ag-PVA film obtained via 
procedure (ii) was used directly for TEM imaging.  We refer to the film obtained via 
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Figure 2.15.  Schematic representation of the fabrication procedures used in the studies 
discussed in Sec. 2.4.2.  Route (ii) is same as that presented in Fig. 2.1. 

procedure (iii) as free-standing Ag-PVA or PVA/Ag-PVA/PVA film.  Thickness of the 
films was measured using a profilometer are as follows: Ag-PVA (on glass) ~ 0.5 µm; 
Ag-PVA/PS (on glass) ~ 5.5 µm; free-standing PVA/Ag-PVA/PVA ~ 10 µm. 

Ag-PVA films spin-coated on glass substrate were fabricated with four different 
compositions (x = 0.029, 0.058, 0.087, 0.116).  Absorption spectra of the Ag-PVA films 
coated on glass as well as free-standing films were recorded.  Fig. 2.16 shows the 
spectra recorded for the films coated on glass.  The intensity of the plasmon peak 
increases with increasing silver content.  TEM images of Ag-PVA films prepared 
following procedure (ii) described above and placed directly on a 100 mesh copper grid 
were obtained using an accelerating voltage of 120 kV.  The images are shown in Fig. 
2.17.  A uniform distribution of silver nanoparticles is observed with particle sizes 
ranging from 5 - 10 nm.  The density of particles increases with the value of x. 
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Figure 2.16.  Absorption spectra of Ag-PVA films on glass, with x = (a) 0.029, (b) 
0.058, (c) 0.087 and (d) 0.116 heated at T = 130oC for t = 60 min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17.  TEM images of the Ag-PVA films with x = (a) 0.029, (b) 0.058, (c) 0.087 
and (d) 0.116 heated at T = 130oC for t = 60 min (scale bar = 100 nm). 
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the control experiments.  Open and closed aperture Z-scan measurements were carried 
out by moving the sample across the focus of the laser beam using a computer-
controlled translation stage; the scans were repeated several times to ensure 
reproducibility of the data.  Femtosecond (nanosecond) pulse laser was focused using a 
lens of 80 mm (60 mm) focal length; the beam waist was 27.1 µm (13.5 µm) at focus 
leading to peak intensity in the range 0.15 - 1.73 TW cm-2 (0.03 - 0.28 GW cm-2) i.e. 
fluences in the range 0.02 - 0.19 J cm-2 (0.18 - 1.7 J cm-2).  The input intensity could be 
varied using calibrated neutral density filters; closed aperture experiments used an 
aperture of diameter 1 mm or 2 mm after the sample.  The transmitted output was 
collected using a calibrated fast photodiode (FND 100) and processed using a data 
acquisition system consisting of a lock-in amplifier or boxcar averager, ADC and 
computer; the setup is same as that shown in Fig. 2.12.  The films were stable at all the 
intensities reported in the experiments.  Optical limiting studies were carried out using 
f/40 geometry (using 8 cm focal length lens and a beam diameter of 0.2 cm) with the 
femtosecond pulse laser in the same input fluence/intensity range as noted above.   

   We have carried out the nonlinear optical studies on the films with different 
compositions, but have focused more on the films with x = 0.029 and 0.058, since they 
showed superior damage thresholds compared to the films with higher content of silver.  
Plots of the transmittance versus scan position for the open aperture Z-scan studies 
using the femtosecond pulse laser are shown in Fig. 2.18.  Control experiment on glass 
and plain PVA coated on glass showed weak nonlinear absorption, possibly resulting 
from the large (~ 1 mm) interaction length of glass involved, since both show nearly 
identical response (Fig. 2.19); it is also shown that PVA on glass has no absorption in 
the region corresponding to the plasmon absorption of silver.  With comparable and 
higher input laser power, Ag-PVA films coated on glass exhibit strong nonlinear 
absorption.  Films with x > 0.06 show perceptible damage at input intensity exceeding ~ 
1.3 TW cm-2.  Earlier studies on silver nanoparticles in the form of suspensions and 
doped in glass matrices indicated saturable absorption;36 this could be due to larger 
lifetimes of the surface plasmon state in these environments.  We have attempted to fit 
the Z-scan curves of the Ag-PVA films using models for nonlinear absorption.  
However the fitting was not very satisfactory, possibly because of the non-negligible 
effect of the glass substrate at these high laser powers.  Results of the optical limiting 
experiments are collected in Fig. 2.20.  The films show high linear transmittance   
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Figure 2.18.  Open aperture Z-scan traces of Ag-PVA films on glass, with x = (a) 0.029, 
(b) 0.058, (c) 0.087 and (d) 0.116, for different input intensities (I00) of femtosecond 
laser pulses. 
 
 
 
 
 
 
 
 

 
Figure 2.19.  (a) Electronic absorption spectrum of PVA coated on glass. (b) Open 
aperture Z-scan traces of glass and PVA on glass. 
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Figure 2.20.  Output versus input intensity plots of Ag-PVA films on glass with different 
values of x, for femtosecond laser pulses.  

(~87%) at low laser intensity.  The plots of output versus input intensity indicate 
appreciable optical limiting with a threshold (I½) of 1.62 TW cm-2 and output clamped 
at 0.70 TW cm-2.  The dynamic range is ~ 1.1 for the films with x = 0.029 and 0.058.  
The ability of these polymer films to sustain high laser power is of practical interest.  
Once again films with higher x are found to have lower damage threshold and hence 
dynamic range.  

 The contribution to optical limiting, from nonlinear refraction was assessed 
using closed aperture Z-scan experiments with the femtosecond pulses on the Ag-PVA 
films coated on glass with x = 0.029 and 0.058.  The transmittance values are 
normalized and divided by the corresponding values in the open aperture experiment so 
as to reveal the effect of nonlinear refraction alone (Fig. 2.21).  The reduced 
transmittance before focus and increased transmittance after focus indicate that Ag-PVA 
possesses positive nonlinearity for refraction in the femtosecond regime.  Thermal 
buildup would typically lead to negative nonlinearity; the positive nonlinearity of the 
films observed even with 1 kHz repetition rate, therefore suggests that the responses are 
dominated by electronic effects.  As in the case of the open aperture Z-scan curves, 
theoretical fitting of the closed aperture data is not dependable; the value of nonlinear 
refractive index obtained is comparable to that of glass alone.   
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Figure 2.21.  Closed aperture Z-scan traces of Ag-PVA films on glass, with x = (a) 
0.029 and (b) 0.058, for femtosecond laser pulses with input intensity, I00 = 0.62 TW cm-

2.  The transmittance is normalized and divided by the corresponding open aperture 
values. 

 We have carried out some parallel experiments using nanosecond laser pulses, 
which revealed interesting contrast with the nonlinear response for femtosecond pulses.  
Open and closed aperture Z-scan experiments were carried out on pure PVA on glass as 
well as Ag-PVA films on glass with the two lower compositions (Fig. 2.22).  PVA film 
did not show any detectable nonlinear absorption or refraction with the nanosecond 
pulses.  Ag-PVA films however showed appreciable nonlinear absorption (as seen 
earlier with Ag-PVA/PS films (Sec. 2.4.1) and the closed aperture experiment clearly 
revealed a negative nonlinearity.  The latter is a consequence of resonant absorption at 
532 nm and considerable thermal effects operative with the longer laser pulses in the 
nanosecond regime.  These experiments reaffirm that the strong positive nonlinear 
response of Ag-PVA films to femtosecond laser pulses arises primarily due to electronic 
effects.  However, as noted above, the Z-scan experiments on the films supported on 
glass substrates do not permit an accurate evaluation of the nonlinear susceptibility of 
the Ag-PVA films.  The reason for this is the following: the glass substrate, in spite of 
its weaker nonlinear susceptibility compared to Ag-PVA, is a couple of orders of 
magnitude thicker than the polymer film and hence exerts a comparable or even 
overwhelming impact on the total nonlinear response for the femtosecond pulses.   

 In order to unambiguously demonstrate the nonlinear absorption, quantitatively 
estimate the nonlinear susceptibility and project the potential advantage from the point 
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Figure 2.22.  Open and closed aperture Z-scan traces of: (a, b) PVA on glass and Ag-
PVA films on glass with (c, d) x = 0.029 and (e, f) x = 0.058, for nanosecond laser 
pulses with input intensity, I00 = 0.58 GW cm-2.  The transmittance values in the closed 
aperture plots have been normalized and divided by the corresponding open aperture 
values. 

of view of device applications, we have fabricated free-standing films of Ag-PVA 
having no glass substrate and carried out the nonlinear optical studies on them.  As 
noted earlier, these films were fabricated by successively spin coating PVA, AgNO3-
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PVA and PVA and generating the Ag nanoparticles by thermal treatment.  Photographs 
of the ~ 10 µm thick free-standing films are shown in Fig. 2.23.  The larger thickness of 
these films precluded direct TEM imaging.  Electronic absorption spectra of the free- 
standing films are shown in Fig. 2.24a; the plasmon absorption peaks are quite similar 
to those observed in the supported films suggesting that the nanoparticles are similar in 
size.  Data from the open aperture Z-scan experiments using femtosecond laser pulses 
are provided in Fig. 2.24.  Pure PVA film of comparable thickness (~ 10 µm) does not 
show any nonlinear absorption (Fig. 2.24b), once again proving that the weak 
absorption seen in Fig. 2.19b is due to the glass substrate.  On the other hand, the free-
standing films of Ag-PVA show appreciable nonlinear absorption similar to that 
observed in the glass supported films (Fig. 2.18a, b).  The data were fit to the equation 
for the transmittivity )(zT  taking into account the spatial extent of a Gaussian beam,37   

            
))z/(z(zβLI

))]z/(z(zβLIln[1
)( 22

0
2
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22
0

2
000

+
++

=zT                       … (2.1) 

0z  is the Rayleigh range for the beam with intensity I00 at focus, L is the thickness of 

the film and β is a gross nonlinear absorption coefficient.  The value of β is found to 
increase linearly with I00 with a small but nonzero intercept (Fig. 2.25), suggesting that 
it is likely to arise from an association of two and three photon absorptions leading to 
reverse saturable absorption.38  At the highest input fluence of 1.22 TW cm-2 we have 
studied, the value of β is found to be 2.0 and 2.2 cm GW-1 respectively for films with x 
= 0.029 and 0.058.  The plots of output versus input intensity (Fig. 2.26) from the 
optical limiting studies indicate a limiting threshold (I½) of 1.4 TW cm-2, output 
 
 
 
 
 
 
 
 
Figure 2.23.  Photographs of free-standing films of Ag-PVA (PVA/Ag-PVA/PVA); 
transparency of the films is demonstrated by placing them on wire frames (a) directly on 
and  (b) ~ 1 cm above, a paper, on which the corresponding value of x is printed.   

(b)(a) 
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Figure 2.24.  (a) Absorption spectra of free-standing PVA and Ag-PVA films. Open 
aperture Z-scan traces of free-standing (b) PVA film and Ag-PVA films with x = (c) 
0.029 and (d) 0.058, for different input intensities (I00) of femtosecond laser pulses.  
Theoretical fitting of the data to Eq. 2.1 are shown in (c) and (d). 

