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SYNOPSIS 

Nanomaterials are defined as materials with at least one external dimension in the size 

range from approximately 1-100 nanometers. Nanoparticles, in particular, are nanomaterials 

with all three external dimensions at the nanoscale. Two principal factors that cause the 

properties of nanomaterials to differ significantly from other materials and make them unique 

are: i) increased relative surface area, and ii) quantum effects. These factors can significantly 

change or enhance properties, such as reactivity, strength, optical and electrical 

characteristics. Hence, metal nanoparticles are currently being explored for their versatile 

applications as catalysts [1], chemical and bio sensors [2, 3] and drug delivery systems [4]. 

Noble metal nanoparticles, such as those of Gold and Silver, possess bright color in aqueous 

solutions [5] and are potentially useful as biosensors and for biological imaging. 

Spectrophotometric detection of various molecules/species, based on the optical properties of 

metal nanoparticles, has been widely reported [6]. Change in the spectral position, FWHM or 

intensity of absorption spectra of nanoparticles, due to interaction of metal nanoparticles with 

biological analytes, is the basis of these widely applicable and convenient colorimetric 

sensing techniques [7].  

 Metal nanoparticles, or any other fillers in the nanoscale regime, when incorporated 

into a polymer matrix, give rise to a new class of materials known as polymer-

nanocomposites.  Typically, the structure is a matrix-filler combination where the fillers like 

particles, fibers, or fragments surround and bind together as discrete units in the matrix. 

These advanced materials offer enhanced mechanical, thermal, flame retardant, barrier, 

electrical and chemical properties compared to their constituent elements. In recent years, 

nanocomposites have generated much research interest owing to remarkable enhancements in 

the various composite properties at very low volume fractions of nanofillers [8-10]. These 

polymer nanocomposite materials have found application in fields as diverse as laser safety 



~ xvii ~ 

 

goggles, scratch resistant materials, aerospace, automotive sector for interior parts and under-

the-hood applications, and so on. 

Compared to conventional methods of fabrication, the major advantages of using high 

energy radiation, including electron beam and gamma irradiation, for synthesizing metal 

nanoparticles and nanocomposite materials, are that these are room temperature, pollution-

free and high efficiency processes that can be used for rapid synthesis of uniformly dispersed 

metal nanoparticles [11, 12]. Similarly, in case of polymer nanocomposites, ionizing 

radiations have been found to impart long service life, uniform and high degree of cross-

linking, and excellent thermo-mechanical properties to the materials [13, 14].  

The present study is aimed at the investigation of application of ionizing radiations, 

viz., 60Co gamma, electron beam and synchrotron radiations for fabrication of noble metal 

nanoparticles (Au and Ag) and novel inorganic/organic polymer nanocomposite materials. 

The applications of these materials in the field of sensors, optical limiters and flame 

retardants have also been discussed. Details of the work done and results have been reported 

in following five chapters. 

 

Chapter 1: Introduction: Metal nanoparticles and polymer 

nanocomposites, basic principles of ionizing radiation and radiation 

induced synthesis 

The chapter deals with fundamental aspects related to metal nanoparticles, polymer 

nanocomposites (PNCs) and radiation technology. These include an understanding of the 

basis of classification of nanoparticles and nanocomposite materials. The principles behind 

the stabilization of metal nanoparticles in aqueous solutions and the unique optical properties 

of noble metal nanoparticles, which are used in sensor applications, have been discussed. 

Basic aspects of radiation chemistry, such as the types and energies of ionizing radiation and 
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their interactions with different media have also been delved into. The radiation chemistry of 

aqueous solution is discussed in details, starting from the typical time scales of different 

radiolytic events, which finally lead to formation of primary as well as secondary radiolytic 

species. The chapter also deals with the conventional methods of nanoparticles and PNCs 

fabrication, and the advantages offered by radiation technology over these techniques. The 

applications of the radiation synthesized materials in the field of sensors, optical limiters and 

flame retardants are also mentioned. 

 

Chapter 2: Experimental Methodology and characterization techniques  

During the course of this study, a variety of methods have been employed to 

synthesize nanomaterials, including nanoparticles and polymer nanocomposites, and their 

characterizations have been carried out using numerous characterization techniques. These 

include steady-state irradiation facilities, such as 60Co gamma chamber, Electron beam and 

Synchrotron  irradiators for irradiation, and characterization techniques such as Transmission 

Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Atomic Force 

Microscopy (AFM), X-ray Scattering (SAXS and XRD), Fourier Transform Infrared 

Spectroscopy (FTIR), Thermal Analysis (TGA and DSC), UV-visible Spectroscopy, etc.. The 

chapter discusses the principles and methodologies involved in these studies.  

 

Chapter 3: Gamma radiolytic synthesis of Poly(N-vinyl-2-pyrrolidone) 

capped Au nanoparticles for sensor applications 

    60Co-gamma radiation was used to carry out radiolytic synthesis of Gold nanoparticles 

(Au-NPs) in aqueous solutions, in presence of Poly(N-vinyl-2-pyrrolidone) (PVP) as the 

capping  and stabilizing agent.  Reactive transient species generated through water radiolysis 

include solvated electrons (eaq
-) and isopropyl radicals (generated from the reaction between 
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.OH/.H and isopropanol present in the reaction mixture), which are responsible for the 

reduction of the precursor Au3+ ions to Au atoms in the zero-valent state (Au0). The Au0 thus 

formed coalesce to form small nuclei, which grow to Au nanoparticles. The effect of 

variation of parameters, such as radiation dose, precursor ion concentration, stabilizer 

molecular weight and concentration, etc., on the particle morphology was studied. The 

saturation dose for complete reduction of 5.0×10-4 mol.dm-3 Au3+ was determined 

spectrophotometrically to be 1.8 kGy. The reaction parameters were optimized to fabricate 

uniformly dispersed, spherical nanoparticles with average particle size in the range of 9-12 

nm (PVP of molecular weight 360 kDa as the capping agent), as determined by TEM 

analysis. The Au nanoparticles thus engineered were found to exhibit typical Localized 

Surface Plasmon Resonance (LSPR) band at ~530nm.  This optical property of the PVP-Au-

NPs was exploited for employing these Au-NPs as optical biosensors. 