  

 

 

 
 

Figure 2.25.  Variation of the nonlinear absorption coefficient, β with input intensity 
(with femtosecond pulse laser) for free-standing Ag-PVA films x = (a) 0.029 and (b) 
0.058.  Fitting data are shown in the inset. 
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Figure 2.26.  Output versus input intensity plots of free-standing Ag-PVA films with x = 
(a) 0.029 and (b) 0.058, for femtosecond laser pulses. 

clamped at 0.70 TW cm-2 and dynamic range of ~ 1.2 for the film with x = 0.029; 
similar characteristics are observed in the case of x = 0.058 as well.  It may be noted 
that the linear transmittance of the free-standing films are higher than that of the glass 
supported ones; transparency of the film with x = 0.029 is quite significant.  Closed 
aperture Z-scan experiments using femtosecond laser pulses on the free-standing films 
of Ag-PVA confirm that they exhibit positive nonlinearity (Fig. 2.27).  More 
importantly, these Z- scan traces allow the direct estimation of the nonlinear refractive 
index, n2 and the real part of the third order susceptibility, χ(3) of the Ag-PVA films.  
The data were fitted to the equation,39 
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where 0ϕ∆  is the phase change.  The value of 0ϕ∆  extracted from the data analysis for 

Ag-PVA films with x = 0.029 and 0.058 are very similar, –0.39 and –0.41 respectively. 
The nonlinear refractive index and susceptibility, 2n and real part of the nonlinear 
susceptibility, )3(Re χ  were estimated from the phase change, oϕ∆  as follows.  The 
nonlinear refractive index, γ  (in m2/W) is given by: 

             effooo
2 L)Iλ2π(∆)Wmγ( ϕ=                                … (2.3) 

where λ  is the wavelength of the laser used (800 nm), ooI  is the laser intensity at focus 
and effL  is defined as: 

          Lα]e[1L αL
eff ≈−= −                                       … (2.4) 
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Figure 2.27.  Closed aperture Z-scan traces of free-standing (a) PVA film and Ag-PVA 
films with x = (b) 0.029 and (c) 0.058, for femtosecond laser pulses with input intensity, 
I00 = 0.14 TW cm-2.  The transmittance is normalized and divided by the corresponding 
open aperture values.  Theoretical fitting of the data to Eq. 2.2 are shown in (b) and (c). 

where α  is the linear absorption coefficient at λ  and L  is the thickness of the sample; 
the approximation is valid when the value of α  is negligible as is the case with our 
films.  Nonlinear refractive index, 2n  (in esu) is related to γ  by: 

          40πγ)(cn(esu)n o2 =                                        … (2.5) 

where c is the velocity of light and on  is the linear refractive index.  on was determined 
using the Brewster angle technique.  (3)Reχ  is obtained using the relation: 

                3π(esu)nn(esu)Reχ 20
(3) =                                   … (2.6) 

The values of on , 2n  and (3)Reχ obtained for the free-standing films with the 

compositions, x are collected in table 2.1.  
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Table 2.1  The values of linear refractive index (n0), nonlinear refractive index (n2) and 
susceptibility (Re χ(3)) for the Ag-PVA free-standing films with compositions, x. 

 
x n0 n2 (10-12 esu) Re χ(3) (10-11 esu) 

0.029 1.53 1.13 1.84 

0.058 1.53 1.20 1.95 
 

 Based on the fabrication procedure, the active layer of Ag-PVA in the free-
standing PVA/Ag-PVA/PVA films is likely to be ~ 1 µm thick.  Even though SEM and 
TEM images of the film cross sections support this, in spite of several attempts we were 
unable to establish the thickness of the Ag-PVA layer unambiguously with 
corroborating elemental composition or electron diffraction data.  Therefore, we have 
used the full thickness (10 µm) of the PVA/Ag-PVA/PVA films in the estimation of n2 
and χ(3) even though the contribution of the PVA layer is negligible.  It should be noted 
that, the value of γ  is inversely related to the thickness, L (Eqs. 2.3, 2.4).  Hence the 

values we report in Table 2.1, are likely to be the lower bounds for these materials.  It is 
notable that, even then they are comparable to the nonlinear susceptibility reported26 for 
silver nanoparticles in colloidal films on silicon substrates.  The free-standing films 
which exhibit strong nonlinear response and optical limiting capability are highly 
advantageous from an application point of view. 

2.5. Antibacterial Application 

 Antibacterial efficacy of silver is known for a long time.40  Among heavy metals 
which are antibacterial, silver is the most popular one because of its activity against a 
wide spectrum of prokaryotes while being relatively harmless to eukaryotes.  In recent 
years, there has been considerable interest in employing nanometric silver particles as 
antibacterial agents in several applications.41  Silver nanoparticles have been used in the 
colloidal state42, 43 as well as in the form of embeddings in polymers,44 foams,45 fibers46 
and textiles.47  The ultrasmall dimensions lead to large surface area/volume ratio and 
hence enhanced activity; it is also likely to facilitate specific binding to cell membrane 
leading to the bactericidal action.41   
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 Several methods have been developed for the bottom-up synthesis of silver 
nanoparticles through soft chemical protocols.48  Colloidal silver was directly used in 
several antibacterial applications reported.  Fabrication of polymer composites of the 
nanoparticles however, is highly desirable since it facilitates: (i) coating of surfaces of 
varying size and shape, (ii) controlled release of the metal atoms/ions or even restriction 
of the bactericidal action to contact-killing, (iii) reuse and perhaps regeneration, and (iv) 
monitoring of the bactericidal agent through successive action cycles.  The methodology 
we have developed for the fabrication of silver nanoparticle-embedded poly(vinyl 
alcohol) film discussed in Sec. 2.2, is not only very simple and safe to implement, but 
also likely to prove economically viable.  As noted earlier, highlights of the method 
include the use of aqueous medium for the fabrication process,  deployment of the bio-
compatible and bio-degradable polymer itself as the reducing agent, mild thermal 
annealing for generating the metal and in situ generation of the nanoparticles inside the 
polymer matrix which serves as the stabilizer as well. 

 Among the several avenues where antibacterial find utility, purification of 
drinking water is one of the most critical and important.  The antibacterial agent used 
should be non-toxic to humans at the concentrations being used, effective against a wide 
range of pathogens and cheap and easy to fabricate.  One of the efficient and convenient 
ways to deploy the agent in a domestic setting would be as a coating on stirring devices.  
The methodology we have developed for the fabrication of silver nanoparticle 
embedded polymer film is unique and meets all these demands.  The experiments 
discussed below establish that the bactericidal agent (Ag-PVA film) can be used 
efficiently and repeatedly in several action cycles, allowing simultaneously, its 
monitoring using spectroscopy and microscopy. 

Fabrication of the Ag-PVA Films  

 The Ag-PVA films were fabricated following the general procedure discussed in 
the earlier sections.  Aqueous solutions with appropriate concentrations of silver nitrate 
and poly(vinyl alcohol) were mixed (Ag/PVA ratio, x = 0.1) and either spin coated on 
quartz plates or dip coated on glass rods for carrying out the different kinds of studies 
discussed below.  They were subjected to mild thermal annealing at, T = 130oC for t = 
60 min, whereupon the nanoparticles were generated in the film.  The Ag-PVA films 
were characterized by plasmon absorption and TEM imaging.  The silver content in the 
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films used in all antibacterial study is < 0.1 mg.  Films prepared with the three different 
types PVA (PVA(I), PVA(II), PVA(III)) were used in these studies.   

 The antibacterial studies are conducted in aqueous medium.  Hence the choice of 
the specific PVA used in terms of its average molecular weight (Mw) and the extent of 
hydrolysis (% hydrolysis) is very critical, since these parameters influence its solubility 
in water.  We have examined three PVA polymer which are available commercially 
(Aldrich), having Mw and % of hydrolysis respectively: (I) 16 kDa, 98%, (II) 31-50 
kDa, 98-99% and (III) 87-146 kDa, 99+%.  PVA with % of hydrolysis ≥ 98% alone 
were chosen since they showed low solubility in water at room temperature.  This also 
implied that the aqueous solutions of PVA had to be prepared in water at 60-70oC, and 
then cooled to room temperature (~30oC) before mixing with the solution of silver 
nitrate.    

 Antibacterial action of Ag-PVA was examined on Escherichia coli (NCIM No. 
2931, ATCC No. 25922); control experiments were conducted in all cases.  The 
effective concentration of silver used in all the experiments is < 6 ppm.  Approximately 
107 - 108 CFU of E. coli was inoculated in 15 ml Luria-Bertani (LB) broth. Ag-PVA 
film coated on 6 cm2 quartz plate was immersed in this and shaken at 37oC for 10, 30 
and 60 min in different runs; the plate was removed immediately after the run.  
Following this, the bacterial growth was monitored for up to 12 h by measuring the 
optical density at 600 nm.  The main results are collected in Fig. 2.28. Fig. 2.28a - c 
shows that, when the films are shaken in the broth for 10 min, the bacterial growth 
suppression is more effective with Ag-PVA(II) and Ag-PVA(III).  However, when 
shaken for 30 min or more, the effective inhibition of bacterial growth is achieved with 
Ag-PVA(I) and Ag-PVA(III).  Ag-PVA(III) produces the maximum bacterial growth 
inhibition at 10 h.  Based on the strongest effects observed, we have chosen Ag-
PVA(III) for further antibacterial experiments discussed below.  The main aspect 
investigated in the following experiments is the reusability of the Ag-PVA films; three 
types of situations were studied.   

1. Bacteria introduced in LB Broth 

 Approximately 107 - 108 CFU of E. coli was inoculated in 15 ml LB broth.  Ag-
PVA(III) film coated on a 6 cm2 quartz plate was immersed in this and shaken at 37oC  
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Figure 2.28.  Bacterial growth reflected in the increase of optical density (at 600 nm) of 
the bacterial suspension (in LB broth) with time; control, samples treated with the films 
(a) Ag-PVA(I) (b) Ag-PVA(II) and (c) Ag-PVA(III) for different periods of times, 10, 30 
and 60 min.  

for 30 min; the plate was immediately removed.  Following this, the bacterial growth 
was monitored for up to 12 h by measuring the optical density at 600 nm. The main 
results collected in Fig. 2.29 indicate effective inhibition of bacterial growth for up to 8 
h in the first two uses of the film and for up to 4 h in the third use of the same film.  The 
changes in the absorption spectra after the reuses are shown in the Fig. 2.30; it is 
interesting to note that the change in intensity upto third reuse is < 10%.  We have 
examined the film morphology before and after the reuses, using atomic force 
microscopy (Fig. 2.31).  The films show formation of pits, typically ~ 30-100 nm in 
diameter from the second reuse onwards.  This could be a cause behind the degradation 
of antibacterial activity.  We have carried out control experiments in which LB broth 
alone was used with no bacteria inoculated.  The films were found to be unaffected after 
multiple reuses. 
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Figure 2.29.  Bacterial growth reflected in the increase of optical density (at 600 nm) of 
the bacterial suspension (in LB broth) with time; control, sample treated with PVA film, 
and samples treated with one Ag-PVA(III) film in multiple uses are shown. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.30.  Absorption spectra of the same Ag-PVA(III) film before and after multiple 
uses for 30 min each in the bacterial suspension (in LB broth).  Inset shows the 
integrated intensity in each case, normalized to the starting value.  
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Figure 2.31.  AFM images of the same Ag-PVA(III) film (a) before use and after use for 
30 min each in the bacterial suspension (in LB broth) (b) first (c) second and (d) third  
time.  Magnified images of the same films are shown in (e), (f), (g) and (h) respectively. 

2. Bacteria Introduced in Ultrapure Water 

 In the previous experiments, we have used very large concentrations (CFU/ml) 
of bacteria, which are typically much higher than that encountered in typical drinking 
water.  In spite of this, we have observed the bactericidal action of Ag-PVA films.  We 
have now considered slightly lower concentration of bacteria.  Approximately 105 CFU 
of E. coli was inoculated in 15 ml of ultrapure water (Millipore).  Ag- PVA(III) film 
coated on a 6 cm2 quartz plate was immersed in this and shaken at 37oC for 15 min.  
The test was repeated using the same film 20 times in new samples of bacteria-
containing water.  Subsequent to each treatment, the water sample was plated on LB 
agar petri plates and incubated for 12 h at 37oC.  The bacterial colonies formed were 
observed under a microscope.  Control sample of water showed > 450 bacterial colonies 
whereas not a single colony was detected in the experimental samples from up to the 
20th reuse of the Ag-PVA film (Fig. 2.32).  Absorption spectra of the film were 
monitored throughout the experiment.  Selected spectra of the films upto twenty reuse 
are collected in the Fig. 2.33.  There is very little variation of the spectrum and its 
intensity observed even after twenty reuses.  The AFM images of the film surface show 
no appreciable change through the multiple uses (Fig. 2.34).  The lower concentration of 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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Figure 2.32.  Photographs of petri plates (after 12 h incubation) spread with ultrapure 
water samples containing E. coli. (105 CFU); untreated (C) and treated for 15 min with 
the same Ag-PVA(III) film in multiple uses (1 - 20) are shown. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.33.  Absorption spectra of the Ag-PVA(III) films before and after multiple uses 
for 15 min each in ultrapure water samples containing 105 CFU of E. coli (the number 
of uses are indicated on the plot). 
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Figure 2.34.  AFM images of the Ag-PVA(III) film before and after multiple uses for 15 
min each in ultrapure water samples containing 105 CFU of E. coli (the number of uses 
are indicated on the images). 

bacteria present in this study and the absence of LB broth and bacteria growth process 
therein, might be the reasons for the film morphology remaining unaffected.  This 
experiment shows that even with fairly large bacterial concentrations, Ag-PVA film is 
very effective as reusable antibacterial agent for water purification. 

3. Ordinary Tap Water 

 Ordinary tap water (possibly containing a range of nonpathogenic and 
pathogenic bacteria) was treated by stirring with Ag-PVA(III) coated glass rods for 5 
min at 37oC.  With 15 ml fresh samples of water, the test was repeated 21 times using 
the same rod.  The effective concentration of silver present in the films, in these 
experiments is ~ 0.4 ppm.  While the control showed a bacterial count of ~ 250 CFU/ml, 
the 5 min treated ones showed tremendous reduction; the sample subjected to the 20th  
reuse of the same rod showed ≤ 30CFU/ml (Fig. 2.35). Similar results were obtained 
with a single treatment of ~ 200 - 250 ml water (Fig. 2.36).   