The PVP-Au-NPs system synthesized using PVP with molecular weight 360 kDa as 

the capping agent was used for detection and estimation of a biologically relevant analyte 

hydrogen peroxide. The detection principle was based on spectrophotometrically monitoring 

the enzymatic reaction of H2O2 with o-phenylene diamine (o-PDA) in presence of enzyme 

Horse radish peroxidase (HRP). The reaction product has a weak absorption in the yellow 

region of the spectrum. Interaction of the reaction product with PVP-Au-NPs leads to an 

enhancement in the intensity of the LSPR absorption band of PVP-Au-NPs. The detection 

limit was determined to be 1.0×10-7 mol.dm-3 and H2O2 concentration could be estimated 

from 1.0×10-7 mol.dm-3 to 2.0×10-4 mol.dm-3 by choosing appropriate experimental 

parameters. Silver nanoparticles, fabricated via a similar protocol, displayed an LSPR band at 

~420 nm which overlapped with the absorption band of the reaction product leading to 

interference in the detection technique. The Ag nanoparticles were, therefore, ineffective in 

the estimation of H2O2 by this method. 
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nIn another application, the same system, with some variation in the reaction 

parameters, was used for the detection and estimation of trace levels of Hg2+ ions in aqueous 

solutions. The detection principle was based on the preferential interaction of Hg2+ with PVP, 

a soft acid-soft base type of interaction. This leads to weakened interaction of the PVP 

capping agent with the Au-NPs, which gets manifested as a decrease in the LSPR band 

intensity of the Au-NPS.  The use of low molecular weight PVP (40 kDa), as the capping 

agent, ensured that the Au nanoparticles were not highly stable and thereby, susceptible to 

changes in the external environment. This nanoparticle system was successfully used to 

estimate Hg2+ within a concentration range of 0-500nM and demonstrated high selectivity 

towards Hg2+ ions. The method was found to be independent of interference from other metal 

ions, such as Ca2+, Cu2+, Cd2+ and Fe2+ up to a concentration of 500 nM. Effect of parameters, 

such as pH of the medium, molecular weight and concentration of stabilizing agent on the 

detection efficiency were also studied in detail. 

 

Chapter 4: A comparative study of the synthesis of Poly(N-vinyl-2-

pyrrolidone) capped Ag nanoparticles by different radiation sources: 

application for estimation of uric acid. 

   In this study, Poly(N-vinyl-2-pyrrolidone) capped Ag nanoparticles (PVP-Ag-NPs) 

were fabricated using different radiation sources, namely 60Co-gamma, electron beam and 

synchrotron. All three radiation sources, though ionizing in nature, vary in their energies, 

depths of penetration and type of interaction with materials. The λmax for LSPR band of PVP-

Ag-NPs was observed to be red shifted in the range of 420-430 nm with increase in Ag+ 

concentration in case of X-ray and γ-irradiation method. However, λmax in case of electron 

beam irradiation method was blue shifted within the range 420-400 nm. In all three cases, 

effect of the concentration of PVP and Ag+ ions on the optical properties of PVP-Ag-NPs 
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was also studied. As observed from TEM analysis, the Ag nanoparticles obtained by all three 

methods were uniformly dispersed and spherical in nature. However, the particle sizes could 

be fine tuned by suitably varying the reaction parameters or by changing the radiation 

sources.  

Ag nanoparticles synthesized via the gamma radiolytic route were used as an optical 

biosensor for estimation of uric acid in biological samples. The PVP-Ag-NPs were 

thoroughly characterized and subsequently employed as LSPR-based optical sensors for 

detection and estimation of uric acid concentrations in human serum and bovine serum 

samples. The detection principle was based on the enzymatic degradation of uric acid in 

presence of enzyme uricase, leading to in situ formation of H2O2, which was responsible for 

partial oxidation/degradation of the PVP-Ag-NPs. The change was manifested as a decrease 

in the LSPR band intensity of the PVP-Ag-NPs. This technique was employed to successfully 

estimate uric acid in the concentration range of 0-50µM. Au nanoparticles, when employed 

for the same detection method, were found to display a slower response owing to their much 

greater noble character compared to Ag nanoparticles. Hence, the detection efficiency could 

be directly linked to the type of nanoparticle being utilized for the purpose.  

 

Chapter 5: Radiation induced fabrication of metal nanoparticles/inorganic 

fillers based polymer nanocomposite films for optical limiting and flame 

retardant applications 

Inorganic-Organic hybrid nanocomposite materials have received great attention from 

the industrial community because of their wide range of novel physico-mechanical properties. 

This chapter deals with the fabrication of metal nanoparticles and inorganic fillers based 

polymer nanocomposite films with potential optical limiting and flame retardant applications.  
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Nanocomposite films containing in situ generated Ag nanoparticles (Ag-NPs) 

dispersed in an Aliphatic urethane acrylate (AUA) matrix were synthesized using electron 

beam curing technique, in presence of an optimized concentration of Ag+ precursor ion  and a 

diluent Trimethylolpropanetriacrylate (TMPTA). The reactive diluent not only made 

processing of the oligomer easier by suitably lowering its viscosity but also played the role of 

an effective crosslinker for AUA. The Ag-NPs-polymer nanocomposite films were 

thoroughly characterized by UV-visible spectroscopy, TEM and FE-SEM techniques. Both 

TEM and FE-SEM revealed formation of well dispersed, spherical Ag-NPs of size range 5-10 

nm within the AUA-TMPTA polymer matrix. Ag-NPs doped polymer films showed an 

absorption peak at ~420nm whose intensity increased with increase in the Ag+ ion 

concentration. The optical limiting property of the Ag-NPs- polymer nanocomposite films 

was tested using a Nd-YAG Laser operated at third harmonic wavelength of 355nm. For a 

25ns pulse and 10 Hz cycle, films showed good optical limiting property and the threshold 

fluence for optical limiting was found to be ~3.8 J/dm2, for exposure duration of 10 seconds. 