 The different experiments described above demonstrate the antibacterial 
capability of silver nanoparticles in Ag-PVA(III) film.  The mechanism behind the 

0 5  
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Figure 2.35.  Photographs of petri plates spread with ordinary tap water - 15 ml each 
of untreated sample (C) and samples treated for 5 min with the same Ag-PVA(III) film 
coated glass rod in multiple uses upto 21 times – and incubated for 12 h. 
 
 
 
 
 
 
 

 
Figure 2.36.  Photographs of petri plates spread with ordinary tap water - untreated 
sample (C) and 200 ml and 250 ml samples treated for 5 min each with Ag-PVA(III) 
film coated on glass rod - and incubated for 12 h. 

bactericidal action is not fully clear at the moment.  Two general possibilities can be 
considered: (i) bacteria coming into contact with the silver nanoparticles inside the Ag-
PVA film and (ii) silver leaching out from the film into the bacterial medium.  The 
spectroscopy and microscopy experiments suggest that the Ag-PVA films are strongly 
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affected only when inserted in the LB broth containing large initial concentrations of 
bacteria (107-108 CFU) which grow further during incubation.  In view of the pit 
formation observed, leaching of silver from the film is quite possible; particle 
aggregation may also occur.  The pit formation could facilitate contact of bacteria with 
the nanoparticles inside the film.  In the case of water samples with lower concentration 
of bacteria (105 CFU), even though the films are intact, bactericidal action is still 
observed.  The minor decrease in the absorption spectral intensities suggests that the 
nanoparticles are mildly affected.  One possibility is that the films swell when 
submerged in the aqueous medium allowing bacterial contact with the nanoparticles; 
particle aggregation may result from this.  Another possibility is that the film swelling 
induces controlled leaching of the nanoparticles and consequent bactericidal action.  

2.6. Summary  

 We have describe in this chapter, a simple and convenient protocol that we have 
developed for the in situ generation of silver nanoparticles inside poly(vinyl alcohol) 
film, leading to glass-supported or free-standing nanoparticle-embedded films.  Plasmon 
absorption spectra and TEM images of the films were used to characterize the 
nanoparticle size and distribution, which are shown to be strongly influenced by the 
metal/polymer ratio and parameters of the thermal treatment.  Ag-PVA films with 
immobilized and size-tuned metal nanoparticles are found to be attractive candidates for 
optical limiting application.  ~ 5 µm thick Ag-PVA/PS film, exhibit optical limiting 
characteristics (in the nanosecond time scale), comparable to that of colloidal silver with 
path length of the order of 1 - 2 mm!  Nonlinear optical studies using femtosecond pulse 
laser revealed appreciable nonlinear absorption and optical limiting capability in free-
standing PVA/Ag-PVA/PVA films.  The positive nonlinearity observed is relatively 
rare and of potential utility in fabricating devices with graded nonlinear refractive 
indices.  The free-standing nature of the films facilitated unambiguous estimation of the 
nonlinear refractive index and susceptibility which are comparable to those reported 
earlier for supported films.  The different types of Ag-PVA films with their polymeric 
constitution and embedded silver nanoparticles are promising candidates for the 
development of novel optical power limiting devices.  The silver nanoparticle-polymer 
composite films are found to have a very different application as well - as antibacterial 
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agent for purification of water.  The easy fabrication procedure, convenience of 
developing as a coating material and effective bactericidal action in solution medium 
with the efficient reuse capability are very significant aspects.  The facility to monitor to 
bactericidal agent between multiple uses is likely to prove very beneficial from the point 
of view of further explorations.  These composite materials can be developed as 
effective antimicrobial coating for a variety of general and biomedical applications.     
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Scope 

 Shapes of nanoparticles can have significant influence on their properties and 
hence, applications.  In the course of our efforts to fabricate metal nanoparticles in situ 
inside polymer films, we have observed that gold forms nanoplates with different 
polygonal shapes inside the polymer matrix without the help of special templates or 
linker molecules.  The gold nanoplates are generated in poly(vinyl alcohol) film through 
thermal treatment, the polymer serving as the reducing agent and stabilizer for the 
nanoparticle formation and enforcing preferential orientation of the plates.  The rare 
pentagon as well as the more commonly observed hexagon, triangle and square/ 
rectangle are obtained by tuning the gold/polymer ratio and the time and temperature 
of fabrication.  We have also investigated the optical limiting capability of the gold 
nanoplates-embedded polymer thin films.  An assortment of preliminary studies on the 
synthesis of gold nanopyramids, real time monitoring of the in situ growth of gold 
nanodomes inside polymer films and green synthesis of gold nanocrystals are discussed.  

3.1. Introduction  

 Properties of nanocrystals are strongly influenced by their size, shape and 
assembly.  Synthesis that enables control over these attributes and generates novel 
nanostructures are of fundamental interest.  The most common approaches for the 
synthesis of metal nanoparticles are usually based on the colloidal route and the size and 
shape control are often rendered through the choice of capping agents or seeding 
protocols.  We envisaged that the growth of nanoparticles inside anisotropic 
environments such as thin solid polymer films would be a simple and convenient 
approach to gain enhanced control of nanoparticle shape.  As discussed in the previous 
chapter, such in situ fabrications offer additional advantages such as the production of 
free-standing films1 for device applications, the possibility of further optical and 
mechanical manipulations,2 preclusion of potential health hazards of inhalable 
nanoparticles,3 and through judicious choice of the polymer, environmentally safe 
synthesis4 without the requirement of additional reducing/stabilizing agents. 

 Gold nanoparticles in a wide range of shapes have been reported; these include 
triangle,5 square/cube,6 hexagon,7 rod8 and tadpole.9  Even though there is a report of 
faceted nanocrystals with a few possessing pentagonal faces,10 a route to regular 
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pentagonal gold nanoplates is conspicuously absent.  Many methods are available for 
the synthesis of gold nanocrystals,11 including those carried out inside confined 
spaces;12 however, selective formation of several shapes by small variations in a single 
process are rare.7  Addressing the latter question, we have explored the in situ synthesis 
of gold nanoparticles in spin-cast poly(vinyl alcohol) films through mild thermal 
treatment, following the general methodology we have developed (Sec. 2.2).13  This 
approach is found to provide facile control on the particle shape leading to triangular, 
square/rectangular, pentagonal and hexagonal nanoplates and several other shapes and 
patterns.  Significantly, the nanoplates show preferential orientation in the thin films.  
The fabrication of Au-PVA films allowed us to explore the chemistry occurring inside 
the polymer matrix, using infra-red spectroscopy.  The Au-PVA combination appears to 
be a rich source of novel nanostructures.  

3.2. Shape Tuning of the Nanoplates  

 The gold-polymer composite films were fabricated using the following 
procedure.  Different weights (3.6 mg, 7.2 mg, 14.4 mg, 21.6 mg, 32.4 mg) of hydrogen 
tetrachloroaurate (III) trihydrate (HAuCl4, 3H2O) (Aldrich) dissolved in 0.5 ml water 
was mixed with a solution of 90 mg of poly(vinyl alcohol), PVA (Aldrich, average 
molecular weight = 13 - 23 kDa, % hydrolysis = 86) in 0.3 ml water to prepare the five 
different compositions which are designated using the Au/PVA weight ratios (x), 0.02, 
0.04, 0.08, 0.12, 0.18 respectively.  The solution mixture was diluted by adding 0.3 ml 
more of water and mixed properly.  Cleaning of glass/quartz plates and spin coating the 
polystyrene (PS) layers on the glass substrate followed the methodology discussed in 
Sec. 2.2.  The HAuCl4-PVA solutions were spin-coated on glass or quartz substrates 
directly or with a pre-coating of PS at 6,000 RPM for 10 sec.  The thickness of the Au-
PVA and PS layers were measured using a profilometer and found to be ~ 0.5 and ~ 4.0 
µm respectively.  The film coated plates were placed in a closed stainless steel chamber 
and heated in a standard oil bath at different temperatures, T = 100 - 170oC and times, t 
= 5 - 60 min.  A few different heating rates were also explored.  Following the protocol 
mentioned in Fig. 2.1, the Au-PVA/PS films can be peeled off as free-standing films or 
PS layer could be dissolved in toluene to release the Au-PVA free-standing film.  Fig. 
3.1 shows the free-standing films which could be directly examined in a TEM.   
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Figure 3.1.  Photographs of Au-PVA free-standing films on teflon supports; with x, T 
(oC) and t (min) : (a) 0.04, 170, 5, (b) 0.08, 130, 30, (c) 0.12, 100, 60 and (d) 0.18, 100, 
60.  The empty hole shows the contrast. 

 The Au-PVA films coated on quartz substrates were used for the absorption 
spectroscopy study.  The in situ formation of gold nanoparticles in the PVA film is 
demonstrated by the emergence of the surface plasmon resonance absorption.  As we 
show from the TEM studies, the particle sizes are in the range ~ 10 - 90 nm; therefore in 
addition to plasmon absorption, there could be a contribution from scattering, in the 
spectra,14 making the term extinction spectra more appropriate.  However, for the sake 
of consistency with the rest of the thesis we continue to use the term, absorption spectra. 
The spectra recorded for the Au-PVA films shown in Fig. 3.1, are collected in Fig. 3.2.  
The peak intensities show that the nanoparticle production increases with increasing 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2.  Absorption spectra of Au-PVA films with x, T (oC) and t (min) : (a) 0.04, 
170, 5; (b) 0.08, 130, 30; (c) 0.12, 100, 60 and (d) 0.18, 100, 60. 
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value of x and the absorption maxima are blue-shifted in parallel, from (a) to (c); (d) is 
slightly red-shifted with respect to (c).  A weak near infra-red absorption is also 
observed in all the cases.   

 TEM studies were carried out on thin film samples prepared following the same 
methodology described in Sec 2.3, with various Au/PVA compositions and thermal 
treatments.  In most cases, the Au particles generated are found to have plate 
morphology with preferential orientation parallel to the substrate.  This is probably 
promoted by the thin film nature of the polymer matrix.  The shapes and sizes of the 
nanoplates are found to be sensitive to the value of x, temperature, T and time, t of 
heating.  When both the concentration and temperature are low, no particles are formed, 
whereas when both are high, a mixture of plates with different shapes is obtained.  
Careful control of these factors led to the enrichment (~ 70 - 80%) of specific polygonal 
shapes.  Fig. 3.3 illustrates the prominent polygonal nanoplates obtained and the 
conditions favoring their formation.  Regularity is observed in the evolution of the 
shape; pentagon, hexagon, triangle and square/rectangle are formed with increasing 
concentration, decreasing temperature and increasing heating time.  The rationale 
behind the observed sequence is not clear.  The density of particles is commensurate 
with the concentration.  The perfect regular pentagons deserve special mention.  To the 
best of our knowledge, exclusive formation of pentagonal nanoplates of gold or any 
other metal was not reported earlier; pentagonal forms have been found only in mixtures 
with other morphologies,15 in twin structures16 or faceted crystals10 and as tubes.17  The 
restricted growth allowed by the solid polymer matrix appears to be the critical factor 
promoting pentagonal plate formation in the present case.  The size of the polygons 
shows sequential variation; the sides of the pentagons, hexagons, triangles and squares/ 
rectangles are in the range, 70 - 85, 20 - 35, 15 - 45 and 10 - 25 nm respectively.  These 
are notably smaller than the sizes of polyhedral gold nanocrystals reported earlier5-9 
ranging from 200 - 500 nm.  The plate morphology of the nanocrystals in the PVA 
matrix is revealed by the slightly tilted crystals found occasionally in the films.  The 
thickness of these plates is ~ 5 - 8 nm (Fig. 3.4).  The aspect ratios range from 15 - 2.   

 The absorption spectra for the Au-PVA films (Fig. 3.2) are consistent with the 
TEM observations.  The peak intensities scale with the density of particles.  The 
absorption maxima are blue-shifted with decreasing size, from pentagon to hexagon to  
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Figure 3.3.  TEM images of Au-PVA films with polygonal nanoplates generated under 
different conditions.  The x, T (oC) and t (min) are indicated in that order in 
parenthesis: (a) pentagons (0.04, 170, 5); (b) hexagons (0.08, 130, 30); (c) triangles 
(0.12, 100, 60) and (d) squares/rectangles (0.18, 100, 60) (scale bar = 50 nm).  Inset 
shows enlarged view of a single nanoplate with the dominant shape in each case. 
 
 
 
 
 
 
 
 
 

Figure 3.4.  TEM images of gold pentagon and truncated triangle found in tilted 
orientation in the Au-PVA film (scale bar = 10 nm).  
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triangle; the red shift with square/rectangle could be attributed to the admixture of larger 
size triangles.  The observed weak near infra-red absorption is the consequence of the 
moderate aspect ratios.   