The dynamic range was calculated to be 22.3, while transmission decreased by 82%. The 

presence of additional fillers, such as thiophene and modified clay cloisite 30B in addition to 

Ag nanoparticles, on the optical limiting characteristics was also studied.  

Polymer clay nanocomposite (PCN) films were fabricated by uniformly dispersing 

organically modified montmorillonite clay (Cloisite 20A and Cloisite 30B) in varying 

concentrations of 2%, 5%, 10% and 15% (w/w), in an optimized composition of AUA-

TMPTA mixture by ultra-sonication, followed by gamma radiation induced curing process. 

Radiation doses were optimized to obtain non-tacky, homogeneous films. The PCN films 

were characterized and evaluated for different properties, such as gel fraction, water uptake, 

solvent resistance, gloss at 60o and pendulum hardness. For PCNs with both cloisite 20A and 

30B as filler, clay loadings up to 5% showed increase in gel fraction compared to the neat 
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polymer film, above which the gel fraction was found to decrease gradually with the increase 

in filler loading. Clay loading of 2% was observed to be the optimum value to achieve 

maximum extent of crosslinking in both cases. Gloss of the PCN films decreased while the 

hardness increased with increase in the clay loading in the PCN films. The flame retardant 

behaviour of the PCN films was evaluated in terms of their Limiting Oxygen Indices (LOI), 

which, in turn was determined from the % char yields of the samples determined from the 

thermogravimetric analyses data. The LOI values recorded were found to be higher than 

21(the threshold value for flame retardancy) for all the PCN samples, with those containing 

15% of modified clay cloisite 20A and cloisite 30B showing LOI values higher than 26, 

suggesting their potential application as effective flame retardant materials.  

 

Summary 

            Present thesis describes results from the research work carried out towards radiation 

engineering and characterization of polymer stabilized metal nanoparticles and polymer 

nanocomposite materials using 60Co-gamma, Electron beam and Synchrotron radiation 

sources. Effect of variation of different reaction parameters on the material properties was 

thoroughly studied and accordingly optimized to obtain nanoparticles and polymer 

nanocomposites with desired properties. Radiation engineered PVP capped Au nanoparticles 

based optical sensors were used for detection and estimation of trace levels of hydrogen 

peroxide and mercury ions in aqueous solutions in micromolar and nanomolar concentrations, 

respectively. Similarly, a PVP-Ag nanoparticles based optical biosensor was designed for 

uric acid estimation in aqueous and serum samples within the concentration range of 0-

50µM. Ag nanoparticles were also generated in situ in polymer matrices via radiation curing 

process to develop polymer nanocomposite films with potential optical limiting applications. 

Radiation curing technique was also employed to fabricate organophilic clay based inorganic-
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organic nanocomposite materials having good flame retardant properties. The study thus 

inferred that new efficient materials for targeted applications can be engineered using 

radiation technology; an upcoming, clean, environment friendly and high throughput 

technology.  
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Chapter 1: Introduction to metal nanoparticles and polymer 

nanocomposites: principle of radiation    induced synthesis 

 

1.1. Introduction 

"There's Plenty of Room at the Bottom", the historic remark Richard 

Feynman made during his lecture delivered on December 29, 1959, is what probably sowed 

the seeds for the emergence and growth of the concept of nanotechnology. Though not 

entirely unknown to the ancient and medieval world, the concept of nanotechnology gathered 

steam primarily during the 1980’s as seminal work and discoveries by researchers from 

across the globe converged to build up a strong platform on which the future course of this 

field was to be based. Fundamental works in the field was soon followed by the myriad of 

applications which further augmented people’s interest in this area and led to growing public 

awareness. The past decade or so has been witness to massive developments in this field and 

with every passing year, there has been a phenomenal growth in areas such as basic research, 

applications in the field of catalysis, sensors, imaging and other applications as well as in 

disciplines such as quantum dots, polymer nanocomposites, drug delivery systems etc. [1-10]  

 Nanomaterials are traditionally defined as materials with at least one external 

dimension in the size range from approximately 1-100 nanometers. These materials owe their 

uniqueness to their distinct differences from the corresponding bulk materials. The primary 

characteristics that describe a nanomaterial are i) increased specific surface area, and ii) 

quantum effects [11,12] These factors can significantly change or enhance properties, such as 

reactivity, strength, optical and electrical characteristics. As a particle decreases in size, a 

greater proportion of atoms are found at the surface compared to those inside. Thus 

nanomaterials have a much greater surface area per unit mass compared to larger particles 
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[13-16]. As growth and catalytic chemical reactions occur at surfaces, this means that a given 

mass of material in nanoparticulate form will be much more reactive than the same mass of 

material made up of larger particles. In tandem with surface-area effects, quantum effects can 

begin to dominate the properties of matter as size is reduced to the nanoscale [14]. These can 

affect the optical, electrical and magnetic behaviour of materials, particularly as the structure 

or particle size approaches the smaller end of the nanoscale. Materials that exploit these 

effects include quantum dots, and quantum well lasers for optoelectronics. 

Another area that has generated tremendous interest over the years is nanocomposite 

materials, which basically combines the properties of a nanomaterial with those of a suitable 

matrix in which it is uniformly dispersed. Polymer nanocomposites ie, materials with a 

polymeric matrix, in particular have emerged as a highly useful class of materials [17,18]. 

These advanced materials offer enhanced mechanical, thermal, flame retardant, barrier, 

electrical and chemical properties compared to their constituent elements, which arise due to 

nanoscale level of mixing between the fillers and the base polymer matrix. 

The growth of nanotechnology has simultaneously led to the emergence of a large 

number of fabrication techniques. One of the important techniques of nanosynthesis involves 

the use of ionizing radiation sources, such as UV, gamma, electron beam and X-rays. This 

technique has also shown remarkable growth over the years and has been extensively 

employed in the current research work.                                          

 

1.2. Nanoparticles 

1.2.1. Basic definition and classification 

 Nanoparticles are defined as nanomaterials which have all three dimensions in the 

nano regime i.e. within the 1-100nm range. These include colloids and quantum dots (tiny 

particles of semiconductor materials). Nanoparticles that are naturally occurring (e.g., 
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volcanic ash, soot from forest fires) or are the incidental byproducts of combustion processes 

(e.g., welding, diesel engines) are usually physically and chemically heterogeneous systems 

and often termed ultrafine particles. Nanoparticles can be classified into five categories: 

(i) Fullerenes and Carbon Nanotubes: These are crystalline forms of carbon and constitute 

28 to more than 100 atoms, forming a hollow sphere. Fullerenes and carbon nanotubes 

(CNTs) are similar as both can be bonded with organic or inorganic groups to form various 

products.  They find application in Solar and lithium batteries, Electronics, Storage of gases, 

such as methane and oxygen, Additives to rubber and plastics, treatment of various diseases, 

including AIDS and cancer, polymer composite, for hydrogen storage and in batteries etc. 

[19] 

(ii) Metals: These include noble metal nanoparticles such as those of Gold, Silver and 

Palladium. These particles have a wide variety of applications and are extensively used in 

Catalysis, Electronics, Sensing, Photonics, Environmental cleanup, Imaging, Drug delivery 

etc 

(iii) Ceramics: Ceramic are objects created from inorganic, non-metallic materials. A wide 

range of industries use ceramic materials, including Mining, Aerospace, Medicine, Refinery, 

Food and chemical industries, Packaging science, Electronics, Industrial and transmission 

electricity, Guided light wave transmission [20-22] 

(iv) Semiconductors (Quantum dots): Quantum dots are combinations of chemical 

elements from Groups II and IV or Groups III and V of the periodic table. Sizes range from 

about 1 to 10 nm in diameter and display unique optical and electronic properties. Quantum 

dots may be used in semiconductors, insulators, metals, magnetic materials or metal oxides. 

Medical field uses include imaging, high-speed and high-resolution screening, drug vectors, 

diagnostic tools, solar batteries etc [23-26]  
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(v) Polymeric: Polymeric nanoparticles include dendrimers and these have potential 

applications as drug delivery devices, gene therapy and delivery of proteins, peptides and 

genes through oral route administration, imaging agents, affinity ligands etc [27-28]. 

 

1.2.2. Synthesis and stabilization of nanoparticles 

 The various methods of nanoparticle synthesis are broadly classified under two 

categories: (a) Top down approach and (b) Bottom up approach. The top down approach 

involves breaking down of a bulk system into its compositional sub units in the nanoscale 

regime. Examples of this kind of approach include the various types of lithographic 

techniques (such as photo-, ion beam-, electron- or X-ray- lithography) cutting, etching and 

grinding. The bottom up approach, on the other hand, refers to the buildup of a material from 

the bottom i.e. from smaller units like atoms to bigger units such as nanoclusters. A number 

of bottom-up approaches have been developed for producing nanoparticles, ranging from 

condensation of atomic vapours on surfaces to coalescence of atoms in liquids. All types of 

chemical synthesis, self-assembly and molecular fabrication also fall under the ambit of 

bottom-up approach [29-31].  

 Nanoparticles, owing to their extraordinarily large surface areas, are 

thermodynamically unstable particles and their general tendency is to coalesce and thereby 

minimize the surface energy to form thermodynamically stable bulk particles. Although any 

reducing agent, with a suitable redox potential, can ideally reduce a bulk metal to its 

corresponding nano form, the basic challenge of nanosynthesis lies in the stabilization of the 

nanoparticles formed so as to retain their unique properties. In the absence of any 

counteractive repulsive forces, the van der Waals forces between two metal nanoparticles 

would lead to aggregation. The two most common approaches adopted for nanoparticle 

stabilization during their fabrication are (i) Steric stabilization and (ii) Electrostatic 
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stabilization [32,33]. The steric stabilization approach makes use of a capping agent such as a 

polymer [34,35], surfactant [36], solid support [37] or a ligand [38] having suitable functional 

groups. These capping agents can get adsorbed onto the colloidal particles and encapsulate 

them to prevent their agglomeration. This mode of approach is not affected by the salt 

concentration in the media. These additives cover the system in such a way that long loops 

and tails extend out into solution. The effectiveness of steric stabilizers can be attributed to 

the thermodynamic penalty when one tries to confine polymeric chains to smaller volumes. 