 Under specific conditions, a range of other shapes and patterns are observed in the 
gold plates generated in the polymer matrix (Fig. 3.5); Table 3.2 presents the complete list 
of composition and fabrication conditions for different Au-PVA films and the 
morphologies of gold nanostructures observed in each case.  Examples illustrated in Fig. 
3.6 show beautiful stress patterns in a collection of different shapes and what looks like a 
conglomerate of polygons.  It is likely that the uniform stress imposed by the polymer 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

Figure 3.5.  TEM images of the Au-PVA films with a range of shapes.  The fabrication 
conditions corresponding to each image is given in Table 3.2. 
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Table 3.2.  Composition and fabrication conditions of Au-PVA films and the shape/
morphology of Au nanoplates/nanoparticles observed in these films. 
 

Au/PVA ratio 
(x) 

T (oC), 
t (min) 

Shape/morphology  
 

Figure number 
for TEM image 

100, 2* 
 

Rings 3.6 (a) 0.02 

170, 5 
 

Regular pentagons  3.6 (b) 

100, 2* 
 

Irregular truncated 
pentagons 

3.6 (c) 

100, 60 
 

Twinned structures with 
stress patterns 

3.7 (c), (d), (e) 

130, 60 
 

Triangles with stress 
patterns 

3.7 (a), (b) 

0.04 

170, 5 
 

Regular pentagons  3.4 (a) 

100, 2* 
 

Irregular pentagons, 
hexagons 

3.6 (d), (e) 

130, 30 
 

Regular hexagons  3.4 (b) 

0.08 

130, 60 
 

Hexagons to circular 
with stress patterns 

3.7 (f) 

100, 30* Long needles 3.6 (g), (h) 

100, 60 
 

Regular triangles 3.4 (c) 

0.12 

130, 60 Triangles, pentagons  3.6 (f) 

100, 60 
 

Squares, rectangles 3.4 (d) 0.18 

130, 60 
 

Mixed polygons 3.6 (i) 

* The films were heated from room temperature (27 - 30oC) to the designated temperature over 
~3 h and held at that temperature for the time specified. In other cases, the samples were placed 
in the chamber heated to the designated temperature and then held at that temperature for the 
time specified. 

matrix causes the symmetric buckling of the ultrathin gold plates.18  Electron diffraction 
from several single nanoplates were examined (Fig. 3.7).  The patterns can be indexed to 
fcc gold with a dominant (111) face.  
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Figure 3.6.  TEM images of gold nanoplates in PVA films, formed with stress patterns 
(scale bar = 50 nm).  The fabrication conditions corresponding to each image is given 
in Table 3.2.   

 
 
 
 
 
 
 
 
  

 

 
Figure 3.7.  Electron diffraction patterns (the specific nanoplate on which the ED is 
recorded is shown in the inset); indexing of the diffraction spots is shown on one of the 
patterns. 
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3.3. Chemistry inside the Polymer Matrix 

 As noted in the previous section and in our earlier discussions, no specific 
reducing agents, other than the polymer itself is employed in our method of fabricating 
metal nanoparticle-embedded polymer films.  In the present experiments, PVA alone is 
available for the reduction of the AuCl4

- ions.  The polyol process is a popular method 
for the synthesis of metal nanoparticles.  Ethylene glycol is often employed for the 
reduction of metal ions to form the nanoparticles; examples include silver,19-21 

platinum22 and ruthenium. 23  PVA has been used as the reducing agent in the synthesis 
of silver13, 24 and gold25 nanoparticles; reduction of AuCl4

- to gold nanoparticles has 
been reported to occur slowly at room temperature. 25  We have examined the chemical 
changes occurring in the spin-cast films during the thermally induced metal reduction 
by the polymer.     

 FT-IR spectra of the free-standing films provide insight into the reaction 
process.  The films were prepared by spin-coating at 1,000 RPM for 10 sec.  Two layers 
of PS were coated as usual, followed by three or five layers of HAuCl4-PVA.  The 
higher values of x = 0.18 and 0.36 were chosen to ensure that clear spectral signatures 
were obtained.  Spectra were recorded in transmission mode, from 4000 - 600 cm-1.  
The general characteristics were found to be reproducible in the spectra of films with 
different thickness and gold content.  The spectra for PS, PVA/PS (before and after 
heating) and HAuCl4-PVA/PS (before and after heating, the latter corresponding to Au-
PVA/PS), are provided in Fig. 3.8; the latter correspond to the cases having 5-layer 
HAuCl4-PVA and x = 0.36.  The heat treatment was carried out at T = 100oC, for t = 60 
min (a free-standing film was cut into two portions and only one part was subjected to 
the heat treatment, while the other one was retained at room temperature).  Significant 
changes, if any, are observed only in the region 4000 - 1000 cm-1; hence only this part is 
shown in Fig. 3.8, with the relevant peaks indicated.  PVA/PS film showed 
characteristic absorptions at 3347 cm-1 and 1732 cm-1 assignable to hydroxy and 
carbonyl groups stretching vibrations respectively; the latter arises due to the remnant 
acetyl groups present in the PVA.  It is significant to note that the spectrum of PVA/PS 
is unchanged on heating; this indicates that the broad peak at 3347 cm-1 is primarily due 
to the alcohol groups and not water.  The unheated HAuCl4-PVA/PS film shows a 
considerably reduced carbonyl peak, possibly as a result of the interaction with the acid 
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Figure 3.8.  FT-IR spectra of free-standing films of (a) PS; PVA/PS (b) before and (c) 
after heating; HAuCl4-PVA/PS (d) before and (e) after heating. 

protons.26  Most significantly, on heating the film, the carbonyl peak appears with an 
intensity higher than that in PVA/PS, accompanied by a marked reduction of the 
hydroxy peak absorption; the aromatic C=C stretch due to the PS layer at 1601 cm-1 
could be used as a convenient internal standard to monitor peak intensity variations.  A 
semi-quantitative assessment of the peak intensities was carried out by measuring the 
peak height from a baseline drawn connecting the beginning and end of each peak.  The 
intensity is estimated by normalizing with respect to the intensity of the C=C stretch 
vibration from the aromatic ring of PS which remains unaffected by the heating and 
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chemical reactions in the film.  The relevant values of C=O peak intensities listed in 
Table 3.1 provide a basis for the observations described above. 

Table 3.1.  The values of C=O peak intensities for different samples. 
 

Sample film Intensity of C=O stretch 
normalized w.r.t. that of  
C=C stretch vibration 

PVA/PS (before heating) 0.38 
PVA/PS (after heating) 0.38 

HAuCl4-PVA/PS (before heating) 0.27 
HAuCl4-PVA/PS (after heating)   

i.e. Au-PVA/PS 
0.51 

 
 From the spectral changes observed, we infer that the following steps occur 
during the process of formation of the Au nanoparticles : (i) when HAuCl4 is added to 
PVA, the acid protons coordinate to the carbonyl groups of the remnant acetyl groups of 
PVA (note that the PVA used is only 86% hydrolyzed), (ii) on heating, the alcohol 
groups of PVA reduce the AuCl4

- ion to Au; HCl is the byproduct, and (iii) the keto 
groups formed from the oxidation of the alcohol as well as the original carbonyl groups 
on PVA are coordinated by protons from the by-product HCl.  So the mechanism for 
gold nanoparticle formation based on the IR spectral changes together with the 
appearance of the gold nanoparticle SPR peak indicate that the alcohol groups of the 
PVA reduce the metal ions, themselves getting oxidized to ketones in the process.  HCl 
is the by-product and the protons are likely to interact with the keto groups; however, 
their larger population leads to the improved intensity.  

 The chemical reactions occurring in the PVA film matrix during the thermal 
annealing process might be complex, involving several side reactions.  However based 
on the infra-red spectroscopy studies describe above and the mechanism proposed 
earlier19 for the formation of metal nanoparticles using ethylene glycol as the reducing 
agent (‘polyol route’), the chemical reactions involving the secondary alcohol group on 
the polymer may be written as:  

3 R2CHOH  +  2 HAuCl4   →   3 R2CO  +  8 HCl  +  2 Au 
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Similar chemical reactions may be envisaged for the formation of other metals such as 
silver and palladium discussed in this thesis. 

3.4. Optical Limiting  

 We have carried out some preliminary examination of the optical limiting 
capability of Au-PVA films.  The strong linear absorption of gold nanoplates at ~ 530 
nm (Fig. 3.2), leads to low damage threshold with 532 nm wavelength nanosecond pulse 
laser.  Therefore we have investigated the optical limiting capability of the films using 
Ti:Sapphire laser (800 nm, ~110 fs) as the excitation sources.  The general setup used in 
the experiments has been described in Sec. 2.4.1.  Optical limiting studies used f/40 
geometry with input fluences in the range 0.15 - 1.40 J cm-2 i.e. intensities in the range, 
1.36 - 12.73 TW cm-2.  Polystyrene showed damage with the femtosecond pulses even 
at low intensities, most probably because of strong multiphoton absorption, as it has 
strong linear absorption at 270 nm.  We have employed Au-PVA coated directly on 
glass/quartz substrates for the optical limiting studies.  PVA/glass showed ~ 10% 
nonlinear absorption as noted earlier (Sec 2.4.2).  Z-scan study of the Au-PVA films 
clearly revealed RSA (Fig. 3.9); most probably, this arises due to two-photon absorption 
or excited state absorption by the gold nanoparticles.  Result of the optical limiting  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9.  Open aperture Z-scan traces of Au-PVA film (x = 0.24, T = 130oC, t = 60 
min) at different input fluences. 
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study is presented in Fig. 3.10.  It is seen that the films showing appreciable linear 
transmission of ~ 89% exhibit a limiting threshold of ~ 0.7 J cm-2; these characteristics 
are comparable to or better than that of some similar materials studied at such high laser 
powers earlier.27  The current nonlinear optical studies are carried out on Au-PVA film 
with a relatively high value of x.  Optimization of the composition and thermal 
treatment parameters could lead to improved responses.  The dependence of the optical 
limiting efficiency on the specific type of gold nanostructures will be an important 
problem for future investigations.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.10.  Output versus input fluence plot of Au-PVA film (x = 0.24, T = 130oC, t = 
60 min) on glass substrate for femtosecond laser pulses. 

3.5. Gold Nanopyramids and Nanodomes in Polymer Films and ‘Green’ 
 Synthesis of Gold Nanocrystals 

 During our investigations of gold nanoplates generated inside PVA films 
described in the previous sections, we have encountered some further interesting 
structures and phenomena.  In addition, we have also considered novel approaches to 
the ‘green’ synthesis of gold nanocrystals.  We would like to note that these 
explorations are quite preliminary and further studies are required to establish the 
details.  
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3.5.1. Nanopyramids in Polymer Films 

 Significant variations of nanostructures by slight changes in the synthesis 
parameters or protocols are interesting not only from the point of view of fundamental 
growth mechanism, but also for several applications.  There are relatively few reports on 
nanopyramids compared to other 3-dimensional architectures generated through soft 
chemical and solution routes; this is particularly so in the case of metal nanoparticles.  
Most popular and common methods for the preparation of nanopyramids are chemical 
vapour deposition (CVD)28 or physical evaporation.29  Pyramidal nanostructures of gold 
have been fabricated on a sputtered gold surface by electrochemical deposition, leading 
to super-amphiphobic surfaces exhibiting both water and oil repellent properties.30   

 We have observed the formation of gold nanopyramids within PVA films under 
suitable conditions of thermal treatment.  In the synthesis of gold nanoplates described 
earlier (Sec 3.2), the thermal treatment of the HAuCl4-PVA film coated glass substrates 
was carried out in a closed stainless steel chamber with small volume (radius = 6.5 cm 
and height = 5 cm) placed in an oil bath.  When similar films were heated by placing at 
the bottom of a furnace with large volume (width = 21 cm, depth = 24 cm and height = 
11 cm), we observed frequent occurrence of gold nanopyramids inside the polymer film.  
Pyramids with a triangular base are observed in the images shown in Fig. 3.11 and 3.12.  
The mechanism leading to the morphology changes are not fully clear; different thermal 
gradients present in the two cases could be a relevant factor.  In both cases, heating is 
carried out from the bottom.  In the small volume stainless steel chamber, the 
temperature variations/gradient in different directions are likely to be negligible.  In the 
relatively large volume furnace, however, larger thermal gradient may occur, especially 
in vertical direction.  In a control experiment, we have placed the films inside the 
stainless steel container which in term was placed on the bottom of the furnace.  On 
thermal annealing; it was observed that the film contained preliminary gold nanoplates.  
This supports the above suggestion about the role of anisotropic thermal gradient.  A 
larger vertical gradient may cause uneven accumulation of gold in that direction, leading 
to the pyramid formation.  The geometry of the base parallels the concentration (x) 
dependence seen in the case of nanoplates.  The present observation need to be further 
validated by experiments employing carefully controlled thermal gradient; it is possible 
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perhaps to generate desired 3-dimensional morphologies by precise crafting of the 
thermal gradients in different directions.     
 
 
 
 
 
 
 
 
 
 
Figure 3.11.  SEM images of the Au-PVA films (x = 0.12, T = 100oC, t = 30 min) 
fabricated inside (a) small volume steel container (b) large volume furnace.  Inset 
shows enlarged view of a single nanoplate/nanopyramid in each case. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12.  AFM images of the Au-PVA films (x = 0.12, T = 100oC, t = 30 min) 
fabricated inside large volume furnace. 

3.5.2. Real-time Monitoring of In situ Growth of Gold Nanodomes in Polymer Film 

 The real-time monitoring of the nucleation and growth of nanoparticles using 
various techniques including spectroscopy and microscopy provides insight into the 
kinetics and mechanism of nanocrystal formation.31, 32, 33  STM and AFM are the most 
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frequently used microscopy tools for this purpose.  Imaging of the nucleation and 
growth of nanoparticles is usually carried out in presence of stimuli, such as chemical 
and thermal treatments applied in situ,32 or by electrodeposition under potentiostatic 
control.33  Monitoring the scanning induced growth caused by AFM tip itself has also 
been reported.34 

 All the Au-PVA films discussed in the earlier sections were characterized by 
microscopy imaging after considerable lapse of time after the fabrication.  This is 
natural especially for TEM imaging, since sample preparation process is involved.  
When we examined some very thin HAuCl4-PVA films coated on glass in the AFM, 
immediately after brief thermal treatment, we discovered that the features showed slow 
evolution in time.  Therefore, we have carried out some systematic investigation of this 
aspect.  Films with x = 0.02 - 0.10 were coated on cleaned glass plates in a two step 
process consisting of 500 RPM for 10 sec followed by 8,000 RPM for 10 sec.  The films 
were heated at T = 100 - 130oC for t = 2 - 15 min.  The idea was to initiate the 
nucleation by thermal treatment for short time at relatively moderate temperatures and 
to immediately start monitoring the growth near the surface of the film by AFM in the 
differential force mode, at room temperature.  Films with x > 0.08 and T = 130oC, t = 10 
min showed some growth of features, but the results were not very clear, since there was 
dense population of nucleation sites.  When x < 0.04 or T < 130oC or t < 10 min, the 
number of nucleation sites were very few and it became difficult to pick up growing 
features.  After these optimization runs, we found that the combination, x = 0.04, T = 
130oC and t = 10 min, exhibited a time dependent growth of nanostructures on the film.  
The large area scans shown in Fig. 3.13 shows the real-time monitoring of the growth 
which saturates in about 6 h.  Fig. 3.14 shows the AFM images of a single feature 
selected from the set shown in Fig. 3.13.  The axes are rescaled in order to reveal the 
realistic shape of the feature.   We called these features, nanodomes.  We have recorded 
the absorption spectra of the film fabricated with x = 0.06, T = 130oC, t = 10 min, 
immediately after fabrication and 6 h later when the growth is completed.   The 
emergence of the SPR peak at ~ 550 nm (Fig. 3.15) provides support for the growth of 
the gold nanostructure at room temperature; the spectral change was less conspicuous in 
the film with x = 0.04.   
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Figure 3.13.  AFM topography images (15 µm × 15 µm × 200 nm) of HAuCl4-PVA 
films with x = 0.04, heated at T = 130oC and t = 10 min and brought to room 
temperature (25oC) immediately, monitored at room temperature as a function of time 
following the nucleation process : (a) 10 min, (b) 30 min, (c) 1 h, (d)1.5 h, (e) 2 h, (f) 3 
h, (g) 4 h, (h) 5 h and (i) 6 h. 
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Figure 3.14.  AFM topography images (450 nm × 450 nm × 450 nm) of a single gold 
nanodome from Fig. 3.13.  The time interval of the images after the nucleation process 
are (a) 10 min, (b) 30 min, (c) 1 h, (d) 1.5 h, (e) 2 h, (f) 3 h, (g) 4 h, (h) 5 h and (i) 6 h. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15.  The change in absorption spectrum with time after fabrication, for the 
HAuCl4-PVA films with x = 0.06, T = 130oC and t = 10 min. 
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 The present experiments do not provide a full picture of the mechanism of 
growth of the nanodomes.  Two obvious possibilities can be considered.  The reduction 
of Au3+ to Au is completed during the short thermal treatment and the growth over the 
next 6 h at room temperature involves only the aggregation of the gold atoms to form 
the nanodomes.  Alternatively, the short thermal treatment only creates some very small 
Au clusters and over the next 6 h, this cluster catalyses the reduction of more Au3+ to 
Au, causing the growth of the nanodome.  Further experiments are required to clarify 
these issues.    

3.5.3. Green Synthesis of Gold Nanocrystals 

 Synthesis of nanocrystals using biologically green technologies is one of the 
interesting issues in current nanotechnology/nanobiotechnology.  Use of biological 
systems such as microorganisms35 (bacteria, fungi, and yeast) for the synthesis of 
nanoparticles is a relatively new and exciting area of research with considerable 
potential for development.  Another biosynthesis route involves the use of plant extracts, 
as a viable alternative to the chemical reducing/stabilizing agents and physical methods 
of synthesizing metal nanoparticles.  There have been reports on the formation of gold 
and silver nanoparticles using extracts from geranium,36 neem,37 and tamarind leaves,38 

lemongrass,39 Aloe vera40 and several such sources.  Usually the nanoparticles are 
synthesized by reaction of the extracted biomass with aqueous solutions of the precursor 
salts, the biomolecules acting both as the reducing agent and protective material.  
Detailed chemistry behind these processes and the role of biomolecules are currently 
under active exploration.  In an interesting case, it has been shown that metal (Ag or Au) 
nanoparticles can be synthesized inside living plants.41  

 We have attempted a very different approach to ‘green’ (literally!) synthesis of 
gold nanocrystals, by spreading the aqueous solution of the precursor directly on the 
surface of ‘green leaves’.  In a typical experiment, a freshly plucked leaf is taken and its 
surface cleaned thoroughly by washing with Millipore water.  A few drops of 10-7-10-8 
M aqueous solution of HAuCl4 was spread on the leaf surface, the leaves were covered 
with petri plates to slow down the thermal evaporation of water, and kept in the dark to 
prevent photoreduction of the precursor.  The reaction is completed in about 24 h and 
the gold nanocrystals formed on the leaf surface can be observed in a scanning electron 
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microscope.  We have tried this experiment on a variety of leaves, and in most of the 
cases a mixture of different shapes of gold nanocrystals are observed.  Tender leaves 
were found to give better yield of nanocrystals compared to more mature ones of the 
same kind.  The Fig. 3.16a show SEM image of the gold nanocrystals formed on the 
surface of tender leaves of Bauhinia purpurea (Family name: Leguminosae); two 
distinct shapes are seen - spherical particles and hexagonal/truncated triangular 
nanoplates.  The process by which the reduction of Au3+ to Au takes place would be 
interesting to investigate.  We speculate that, some of the biomaterials on the surface of 
the leaf or close within get extracted into the solution of HAuCl4, cause the reduction 
and the biomolecules (such as proteins or enzymes) present stabilize the gold 
nanocrystals formed.  We have also experimented with transfer of the gold nanocrystals 
from the leaf surface onto a polymer film.  A solution of poly(methyl methacrylate), 
(PMMA) in acetone was applied on the leaf surface bearing the nanocrystals and 
allowed to dry.  The polymer film was then peeled off.  Fig. 3.16b show nanocrystals 
transferred onto the PMMA film. It may be noted that fast evaporation of water after  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16.  SEM images of the gold nanocrystals: (a) grown on tender Bauhinia leaf 
surface and (b) transferred onto a PMMA film; (c) HAuCl4 precipitated by fast 
evaporation of solution on Bauhinia leaf and (d) transferred onto a PMMA film. 

(a) (b)

(d)(c) 
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spreading the HAuCl4 solution on leaf surface led to precipitation of HAuCl4 which 
could be observed as microcrystals with a variety of shapes in the SEM image (Fig. 
3.16c).  On transfer to PMMA film, cuboid microcrystals are obtained (Fig. 3.16d) 
suggesting that the HAuCl4 crystals are recrystallized through dissolution in acetone.  
Fig 3.17 shows a collection of overlap growth of gold nanoplates on the surface of 
Bauhinia leaf.  We believe this truly ‘green’ synthesis methodology can be fine-tuned to 
generate gold nanocrystals of desired shapes in an extremely clean and environment-
friendly way. 
 
 
 
 

 
 
 
 
 

Figure 3.17.  SEM images showing overlap growth of gold nanoplates on the surface of 
tender Bauhinia leaf. 

3.6. Summary 

 We have demonstrated the in situ generation of gold nanocrystals in PVA films 
using the polymer as the only reagent, leading to films with embedded particles of 
different shapes.  Appreciable orientational ordering of polygonal nanoplates is 
observed without the help of special templates or linker molecules, possibly arising due 
to the anisotropic nature of the polymer thin film.  The gold nanoparticle-polymer 
composite thin film shows appreciable optical limiting response for femtosecond laser 
pulses.  Preliminary experiments suggest that temperature gradients on the film can lead 
to further variations in the morphology and assembly of nanoparticles, and that in very 
thin films fabricated under appropriate conditions, the growth of gold nanostructures 
can be monitored in real time.  Finally, we have also presented a simple approach to the 
‘green’ synthesis of gold nanocrystals on the surface of green leaves. 

(a) (b)
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Scope 

 Assembly of nanoparticles and construction of organized nanostructures are 
challenging problems in nanotechnology with specific application in the area of 
nanoscale devices.  We have discovered a novel methodology to produce palladium 
nanowires embedded inside poly(vinyl alcohol) film by first crystallizing precursor 
nanowires of potassium palladium (II) chloride inside the film and then reducing them 
by the polymer itself under mild thermal annealing.  The chemical reaction occurring in 
situ inside the polymer film, including byproduct formation can be monitored through 
spectroscopy and microscopy.  The overall process can be described as a crystal-to-
crystal transformation at the nanoscopic level.  Optical limiting capability of the Pd-
PVA films is examined.  The fabrication procedure developed, involving chemistry 
inside a polymer matrix mediated by the polymer, opens up a convenient route to the 
fabrication of free-standing metal nanowire-embedded polymer thin films.  The 
generality of our methodology to nanowires fabrication is probed by preliminary 
studies on gold. 

4.1. Introduction 

 Fabrication of nanomaterials generally follows one of the ‘top-down’ or 
‘bottom-up’ approaches.  For example, metal nanowires which are of great current 
interest in applications ranging from chemical sensors1, 2 to lasers,3 are sculpted through 
lithographic techniques4 or synthesized by templating5 and self-assembly6 processes.  
Crystal-to-crystal transformation of precursor nanostructures of metal salts to the 
corresponding metal nanostructures via direct reduction in a suitable environment would 
add a new dimension to this scenario.  Polymers with appropriate functional groups can 
provide such an environment.  Crystal growth in solution is known to be influenced by 
the presence of polymers;7,8 crystallization inside diffusion-limited media like gels or 
thin polymer films often leads to fibrous and dendritic morphologies.9  Since a solid 
polymer matrix can impose morphological integrity during the conversion of the 
precursor to the metal, this opens up a simple route to the fabrication of metal nanowires 
embedded in polymer films; the possibility of dendritic structures enhancing the 
electrical conductivity in nanowires10 is notable in this context.  As noted in earlier 
chapters, in situ formation of nanomaterials inside polymer matrices have additional 
benefits such as the preclusion of potential health hazards of inhalable nanoparticles,11 
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the feasibility of employing simple, efficient and environmentally benign synthesis 
conditions12 and the facilitation of further mechanical or optical manipulations of the 
nanoparticle-polymer composite films.13  Following our studies on Ag-PVA (Chapter 
2)12,14 and Au-PVA (Chapter 3)15 films, we explored the possibility of creating 
palladium nanostructures inside poly(vinyl alcohol) films, using similar methodology.   

 Palladium based nanomaterials have applications ranging from catalysis16 to 
sensors1 and hydrogen storage.17  In this chapter, we describe first, the fabrication of 
palladium nanostructures in PVA film and the detailed characterizations of the process 
involved in transformation of nanowires of the precursor, potassium palladium(II) 
chloride (K2PdCl4), to palladium nanowires.  Metal reduction occurring via the polyol 
route, but carried out in this instance inside a solid polymer matrix, shows concomitant 
formation of microcrystals of the byproduct, KCl.  Crystal-to-crystal transformation 
through solid state chemical reactions at the bulk level are known.  Such processes at 
the nanocrystal level are rare; two examples involve photodimerization and 
photopolymerization reactions.18  To the best of our knowledge, such a phenomenon 
occurring at the nanoscopic level in a polymer matrix has not been demonstrated earlier.  
We explore also, the nonlinear optical application of the Pd nanowire-embedded 
polymer film and the generality of the fabrication procedure we have developed for 
nanowire-embedded polymer films.   