Another explanation is that the hydrophilic nature of the free end of the polymeric chains 

ensures that they stay associated with water, rather than interact with any other surface and 

induce coalescence. On the other hand, electrostatic stabilization is a kinetics driven process 

where the attractive van der Waals forces are counterbalanced by repulsive Coulombic forces 

acting between the negatively charged colloidal particles. This is realized through the 

adsorption of negatively charged ions onto the metal nanoparticles surface, which results in 

the formation of an electrical double layer around the particles [fig. 1.1]. The whole process 

is explained by the DLVO theory [39]. The theory, in a nutshell, explains the aggregation of 

aqueous dispersions quantitatively and describes the force between charged surfaces 

interacting through a liquid medium. It combines the effects of the van der Waals attraction 

and the electrostatic repulsion due to the double layer of counterions. The theory expresses 

the overall interaction between two particles or two surfaces in a liquid by the following 

equation [eqn. 1.1] 

W (D) = W (D)A + W (D)R                           1.1. 

 Where W is the net free energy per unit area, W(D)R is the repulsive interaction 

energy due to electric repulsion and W(D)A is the attractive interaction energy due to van der 

Waals interaction. The above relation holds good at smaller separations for smooth 



substrates. However, at larger distances the interaction decays more quickly due to 

retardation effects, while surface roughness may reduce this interaction at smaller distances.
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physical and mechanical properties, which can be exploited for a variety of applications. 

Optical properties, in particular, have been extensively used in the field of optical 

Noble metal nanoparticles, such as those of gold and silver, display distinct Localized 

Surface Plasmon Resonance (LSPR) bands with high extinction coefficients in the visible 

~ 6 ~ 

substrates. However, at larger distances the interaction decays more quickly due to 

retardation effects, while surface roughness may reduce this interaction at smaller distances.

Schematic representation of nanoparticle stabilization 

Optical properties and applications of nanomaterials 

The primary importance of nanoparticles lies in their unique optical, chemical, 

physical and mechanical properties, which can be exploited for a variety of applications. 

Optical properties, in particular, have been extensively used in the field of optical 

Noble metal nanoparticles, such as those of gold and silver, display distinct Localized 

Surface Plasmon Resonance (LSPR) bands with high extinction coefficients in the visible 

substrates. However, at larger distances the interaction decays more quickly due to 

retardation effects, while surface roughness may reduce this interaction at smaller distances. 

 

The primary importance of nanoparticles lies in their unique optical, chemical, 

physical and mechanical properties, which can be exploited for a variety of applications. 

Optical properties, in particular, have been extensively used in the field of optical sensors. 
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Surface Plasmon Resonance (LSPR) bands with high extinction coefficients in the visible 



region. These have therefore been the basis for the development of a la

nanoparticles based spectrophotometric estimation techniques.

 Localized surface plasmon resonance (LSPR) is an optical phenomena generated 

by light when it interacts with conductive nanoparticles (NPs) that are smaller than the 

incident wavelength. As in surface plasmon resonance, the electric field of incident light can 

be deposited to collectively excite electrons of a conduction band, with the result being 

coherent localized plasmon oscillations with a resonant frequency that strongly depe

the composition, size, geometry, dielectric environment and separation distance of NPs [40

The electric field of the incoming light wave induces a polarization of the conduction 

electrons with respect to the much heavier ionic core of a metal nano

difference is felt at the nanoparticle boundaries (surface), which in turn acts as the restoring 

force that generates periodic dipolar oscillations of the electrons [fig 1.2]. In case of gold and 

silver nanoparticles, these absorptio

spectroscopy. 

 

 

 

 

 

Fig. 1.2 Schematic illustration of the collective oscillation of free electrons under the effect of 

an electromagnetic wave 
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region. These have therefore been the basis for the development of a large number of 
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force that generates periodic dipolar oscillations of the electrons [fig 1.2]. In case of gold and 

silver nanoparticles, these absorptions can be easily monitored using UV
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be deposited to collectively excite electrons of a conduction band, with the result being 

coherent localized plasmon oscillations with a resonant frequency that strongly depends on 

the composition, size, geometry, dielectric environment and separation distance of NPs [40]. 
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 In case of dilute solutions of spherical metal nanoparticles, the factors governing 

the resonance conditions can be explained on the basis of the Mie solution to Maxwell’s 

equations, also termed as the Mie theory [41-43]. The theory, developed by Gustav Mie in 

1908, explains electromagnetic scattering by a homogeneous, isotropic sphere. The main 

assumption of Mie’s theory of the optical absorption by small particles is that the particle and 

its surrounding medium are each homogeneous and describable by their bulk optical 

dielectric functions. By solving the Maxwell’s equation for an electromagnetic light wave 

interacting with small spheres, under appropriate approximations, Mie calculated the 

scattering and extinction cross sections with multiple oscillations for spherical particles. 

However, for nanoparticles much smaller than the wavelength of light (2r<λ, or roughly 

2r<λmax/10) only the dipole oscillation contributes significantly to the extinction cross-section 

[44-46]. The Mie theory then reduces to the following relationship (dipole approximation): 

������� = 	
�� �
� �� � ������������	��
��	                       1.2 

 Where, where σext is the extinction coefficient, V is the particle volume, x is the 

angular frequency of the exciting light, c is the speed of light, and εm and ε (ω) = 

ε1(ω)+iε2(ω) are the dielectric functions of the surrounding medium and the material itself 

respectively. While the first is assumed to be frequency independent, the latter is complex 

and is a function of energy.  

 The exploitation of the optical properties of metal nanoparticles, particularly noble 

metal nanoparticles, is not only confined to their LSPR based applications but also include 

applications based on other optical properties such as Fluorescence, Light Scattering and 

Surface Enhanced Raman Spectroscopy (SERS). LSPR properties have been utilized to 

develop highly sensitive techniques for estimation of trace levels of biologically and 

environmentally relevant molecules. Several papers have been published which highlight the 
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application of gold nanoparticles for colorimetric estimation of DNA, proteins, pesticides, 

metal ions such as Mercury, Lead etc, biologically relevant molecules such as Hydrogen 

peroxide, dopamine etc [47-51]. Triangular shaped silver nanoparticles have been 

demonstrated by Haes et al to have high sensitivity towards large proteins and antibodies 

[52]. LSPR based absorption property has also been used in Plasmonic Photothermal Therapy 

for selective elimination of cancer cells [53]. Similarly, light scattering properties of gold 

nanoparticles have been employed by Sokolov et al for cellular imaging of cancer cells [54]. 