4.2. Fabrication of Films and Morphology of Precursor Nanostructures 

 The general fabrication procedure is already discussed in detail in Sec. 2.2.  Here 
we describe the steps involved and the specific details related to palladium in PVA.  The 
first step is the preparation of a mixture of aqueous solutions of K2PdCl4 and PVA, with 
different weight ratios, x (0.01 - 0.10) of Pd to PVA.  The required weight of K2PdCl4 
dissolved in 1.25 ml water was mixed with 0.3 ml of a solution of PVA (average 
molecular weight = 13 - 23 kDa, % hydrolysis = 86) in water (2.4 g PVA in 8 ml water) 
to prepare different compositions (for example, 24.9 mg of K2PdCl4 gives x = 0.09).  In 
the second step, the K2PdCl4-PVA solution was spin-coated on a suitable substrate 
(glass, quartz or glass pre-coated with a sacrificial layer of polystyrene, PS), by spinning 
at 8,000 RPM for 10 sec.  In the final step, the film-coated plates were heated in a hot 
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air oven at temperatures, T = 110 - 150oC, for different times, t = 15 - 120 min, to 
generate the palladium nanostructures within the polymer matrix.  As shown later, the 
reduction of Pd2+ to Pd is not complete in the case of most of the films.  In the following 
discussions, the general term PPVA denotes PVA films containing K2PdCl4, Pd or a 
mixture of both.  The thickness of the PPVA and PS layers are ~ 400 nm and 4 µm 
respectively as measured using a profilometer.  PPVA/PS can be peeled off the glass 
substrates as free-standing film (Fig. 4.1a); alternately the sacrificial layer of PS can be 
dissolved out in toluene to obtain the film of PPVA alone (Fig. 4.1b). 
   
 
 
 
 
 
 
 

 
Figure 4.1.  Photographs of (a) PPVA/PS film supported on a copper wire and (b) 
PPVA film placed on a teflon support; the empty hole on the left shows the contrast. 

 The morphologies of the K2PdCl4 nanostructures in the spin-cast films are found 
to be very sensitive to the value of x used.  Only spherical structures were obtained 
when x < 0.06.  Dendritic structures with increasing density are obtained when x = 0.07 
- 0.08 and long nanowires, when x = 0.09 - 0.10 (Fig. 4.2).  PVA appears to play an 
important role in the formation of these structures as seen from control experiments with 
similar concentrations of K2PdCl4 but using a polymer possessing considerably less 
hydroxy groups and using no polymer at all, which produced very different 
morphologies.  For example, spin coating of DMSO solution containing K2PdCl4 and 
poly(vinyl alcohol-co-ethylene (5:4)) gave rod-like nanocrystals typically a few microns 
long and several hundred nanometers thick (Fig. 4.3) very different from those obtained 
in PVA.  When aqueous solution of K2PdCl4 without any added polymer is evaporated 
on glass substrates while spinning, needle-like crystals several microns thick are 
obtained (Fig. 4.4).  The specific chemical structure of PVA and physical properties 

10 mm 

(a) (b)

5 mm 
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Figure 4.2.  TEM images of unheated PPVA films with different values of x : (a) 0.07, 
(b) 0.08, (c) 0.09 and (d) 0.10 (scale bar = 1 µm). 
 

 
 
 
 
 
 
 
 
 
 
Figure 4.3.  AFM topography images of unheated K2PdCl4-poly(vinyl alcohol-co-
ethylene (5:4)) films with x = 0.09 coated on glass with different magnifications.   

(a) (b) 

(c) (d) 
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Figure 4.4.  AFM topography images of K2PdCl4 evaporated on glass.  

such as viscosity of its solution, appears to be relevant for the formation of the nanowire 
structures of K2PdCl4. 

4.3. Transformation of Precursor to Palladium Nanostructure 

 The limits of temperature, T and time, t for the thermal treatment of the 
K2PdCl4-PVA films were selected based on the formation of palladium nanostructures.  
The structure of the precursor in the PVA film is largely maintained during the 
reduction carried out at T = 130oC and t ≤ 120 min, but is accompanied by some size 
reduction.  Higher temperatures and longer heating times lead to aggregation of 
nanostructures and/or polymer degradation.  The focus of the following discussion will 
be on the nanowire structures obtained when x = 0.09.  The transformation of K2PdCl4 
to Pd in PVA films was investigated using different spectroscopy and microscopy 
techniques. 

 The PPVA films coated on quartz substrates were used to record the absorption 
spectra.  Preliminary evidence for the chemical reaction occurring when the PVA film 
containing K2PdCl4 is heated, comes from the absorption spectra.  Fig. 4.5a shows the 
spectra of the film with x = 0.09, heated at T = 130oC, for different periods of time.  The 
unheated film shows absorption peaks characteristic of Pd2+ with small shifts due to 
environment effects; on heating, a broad absorption typical of nanoscopic palladium 
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structures emerges.19  Notably, the spectral signature of Pd2+ does not vanish even after 
heating for 120 min.  Fig. 4.5b shows that the reduction progresses much more when x 
is smaller and Fig. 4.5c shows the reaction is almost complete when in addition, 
temperature is higher.  More definitive evidence of the chemical reduction on heating is 
obtained from X-ray photoelectron spectra (XPS), recorded using free-standing 
PPVA/PS films.  Fig. 4.6a shows the XPS spectrum for the film with x = 0.09 before 
heating; palladium is exclusively in the +2 state.20  Fig. 4.6b and 4.6c show clear 
signature of neutral palladium formed in the films heated for 30 and 120 min 
respectively.  Once again the film with low x, shows considerably larger proportion of 
Pd0 (Fig. 4.6d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 4.5.  Absorption spectra of PPVA films : (a) x = 0.09, T =130oC, (b) x = 0.015, 
T =130oC (c) x = 0.015, T =150oC heated for different periods of time, t. 
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Figure 4.6.  XPS spectra of PPVA films : (a) x = 0.09, before heating, (b) x = 0.09, T 
=130oC, t = 30 min, (c) x = 0.09, T =130oC, t = 120 min, and (d) x = 0.015, T =130oC, 
t = 60 min.  Deconvolution of each spectrum is indicated. 

 Atomic force microscopy images in Fig. 4.7 provide a view of the surface of the 
films with x = 0.09, before and after heating.  Based on the spectral evidences above, it 
can be inferred that the structures observed before heating are due to the crystallization 
of K2PdCl4 in the polymer matrix; the thinness of the polymer film enables the 
observation of the embedded nanostructures.  The apparent heights and widths are 
approximately 30 - 50 and 350 - 450 nm respectively (Fig. 4.8) indicating that these are 
likely to be either tape-like formations or collections of wires; they extend up to several 
microns in length.  Heating causes small but definite changes in the dimensions, the 
overall morphology being largely preserved; the structures form shorter segments and 
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Figure 4.7.  AFM topography images (15 µm x 15 µm x 200 nm) of PPVA films with x = 
0.09, (a) before heating, and heated at T =130oC for (b) t = 30 min and (c) t = 120 min.  
The corresponding phase images (5 µm x 5 µm) are shown in the inset.  The apparent 
sharpness of features is due to the expanded scale of the z-axis. 

there is a reduction in the height and width to about 15 - 25 and 150 - 250 nm 
respectively.  The AFM phase images in the insets of Fig. 4.7 reveal significant changes 
on heating, suggesting the likelihood of composition variation between the samples.  
Another significant feature revealed in the AFM images is the formation of relatively 
large plate-like structures in the heated films; electron microscopy studies discussed 
below probe their origin. 

 The field emission scanning electron microscopy (FESEM) images in Fig. 4.9 
reveal the nanowire structures in the PPVA/PS films and their fibrous growth patterns.  
The tendency of these wires to shrink on heating is evident once again.  The large area 
images show the concomitant growth of nearly micron-sized square plates.  Energy  

(b) (a) 

(c) 
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Figure 4.8.  AFM topography images (15 µm x 15 µm) of PPVA films with x = 0.09, (a) 
before heating and heated at T =130oC for (b) t = 30 min and (c) t = 120 min.  The 
corresponding line profile analysis of the AFM images is also shown.   

dispersive X-ray (EDX) analysis of the different films showed the presence of 
potassium, palladium and chlorine; quantitative assignments to specific compositions in 
different regions are precluded, since only the surface region of the polymer film is 
probed.  Fig. 4.10 shows the area maps corresponding to a selected region of the 
PPVA/PS film.  It may be noted that higher or longer electron beam irradiation leads to 
polymer damage, limiting the possibility of improving the detection sensitivity.  Within 
the short time periods of recording (~ 30 min), the mapping for oxygen is rather uniform,  
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Figure 4.9.  FESEM images of PPVA films with x = 0.09, (a) before heating and heated 
at T =130oC for (b) t = 30 min and (c) t = 120 min.  Higher magnification images of the 
wire structures in the same films are shown in (d), (e) and (f) respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10.  EDX area maps of different elements for the FESEM image (in the centre) 
of PPVA/PS film (x = 0.09, T = 130oC, t = 120 min).  
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as it comes from the polymer.  Even though wire structures are present in the film area 
imaged, some palladium is possibly distributed elsewhere in the film as well, in the 
neutral and cationic states; this most likely leads to the distribution seen in the area map.   
Further, the palladium is mostly buried in the polymer film, leading to relatively lower 
sensitivity in its detection by EDX.  Since the square-plate structures are prominent and 
protruding out on the film surface, their elemental composition is visible in the mapping, 
indicating that they are primarily constituted of potassium and chlorine.  The likelihood 
of these being KCl crystals, a byproduct of the reduction of K2PdCl4, is supported by 
their complete disappearance from films which were washed briefly with water (Fig. 
4.11).  Comparison of the absorption spectra showed that the palladium content of these 
films is largely preserved in this washing process, and that there is some decrease in the 
peaks corresponding to the precursor salt possibly resulting from its dissolution (Fig. 
4.12).  We believe that this procedure can be fine-tuned if required, to fabricate PVA 
films containing only palladium.   

 Final evidence for the nanowire formation and transformation come from TEM 
imaging together with electron diffraction.  Fig. 4.13 shows the TEM images of films 
with x = 0.09, before heating and after heating at 130oC for 30 and 120 min.  ED pattern 
recorded on any of the wires in the unheated film (Fig. 4.13a) can be indexed 
satisfactorily to the crystal structure of K2PdCl4 belonging to the tetragonal space group, 
P4/mmm (No. 123)21.  The indexing is shown in Fig 4.14a and the comparison of the 
calculated and observed d values are collected in Table 4.1.  Fig. 4.13b and 4.13c show 
the formation of square plates on heating.  The ED from the thin wires (typically with 
 
 
 
 
 
 
 

 
 
Figure 4.11.  SEM images of PPVA film (x = 0.09, T = 130oC, t = 120 min) (a) before 
and (b) the same film after washing in water for 15 sec (Scale bar = 5 µm). 

(a) (b) 
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Figure 4.12.  Absorption spectra of PPVA film (x = 0.09, T = 130oC, t = 120 min) (a) 
before and (b) the same film after washing in water for 15 sec. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13.  TEM images of PPVA films with x = 0.09 : (a) before heating, and heated 
at T =130oC for (b) t = 30 min and (c) t = 120 min; higher magnification images are 
shown in (d), (e) and (f) respectively.  Insets in (a) and (c) show ED pattern of selected 
regions. 
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Figure 4.14.  Electron diffraction patterns of PPVA films showing the indexing : (a) 
pattern shown in Fig. 4.13a (for wire in unheated sample) and (b) – (d) patterns shown 
in Fig. 4.13c for films with x = 0.09, T = 130oC, t = 120 min : (b) on thick wire 
(>100nm), (c) on thin wire (<100nm) and (d) on square plate. 
 
 
 
 
 
 
 
 

Color code for the indexing 
Green  : K2PdCl4 (a = 7.0750 Å, c = 4.1158 Å, Space group no. 123) 
Red*  : Pd (a = 3.8907 Å, Space group no. 225)  
Blue  : KCl (a = 6.2931 Å, Space group no. 225) 
__________________________________________________________________
*(I), (II) and (III) represent crystallites with different orientations, (I) having 
a preferred growth direction 
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Table 4.1.  Details of indexing the electron diffraction patterns shown in Fig. 4.14. 

 

d (Å) (Experimental) 

t = 30 min,  
T = 130oC t = 120 min, T = 130oC 

Crystal 
(Space 
group) 

h k l 
d (Å) 
(Cal-

culated) 
Un- 

heated 
Thick 
wire 

Thin 
wire 

Thick 
wire 

Thin 
wire 

Square 
plate 

-2  1  0 3.164 3.151 3.151 - - - - 

0  0  2 2.058 2.035 2.035 2.035 2.035 - - 

-2  1  2 1.725 1.714 1.714 - - - - 

-4  2  0 1.582 1.575 - - - - - 

-4  2  2 1.254 1.252 1.252 - - - - 

-6  3  0 1.055 1.050 - - - - - 

0  0  4 1.029 1.028 1.028 1.028 1.028 - - 

K2PdCl4 
(No. 123) 

1  0  4 1.018 0.967 0.967 0.967 0.967 - - 

2  2  0 1.376 - - - 1.376 1.376 - 

4  0  0 0.973 - - - 0.977 0.977 - 

4  2  0 0.867 - - 0.872 - 0.872 - 

4  2  2 0.794 - - 0.794 - 0.794 - 

4  4  0 0.688 - 0.688 - - 0.688 - 

6  2  0 0.615 - - - - 0.614 - 

Pd 
(No. 225) 

8  8  0  0.344 - - - - 0.343 - 

4 0 0 1.573 - - - - - 1.576 

4 4 0 1.113 - - - - - 1.113 

8 0 0 0.787 - - - - - 0.788 

8 4 0 0.704 - - - - - 0.702 

KCl 
(No. 225) 

8 8 0 0.556 - - - - - 0.557 
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diameters < 100 nm) and square plate structures in Fig. 4.13c can be indexed 
respectively to crystals of Pd and KCl, both belonging to the cubic Fm 3 m space group 
(No. 225) (Fig. 4.14c and 4.14d and Table 4.1).  The Pd wires appear to have crystallites 
with more than one orientation, some of them exhibiting preferential growth direction.  
The ED pattern of the thicker wires (diameters > 100 nm) in Fig. 4.13c is complex with 
diffraction spots assignable to Pd as well as K2PdCl4 (Fig. 4.14b and Table 4.1); similar 
is the case with the wires in Fig. 4.13b.  None of the ED patterns correspond to PdCl2 
ruling out its formation by decomposition of K2PdCl4.  The magnified images in Fig. 
4.13d - 4.13f reveal clearly the individual wire strands and demonstrate the shrinkage 
during the transformation of the precursor to palladium.  The diameter of individual 
nanowires decrease from ~ 50 - 150 nm to ~ 20 - 70 nm upon heating.  The porous 
structure of palladium wires, possibly resulting from the thermal transformation is 
shown in the magnified image in Fig. 4.15.  The SEM and TEM observations suggest 
that the features in the AFM images (Fig. 4.7) possibly correspond to collections of such 
wires together with a polymer sheath.  The electron diffraction study (supported by the 
XPS and absorption spectra) demonstrates the gradual change of K2PdCl4 nanowires to 
Pd nanowires upon heating, along with the concomitant formation of microcrystals of 
the byproduct KCl; the thin nanowires in the films heated for 120 min result from the 
crystal-to-crystal transformation. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.15.  Magnified TEM image of nanowires present in PPVA film (x = 0.09, T = 
130oC, t = 120 min) showing the porous structure.  

100 nm 
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4.4. Optical Limiting  

 Palladium nanoparticles are known to possess optical limiting characteristics.22  
We have carried out Z-scan experiments to investigate the nonlinear absorption and 
optical limiting capability of the PPVA film.  Second harmonic (532 nm) of an 
Nd:YAG laser (10 Hz, 6 ns) with peak intensities in the range 4.5 - 30.0 × 107 W cm-2 

was used in f/24 geometry;23 PPVA/PS film with x = 0.09 was studied.  The details of 
experimental set up have been already discussed in Sec. 2.4.1.  A weak reverse saturable 
absorption (comparable to that of plain PS film) is observed in the unheated PPVA/PS 
film (Fig. 4.16a), indicating that the effect arises due to the PS layer.  The film heated at 
T = 130oC for t = 120 min showed a considerably enhanced effect (Fig. 4.16b) due to 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16.  Open aperture Z-scan traces at different input intensities for PPVA/PS 
film (x = 0.09) on glass, (a) unheated and (b) heated at T = 130oC for t = 120 min; (c) 
output versus input intensity plots of the film in (b) for nanosecond laser pulses.  
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the palladium nanowires formed.  Plot of the output power versus input power (Fig. 
4.16c) shows the optical limiting behavior of the heated PPVA/PS film; the linear 
transmittance is ~ 94% at low laser intensities and the output is clamped at ~ 0.18 GW 
cm-2 at higher intensities.  The high linear transmittance and appreciable optical limiting 
are promising features of the new composite material.   

4.5. Extension of the Fabrication Methodology to Gold 

 We have explored the general utility of the approach developed for the 
fabrication of palladium nanowire by carrying out some preliminary studies with gold.  
Our earlier experiments on gold15 (Sec. 3.2) have shown that when x = 0.04 - 0.18, 
nanoplates are obtained with no extended structures.  In the current study, we have 
investigated films with compositions, x = 0.12 - 0.22, fabricated under different 
conditions from that used previously.  The main variations tested are the dilution of the 
solutions and the spin-coating conditions.  With x = 0.12 and 0.18, more dilute solutions 
and slower spinning rates, the films showed the formation of dendritic morphologies.  
However, organized structures could be realized by further modification of the 
composition and fabrication conditions.  Films with x = 0.18 and 0.22 were prepared as 
follows.  Required amount of HAuCl4 dissolved in 1.25 ml water was mixed with 0.3 ml 
of a solution of PVA (Aldrich, average molecular weight = 13 - 23 kDa, % hydrolysis = 
86) in water (2.4 g PVA in 8 ml water).  The solution was spin coated on top of the 
polystyrene layer at 500 rpm/10sec followed by 8000 rpm/10sec.  AFM images of the 
unheated films revealed structures aggregated into linear arrays several microns long 
with widths ~ 50 - 100 nm and heights ~ 5 - 15 nm (Fig. 4.17) with fair degree of 
organization.  As observed in the case of palladium, heating causes distinct shrinkage of 
the structures so that the widths become ~ 30 - 40 nm and heights ~ 1 - 3 nm; the 
morphology is reminiscent of the nanowires reported earlier for gold24 and 
palladium.1,25  The absorption spectra of the heated film shows the emergence of 
plasmon peaks at 530 and 810 nm (Fig. 4.18), the latter possibly arising due to the high 
aspect ratio gold nanostructures that are formed.  XPS spectra provide further evidence 
for reduction of HAuCl4 to Au upon heating the film26 (Fig. 4.19).  The unheated film 
shows predominantly, the presence Au3+; a small proportion of Au0 is observed, 
possibly arising from slight reduction during storage and measurement.  The heated film 
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Figure 4.17.  AFM topography images (5 µm x 5 µm) of HAuCl4-PVA films with x = 
0.18, (a) before heating and (b) heated at T =130oC, t = 60 min, and with x = 0.22, (c) 
before heating and (d) heated at T =130oC, t = 60 min. Higher magnification images 
are shown in the inset in each case. 

contains exclusively Au0.  Since the byproduct in the reduction of HAuCl4 is HCl, the 
microscopy images of heated films show only the gold nanostructures; this may be 
contrasted with the case of palladium which showed micrometer-sized crystals of KCl 
from the reduction of K2PdCl4.   

 In conjunction with our earlier investigations on silver and gold, the present 
observations suggest that a range of morphologies of metal nanostructures from 
spherical particles to nanoplates to nanowires can be realized in situ inside PVA films 
by fine-tuning the composition and fabrication conditions.  The general observation is 
that, increasing the metal/polymer ratio and optimizing the spin-coating conditions (to 
reduce the film thickness) leads to the formation of extended structures.   

(b)

(c) (d)

(a) 
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Figure 4.18.  Absorption spectra of Au-PVA films with x = 0.22, (a) before heating, and 
(b) heated at T =130oC, t = 60 min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19.  XPS spectra of Au-PVA films with x = 0.22, (a) before heating, and (b) 
heated at T =130oC, t = 60 min.  Deconvolution of each spectrum is indicated. 
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4.6. Summary  

 The in situ formation of palladium nanowires in PVA films and the preliminary 
studies on gold illustrate that the crystallization of metal salts in appropriate 
concentrations inside polymer matrices followed by their reduction to the corresponding 
metal through the participation of the polymer matrix, offers a convenient route to the 
fabrication of free-standing or supported, metal nanowire-embedded polymer thin films.  
The reaction occurring inside the polymer matrix, including byproduct formation, could 
be monitored using microscopy and spectroscopy; it is shown to be a nanometric 
crystal-to-crystal transformation.  The Z-scan studies indicated that the palladium 
nanowire-embedded polymer films show appreciable nonlinear absorption which is of 
potential interest in optical limiting applications.   

 The protocol adopted in this work uses thermal annealing.  The methodology is 
amenable to other approaches such as microwave heating or laser irradiation, the latter 
being of interest in patterning applications.  Another important aspect of the nanowire-
embedded polymer films is the partial conversion of the precursor salt leading to a 
mixture of palladium in neutral and dicationic states; relevance of such materials to 
catalytic applications are being investigated in our laboratory currently.   
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5.1. Overview of the Present Work 

 The design and fabrication of nanomaterials, their characteristics and functions, 
and finally applications, are closely linked problems.  Currently, there is enormous 
interest and activity in each of these areas – developing new synthesis protocols, 
predicting and realizing novel properties and exploring potential applications in a wide 
range of fields.  Development of novel nanomaterials requires the knowledge and 
control of the structure and organization at the nanometer level.  Properties of 
nanomaterials depend sensitively on the size, shape and organization of nanoparticles as 
well as the interactions between themselves and with the medium in which they exist.  
These continue to be challenging problems to understand and control precisely.  
Nanomaterials are finding application in almost every discipline and many facets of 
daily life.  An approach which allows (i) the generation of nanoparticles within a 
medium, (ii) characterization of the properties without further isolation steps and finally 
(iii) direct utilization of the nanoparticle-matrix composite in desired applications will 
be highly desirable and useful.  Polymers are particularly interesting candidates for use 
as the matrix materials.  Many of the polymers are easy to process and water soluble 
ones are specially useful from the point of view of ease of handling.  Attributes such as 
flexibility, transparency and permeability are advantageous for specific applications.  
Polymers with conducting, semiconducting or insulating characteristics can be chosen to 
tailor the fabrication of new generation nanodevices and ‘smart’ materials. 

 Polymers are often used as the stabilizer for nanoparticles in colloidal state.  
Composites of metal/semiconductor nanoparticles with polymers are also popular.  
However, generation of metal nanoparticles within a polymer matrix (using the matrix 
itself as the only reagent to reduce the precursor materials) coupled with direct 
characterization and application of the nanoparticle-embedded solid polymer films has 
not been investigated prior to our work.  We have presented in this thesis, the 
fabrication of silver, gold and palladium nanoparticles using the polymer, primarily 
poly(vinyl alcohol), as a multifunctional medium for their controlled generation.  PVA 
is a bio-compatible and bio-degradable polymer and acts as the reducing and/or 
stabilizing agent for the metal nanoparticles.  It facilitates the formation of supported 
and free-standing nanoparticle-embedded films.  The synthesis scheme we have 
developed is simple to implement and efficient; the use of the aqueous medium makes it 
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an ‘environment-friendly’ process.  The in situ nature of the particle generation 
eliminates potential health hazard from inhalable nanoparticles.  The free-standing 
composite thin films can be characterized directly in TEM without the need for sample 
processing such as microtoming.  We believe that this is very significant not only in 
terms of avoiding sophisticated sample preparation, but also because it provides a direct 
visualization of the nanostructures that will be involved in the applications.  This may 
be contrasted with the regularly used procedure wherein colloidal drops containing the 
nanoparticles are placed on a TEM grid and allowed to dry before imaging, in which 
case artifacts could arise in the drying process.  Based on the different metal-polymer 
systems we have studied, we have observed that the metal/polymer ratio plays an 
important role in controlling the nanostructures.  Increasing concentration leads to 
increased size of nanoparticles in the case of silver, but significant changes in the 
nanoplates geometry in the case of gold.  The composition also influences the 
morphology (particles, dendrites or wires) of the precursor salt (as shown clearly in the 
case of palladium) and hence that of the final metal nanostructure.  Temperature and 
time of thermal treatment provide another convenient control parameter.  These factors 
affect the extent of reaction as well as the size and shape of the nanostructures.  The 
influence of the thermal treatment is likely to be two-fold; softening the polymer matrix 
and accelerating the diffusion of ions and atoms as well as enhancing the chemical 
reduction process.  We do not have a clear picture of the relative roles of these different 
effects at the moment.  These are relevant issues to be addressed in future explorations.   