For highly scattering tissues, fluorescence based imaging techniques have been developed 

which provide greater sensitivity compared to scattering based techniques [55, 56]. Colloidal 

gold nanoparticles have also been extensively used as SERS substrates to probe components 

in living cells, especially to study the interaction of various antitumor drugs with their 

pharmacological targets [57-59]. 

 

1.3. Polymer nanocomposites 

1.3.1. Basic definitions and classification 

 Composites, in general, are defined as materials comprising of two or more 

constituent materials with significantly different physical or chemical properties, which when 

combined, produce a material with properties different from or superior to those of the 

individual components. Polymer nanocomposites, in particular, are composite materials in 

which nanoscopic inorganic particles, with atleast one dimension in the nanoscale regime, are 

dispersed in a polymeric matrix in order to dramatically alter or improve the properties of the 

polymer. In the last 20 years, there has been a strong emphasis on the development of such 

polymeric nanocomposites, where at least one of the dimensions of the filler material is of the 

order of a nanometer. These are high performance materials that exhibit unusual property 

combinations and unique design possibilities. In general, nanomaterials provide reinforcing 
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efficiency because of their high aspect ratios [60]. The properties of a nanocomposite largely 

depend on the size of the filler phases and the degree of mixing between the two phases. The 

nature of the components used (layered silicate or nanofiber, cation exchange capacity, and 

polymer matrix) and the method of preparation can be tuned as per requirement to achieve 

significant differences in composite properties [61]. Similarly, in the case of fibrous or 

particle-reinforced polymer nanocomposites (PNCs), dispersion of the nanoparticle and 

adhesion at the particle–matrix interface are the deciding factors in determining the 

mechanical properties of the nanocomposite. A poor dispersion of the nanofiller can infact 

lead to deterioration of the mechanical properties [62]. Additionally, the interfacial bond 

between the particle and the matrix can be accordingly optimized to tailor the properties of 

the overall composite. For instance, good adhesion at the interface will improve properties 

such as interlaminar shear strength, delamination resistance, fatigue, and corrosion resistance 

[12]. Conventional polymer matrices used include polyurethanes, aliphatic and aromatic 

urethane acrylates, LDPE, nylon, Poly ethylene terephthalate (PET) etc., whereas the most 

commonly used fillers, besides metal nanoparticles, are nanoclays (montmorillonites), 

nanosilica, CNTs, graphene etc. 

 Based on the type of nanofiller used, polymer nanocomposites can be classified as 

materials containing nanofillers in the form of: 

(i) particles (e.g. minerals, metal nanoparticles) 

(ii) sheets (e.g. exfoliated clay stacks) 

(iii) fibres (e.g. carbon nanotubes or electrospun fibres) [63-65]. 

 Polymer nanocomposites containing modified organophilic clay (lamellar 

nanocomposites) can be further sub categorized based on the extent of mixing of clay layers 

with the polymer chains: 
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(i) Phase separated: These are materials where the nanofillers are not uniformly dispersed 

throughout the polymer matrix.   

(ii) Intercalated: In this category, the polymer chains alternate with the inorganic layers in a 

fixed compositional ratio and have a well defined number of polymer layers in the 

intralamellar space.  

(iii) Exfoliated: In exfoliated nanocomposites, the number of polymer chains between the 

layers is almost continuously variable and the layers stand >100 Å apart. 

 

 

Fig. 1.3 Schematic representation of various types of interaction between filler and polymer 

matrix 

 

1.3.2. Synthesis protocols 

 The three basic methods of polymer nanocomposite fabrication are: 

(i) Solution casting (ii) Melt blending and (iii) In-situ polymerization. In solvent casting, the 

polymer and the nanofiller are dispersed in a suitable common solvent and thoroughly mixed 

by ultrasonication. The solvent is subsequently allowed to evaporate to leave behind a thin 

film of the polymer nanocomposite. In the case of melt blending, an extruder or an internal 
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mixer is used. The polymer and the nanofiller are added in the extruder and subjected to 

intensive mixing till a uniform, homogeneous matrix is obtained. The insitu polymerization 

method involves mixing of the nanoreinforcement with the monomeric or oligomeric 

precursor of the polymer. Once uniform dispersion is achieved, the polymerization is carried 

out by using a suitable agent such as a catalyst, a radical initiator or by using high energy 

radiation sources such as gamma and Electron beam. 

 Besides these conventional techniques, some of the other widely used methods for 

manufacturing composite parts are wet lay-up, pultrusion, resin transfer molding (RTM), 

vacuum assisted resin transfer molding (VARTM), autoclave processing, resin film infusion 

(RFI), prepreg method, filament winding, fiber placement technology, etc [66]. However, all 

these methods suffer from certain limitations that restrict their utility as commercially viable 

techniques for mass production of radiation cured products. Therefore, of late, radiation 

curing technique, in particular Electron beam curing, has emerged as the front runner for 

large scale production of economical, high quality radiation cured materials.  

 Radiation curing of a polymeric material involves the use of radiation to generate 

radicals, which subsequently result in crosslinking to generate a polymeric matrix of inter 

connected polymeric chains. A typical radiation curable formulation comprises of (a) a 

multifunctional monomer or oligomer such as urethane acrylates, (b) reactive diluents to 

optimize the viscosity and to serve as a crosslinking agent and (c) nanofiller. The components 

are chosen as per the desired properties. The thoroughly homogenized reaction mixtures are 

exposed to a radiation source till the formulation converts into a non-tacky, uniformly 

crosslinked, cured matrix, with the polymer chains held together by the multifunctional 

reactive diluent molecules acting as crosslinkers.  

 

 



               

                             

 

 

 

 

 

 

 

 

 

Fig. 1.4 Schematic representation of radiation curing technique

 

1.3.3 Properties and applications 

 The unique properties of polymer nanocomposites find application in a vast array of 

fields. Polymer nanocomposite materials possess enhanced thermal, mechanical, optical and 

electrical properties which are exploited in fields such as: 

(i) Barrier properties and flame retardancy:

to potentially flammable materials, including textiles and plastics, to reduce their overall 

tendency to catch fire. They are widely used in 

and construction materials, f

automobiles. Polymer nanocomposites containing nanoclay as fillers have been found to be 
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 (iv) Electronics and automobile sectors: The addition of conductive nanoparticles to 

polymers has a strong impact on the resulting composite dielectric properties. With respect to 

the aspired integration of passive electronic devices, like resistors, capacitors and others, into 

the printed circuit board (PCB), new composite materials have been developed which provide 

huge functionality, compatibility to industrial PCB-fabrication, low overall costs, high 

reliability and extended life cycle. [72-74]. In the automobile sector, enhanced modulus and 

dimensional stability, improved scratch and mar resistance, superior thermal and processing 

properties, reduced warpage of components and enhanced impact resistance makes polymer 

nanocomposites an ideal replacement for traditionally used materials. The key drivers for the 

use of polymer nanocomposite-enabled parts in the automotive industry are reduction in 

vehicle's weight, improved engine efficiency (fuel saving), reduction in CO2 emissions and 

superior performance (greater safety, increased comfort and better driveability) [75]. 

(v) Defence applications: Polymer nanocomposites have also carved out a niche for 

themselves in the defence sector. High performance fibres/fabrics have been developed and 

find wide applications in defence as electrically conductive fabrics, sensors, electromagnetic 

shielding, microwave absorption, electrical energy storage (capacitors), actuators, and 

materials for micro UAVs. There are also reports of the promising application of 

nanocomposites in body armour. [76] 

 

1.4. Basic aspects of radiation chemistry 

1.4.1. Types and energy of ionizing radiation 

 Radiation chemistry is a branch of chemistry that studies chemical transformations 

in materials exposed to high-energy radiations (gamma-rays, X-rays, Electron beams). It uses 

radiation as the initiator of chemical reactions, as a source of energy that disrupts the 

sensitive energy balance in stable systems. The energy of ionizing radiation, which also 
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includes radiation from charged particles (electrons, protons, deuterons, α-particles) or 

uncharged particle (neutron), lies in the range of 102 to 107 eV. Interaction of an atom or a 

molecule with high energy radiation can result in the formation of a wide range of reactive 

species such as radicals, cations, anions etc [77-79].  

 The important advantage of radiation chemistry lies in its ability to be used to 

produce, and study, almost any reactive atomic species playing a part in chemical reactions, 

synthesis, industrial processes, or in biological systems. The techniques are applicable to 

gaseous, liquids, solid, and heterogeneous systems. By combining different techniques of 

radiation chemistry with analytical chemistry, the reaction mechanism and kinetics of 

chemical reactions are studied. 

1.4.2    Interaction of electromagnetic radiation with medium 

 Electromagnetic radiations such as X-rays (extra nuclear origin) and gamma (γ) 

rays (originating within the atomic nuleus) belong to the class of ionizing radiations. Gamma 

rays originating from radioactive isotope sources, such as those derived from 60Co 

radioisotopes emit radiation of discrete energies (1.332 MeV and 1.173 MeV for 60Co). For a 

narrow beam, the intensity of gamma radiation transmitted through an absorber is given by 

the equation: � = 	������                                (1.3) 

Where, Io is the incident radiation intensity, x is the thickness of material through which 

radiation has traversed and µ is the linear attenuation coefficient.  

  The linear attenuation coefficient is the sum of a number of partial coefficients 

representing different processes that are initiated within the absorber by the impinging 

radiation These include (a) photoelectric effect (b) compton scattering (iii) pair production 

(iv)coherent scattering and (v)photonuclear reactions. The energy of the incoming photon and 

the atomic number (Z) of the absorbing material are the two factors that decide the relative 
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importance of each of these processes. While coherent scattering is predominant for low 

energy photons (<0.1 MeV), photonuclear reactions are possible with photons of energies in 

the range of 2 to 8 MeV for low Z materials and in the region of 7-20 MeV for high Z 

materials.  

(i). Photoelectric effect: This process is the principal interaction process at low photon 

energies (1 keV <  < 0.5 MeV), wherein the photon interacts with a bound electron in an 

atom, and ejects it from the atom by transferring its entire energy. The energy of the ejected 

electron (Ee) is given by the difference between the energy of the photon (Eo) and the binding 

energy of the electron (Eb) (Equation 1.4). 

Ee = E0 - Eb                               (1.4) 

(ii) Compton scattering: The Compton scattering process is predominant for photons with 

energy typically around 1 MeV. For low Z materials, Compton scattering is the common 

phenomenon for photon energies between 30 keV to 20 MeV.   In this process a free electron 

at rest is struck by a photon that scatters off at some angle to its original path. By the 

conservation of momentum and energy, the electron recoils in a specific direction, with a 

specific energy. This energy is provided by a reduction in the energy of the incoming photon 

(increase in its wavelength). The relation between the various parameters is given by equation 

(1.5). The energy of recoil electron is given by the Equation (1.6). 

 

�� = 	 ��
��	��� 
���� ��� �!" #�

                  (1.5) 

E’ = E0 – Ee-                                                               (1.6) 

 

 



                   

                

 

 

 

 

 

 

                 Fig.1.6 Schematic representation of Photoelectric and Compton effects.