The fabrication methodology we have developed for the metal-polymer 
nanocomposites presents some further advantages.  It allows convenient monitoring of 
the reaction occurring inside the polymer thin films, including byproduct formation, 
through spectroscopy and microscopy.  In the case of formation of gold nanoplates, we 
were able to examine the role of polymer and in case of palladium, the formation of 
microcrystalline byproduct. The thin film form of the polymer composite can be 
exploited to obtain preferred orientation of anisotropic nanostructure, as seen in the case 
of gold nanoplates.  However, the full potential of the thin films to achieve tailored 
organization of nanostructures remains to be demonstrated.   

At the application front, all the three kinds of nanoparticle-polymer composite 
films we have fabricated display appreciable optical limiting capability.  The fact that 
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thin films typically a few microns thick, show responses comparable to colloids with 
path lengths of a few millimeters, is highly encouraging from the point of view of 
developing novel ‘smart materials’.  The possibility of fabricating free-standing metal 
nanoparticles-embedded polymer films allowed us to make unambiguous estimation of 
the nonlinear refractive index and susceptibility of the nanoparticles.  This is a 
significant contribution towards fundamental understanding of the nonlinear optics of 
metal nanoparticles.  The efficient bactericidal application of silver nanoparticle-
polymer composite films is another important development.  The reusability of the 
polymer films is an important consideration from the economics perspective.  From the 
technical point of view, the facility afforded by the thin film nature of the bactericide to 
scrutinize it between action cycles is highly relevant.  

We believe that the studies presented in this thesis on the fabrication, 
characterization and application of metal nanoparticle-embedded polymer films 
represent a new direction in the science and technology of nanomaterials.  Further 
optimization of the methodology is likely to open up a powerful route to achieve 
enhanced control of nanostructures in polymer films with implications for the 
fabrication of nanoscale devices. 

5.2. Future Prospects 

The basic idea of environment-friendly synthesis of metal nanoparticle in a 
dielectric environment has been demonstrated in the studies we have presented.  The 
current protocol can be used for the synthesis of a wide range of other metal 
nanoparticles as well, in the form of embedding in polymer films.  Based on redox 
potential consideration and some preliminary experiments, we have found that 
nanoparticles of metals such as ruthenium and platinum also can be generated in PVA 
films.  The methodology can also be extended with minor modifications, to generate 
semiconductor nanoparticles inside polymer films.  Another interesting avenue to 
explore is the fabrication of alloys and core-shell structures inside polymer films, using 
our methodology.  Some experiments in this direction have been reported recently.1, 2 
We have discussed preliminary observations related to the fabrication of gold 
nanopyramids, real-time monitoring of the in situ growth of gold nanodomes and the 
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‘green’ synthesis of gold nanocrystals.  In addition to more detailed characterization, 
some specialized studies are likely to be rewarding.  It would be interesting to explore 
the possibility of sculpting desired 3-dimentional nanostructures inside the polymer 
films by tuning the temperature gradients and the thickness of the films.  The kinetics of 
growth of the nanostructures inside polymer film and dependence on factors such as the 
precursor concentration and polymer viscosity are fundamental issues to be investigated.  
The molecular basis of the ‘green’ synthesis, the relevance of the type of leaf used and 
development of an efficient procedure to harvest the fabricated nanocrystals are points 
to be addressed in further studies.   

Investigation of several variations on the fabrication methodology we have 
developed, could prove interesting.  In all the studies reported in this thesis, we have 
used thermal treatment of the precursor-polymer films to generate the metal 
nanoparticles.  Alternate procedures such as photoirradiation (at a suitable wavelength 
in the UV, visible or IR regions), laser irradiation or microwave heating can be 
attempted.  Preliminary explorations we have carried out indicate that microwave 
heating can be quite effective.  In the case of irradiation with light, masking or 
interference effects can be attempted to generate patterned structures; a study along 
these lines has been reported.3  It is well known that seeding protocol is very useful for 
the colloidal synthesis of nanorods with different aspect ratios.  Parallel studies can be 
carried out inside matrices as well.  A simple approach to the organization of metal 
nanoparticles could be the incorporation of organic linker molecules in the polymer 
films.  

Several characteristics of metal nanoparticles-polymer films remain to be 
investigated.  A significant property that may be assessed is the conductivity or 
dielectric behavior with extreme cases of metal/polymer compositions.  Surface-
enhanced Raman scattering (SERS) of these films could be interesting to explore 
because of the application potential in sensing.  Modeling the electronic absorption and 
investigation of electroabsorption properties of these composite films, taking into 
account the distinct size and shape factors would be interesting exercises to take up.  We 
have focused attention on the metal nanoparticles and their properties, the polymer 
serving only as the matrix.  In a different approach, focus can be placed on the 
modification of the polymer properties as a result of the incorporation of metal 
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nanoparticles.  Such studies reported for composites prepared from preformed 
nanoparticles,4 can now be extended to the kind of metal-polymer films we have 
fabricated.   

A series of further explorations can be envisaged from the point of view of 
applications of the metal nanoparticles-embedded polymer films.  Detailed mechanism 
of the optical limiting in gold and palladium nanostructure-embedded films remains to 
be studied.  The shape dependent behavior in the case of gold nanoplates will be a 
particularly interesting problem to pursue.  The wavelength dependence of optical 
limiting phenomena in these materials need to be examined.  Another feature that would 
be interesting to explore is the microwave absorption of metal nanoparticle-embedded 
polymer thin films.  We have demonstrated the antibacterial property of silver 
nanoparticle-PVA composite thin films only towards gram-negative bacteria, 
specifically E. coli.  These films appear to be effective against other gram-negative and 
gram-positive bacteria and for a wide spectrum of microbes.  Experimental confirmation 
of these preliminary observations would be critical to establish the nanocomposite films 
as an effective agent for water purification and related applications.  Another important 
area for potential application of the metal nanoparticle-polymer films is in catalysis.  
Systems like Pd-PVA could be efficient reusable catalyst for a number of organic 
reactions.  Semiconductor nanoparticle-polymer composite films can be considered for 
photocatalytic applications.  It is also possible to envisage the development of 
photoluminescent thin films through our methodology.  Candidate systems will include 
polymer films with in situ fabricated semiconductor nanoparticles and organic dye-
metal nanoparticle combinations.  

 Several of the new directions listed above, covering various aspects of 
fabrication of nanoparticle-embedded polymer films, their characterizations and 
applications are currently being actively pursued in our laboratory.  It is heartening to 
note that our fabrication methodology has been applied fruitfully by other researchers in 
the field.1, 2, 5-8  We believe that the novel developments in the field of nanomaterials 
presented in this thesis and the extension of these ideas into further avenues, will pave 
the way for further exciting research in future. 
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Materials and Instrumentation 

Materials 

Silver nitrate         Aldrich, 99+% 

Hydrogen tetrachloroaurate(III)   Aldrich, 99.9+% 
trihydrate  

Potassium palladium (II)       Aldrich, 99.99% 
chloride    

poly(vinyl alcohol)        Fluka, Mw = 15 kDa, % of hydrolysis = 87-89 
          Aldrich, Mw = 16 kDa, % of hydrolysis = 98  
          Aldrich, Mw = 31-50 kDa, % of hydrolysis = 98-99  
          Aldrich, Mw = 87-146 kDa, % of hydrolysis = 99+  

Polystyrene         Aldrich, Mw = 280 kDa 

Ultrapure water         Millipore MilliQ water (Resistivity = 18 MΩ cm) 

LB broth         Himedia 

LB agar media         Himedia 

Instrumentation 

Spin-coating 

 Laurell Technologies Corporation Model WS-400B-6NPP/LITE/8K or custom-
built standard photoresist spinner was used for the fabrication of the polymer films.  

Film Thickness Measurements 

 Thickness of the films was measured using an Ambios Technology XP-1 
profilometer.   

Differential Scanning Calorimetry 

 Thermal properties of the polymers were examined using Perkin Elmer PYRIS 
Diamond DSC.   

Absorption spectroscopy 

 Absorption spectra of the polymer films coated on quartz/glass substrates were 
recorded on a Shimadzu Model UV-3101 UV-Vis Spectrometer.  
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Infra-red spectroscopy 

 FT-IR spectra of free-standing films were recorded on a Jasco5300 FTIR 
spectrometer in transmission mode. 

X-ray photoelectron spectroscopy  

 XPS analysis of free-standing films was carried out on a Kratos Axis 165 
Spectrometer with a Mg Kα X-ray source (1253.6 eV). The X-ray power supply was run 
at 15 kV and 5 mA. The pressure in the analysis chamber during the scans was, ~10-9 
Torr.  Spectra were calibrated using the C1s peak at 284.6 eV.  

Atomic force microscopy  

AFM images of the nanoparticle – polymer composite films on glass substrate 
were recorded on a SEIKO Model SPA 400 atomic force microscope in the dynamic 
force (non-contact) mode using a tip having a force constant of 12 N/m.  Generally, 
topography and phase images were recorded.  Line profiles were analyzed using the 
software supplied by the microscope manufacturer. 

Scanning electron microscopy  
SEM and FESEM images of free-standing films were recorded on a Philips XL 

30 ESEM and a HITACHI S-4300SE/N FESEM respectively using beam voltages of 20 
kV.  The samples were fixed on aluminum platforms using carbon tapes and given a 
very thin (3 - 5 nm) coating of gold. 

Transmission electron microscopy and Electron diffraction  

 The samples were examined in a JEOL 100CX TEM or TECNAI G2 FEI F12 
TEM at an accelerating voltage of 100 kV or 120 kV using a 20 µm aperture.  Electron 
diffraction data from selected features was collected at 100 kV accelerating voltage at a 
camera length of 46, 66 or 76 cm. The patterns were photographed using beam stoppers 
for 4 sec.  The beam stopper was placed especially for those samples where it was 
critical to verify if any spots appear close to the beam center, so that they are not lost by 
overlap of the beam brightness. 

Optical Limiting studies 

 532 nm wavelength beam from a ns-pulsed (6 ns, 10 Hz) Nd-YAG laser (Spectra 
physics, Model INDI 40) and 800 nm wavelength beam from a fs-pulsed (~110 fs, 1 
kHz) Ti:Sapphire laser (Mai Tai, Spitfire) were used.  The input intensity could be 
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varied using calibrated neutral density filters.  The transmitted output was collected 
using appropriate optics, calibrated fast photodiode (EG & G, FND 100) and processed 
using a data acquisition system consisting of a lock-in amplifier (Princeton Applied 
Research, Model No. 121) or boxcar averager (Stanford Research Systems Model 
SR250), ADC and computer.  

Antibacterial studies 

 Luria-Bertani broth was prepared by mixing 20 g of the solid with 1.0 l sterilized 
double distilled water and autoclaving for 15 min at 15 psi pressure.  LB agar plate was 
prepared by autoclaving the LB broth with 1.5% agar, cool it to ~ 50-60°C, pouring into 
petriplates and allowing the agar to solidify.  Escherichia coli (ATCC No. 25922) was 
procured from National Chemical Laboratory, Pune grown and stored as glycerol stock.  
The culture from the glycerol stock was grown in the LB broth at 37°C overnight.  It 
was spread on to LB agar plate and incubated at 37°C overnight.  From the bacterial 
colony obtained, a single one was used for inoculating 10 ml LB culture which was then 
grown at 37°C for 12 h and used for experiments.  The culture was serially diluted to the 
appropriate density using sterile double distilled water and the bacterial counts 
(CFU/ml) were made.  The final experiments were conducted in one of the following 
ways: (i) 100 µl of 108-109 CFU/ml was introduced in 15 ml LB broth or (ii) 1 ml of 
bacteria culture was serially diluted and 105 CFU/ml was introduced in 14 ml Millipore 
water.  Ag-PVA film was immersed in the above media and shaken at 170 rpm inside 
the incubator at 37oC for 30 or 15 min respectively.  In the case of (i), the bacterial 
growth was monitored at different time periods up to 12 h by measuring the optical 
density at 600 nm and for (ii), the water sample was plated on LB agar plates and 
incubated for 12 h at 37oC and the colonies were counted. 
 All the experiments mentioned above and those in the Sec 2.5, were done under 
standard laminar air flow systems.  The glassware and other equipment were sterilized 
in an autoclave and by UV irradiation.  Bacteria are potentially hazardous; so adequate 
care was taken while working with them.  Standard biosafety laboratory techniques 
were followed while handling bacteria, and various media.  The work area was sterilized 
with 70% ethanol/water and UV irradiation after completion of the work.  Unused 
media and bacterial suspensions were first deactivated with commercial bleach for 1 h 
before disposing off in biosafety bags.  All materials that had come in contact with 
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bacteria (e.g., pipette tips, tubes, agar plates etc.) were disposed off using biosafety bags 
in tightly closed bins.  Biosafety bags were autoclaved for 2 h before final disposal. 
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