 

iii) Pair production: At photon energies 

available when matter is struck by the photon: the creation of particle

process is the reverse of electron

complete absorption of a photo

formation of an electron and a positron. Since the rest mass of an electron or positron is 0.511 

MeV, for pair production to occur, minimum photon energy must be 1.02 MeV (i.e. 2m

 E0 = Ee- + Ee+ + 2mec
2                              

 Therefore, depending on the incident photon energy, the photon gets attenuated and the 

total linear attenuation coefficient (

µ = τ + σ + κ                                     

where, τ, σ and κ are the linear attenuation coefficient of photoelectric, compton and pair 

production process respectively. 

1.4.3. Interaction of electrons with medium

 When an electron hits onto a material, d

broadly categorized as (a) inelastic collision (b) elastic collision (c) emission of 
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Schematic representation of Photoelectric and Compton effects.

: At photon energies above 1.02 MeV another possibility becomes 

available when matter is struck by the photon: the creation of particle-anti-particle pairs. This 

process is the reverse of electron-positron annihilation phenomenon and involves the 

complete absorption of a photon in the vicinity of an atomic nucleus resulting in the 

formation of an electron and a positron. Since the rest mass of an electron or positron is 0.511 

MeV, for pair production to occur, minimum photon energy must be 1.02 MeV (i.e. 2m

2                              (1.7) 

Therefore, depending on the incident photon energy, the photon gets attenuated and the 

total linear attenuation coefficient (µ) is given by Equation (1.8). 

                                     (1.8)                                              

 are the linear attenuation coefficient of photoelectric, compton and pair 
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bremsstrahlung radiation and (d) Cerenkov emission. The energy of the electrons as well as 

the nature of the absorbing material decides the relative importance of these processes.  

(a) Inelastic Interactions: If energy is transferred from the incident electrons to the sample, 

then the energy of the electron after interaction (Eel) with the sample is consequently reduced 

compared to its initial energy E0  

                                                     Eel < E0  

The energy transferred to the specimen can yield different signals such as X-rays, Auger or 

secondary electrons, plasmons, phonons, UV quanta or cathodoluminescence. Inelastic 

scattering is the only process that generates excited or ionized species in the absorber material 

and results in significant chemical or biological change. Secondary and tertiary electrons are 

generated as the incident primary electrons are slowed down. The average amount of kinetic 

energy lost per unit length by electron through coulomb interaction with atomic electrons in a 

medium is defined as the specific energy loss or stopping power (S) of the medium and is 

defined by the Bethe’s Equation (1.9). 

S=- dEdx= 2πe4N0Zm0v2 2ln m0	v2E2l251-β28 - 92:1-β2-1;	β2< ln2;1-β2; 1δ 91-:1-	β2<2> (1.9) 

 Where, e and mo represents the charge rest mass of electron, v is the velocity of 

electron, No is the number of atoms cm-3 in the medium, Z is the atomic number and l is the 

mean excitation potential of the electrons in the stopping material, β is the ratio of v to the 

speed of light c.  

(b) Elastic scattering: In this case, no energy is transferred from the electron to the sample 

and essentially leads only to a change in the direction of motion of electrons. As a result, the 

electron leaving the sample still has its original energy E0:  

                                                Eel = E0  
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This phenomenon is more common for electrons with low energy and target with high atomic 

number.  

(c) Emission of bremsstrahlung radiation: Bremsstrahlung, or ‘braking radiation’, is 

emitted by high energy electrons moving in the electric field of a nucleus of an atom. The 

electron gets decelerated and emits energy in the form of electromagnetic radiation, at the 

expense of its kinetic energy. Bremsstrahlung emission is negligible below 100 KeV but 

increases rapidly with increasing energy, and is the dominant process at electron energy 

between 10 - 100 MeV. 

(d) Cerenkov emission: Cherenkov radiation takes place when charged particles such as 

electrons move through a dielectric (i.e., electrically polarizable) medium at a phase velocity 

greater than the speed of light in that medium. Emission of this radiation (see Figure 1) 

occurs as the charged particles lose energy inelastically via electric field interactions with the 

transiently polarized medium. This radiative emission is the predominant process at high 

electron energies and for high Z materials. 

1.4.4. Interactions of charged particles 

 When a charged particle enters into a medium, it interacts with electrons and nuclei 

in the medium. These interactions are called "collisions" between charged particles and the 

atomic electrons and nuclei and can lead to either ionization or excitation within the medium. 

The four primary types of interaction of charged particles with matter are: 

(a) Inelastic or soft collisions: In this type, the Coulomb force due to moving particle affects 

the atom as a whole, leading to excitation of the atomic electrons or ionization of the atom. 

This is the main process of energy transfer for charged particle interaction with matter. 

(b) Hard collisions: In this type of interaction, the charged particle exerts enough impulse to 

eject an electron from the atom. 

(c) Inelastic collisions with a nucleus: The Coulomb force interaction here is mainly with 
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the nucleus and if the charged particle has enough energy, it cal leave the nucleus in an 

excited state. The nucleus subsequently decays with the emission of nucleons or gamma rays.  

(d). Elastic collisions with a nucleus: These types of interactions are known as Rutherford 

scattering. There is no excitation or emission of radiation in this case and the particle loses 

energy through recoil of the nucleus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              Fig. 1.7 Schematic representation of interaction of electrons with medium 
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1.4.5 Distribution of active species in the system – track structure 

 The energy lost when a high energy charged particle is slowed in a medium gives rise 

to a trail of ionized and excited species along the path of the particle. This trail is commonly 

referred to as a track [fig 1.8]. A photon imparts a large fraction of its energy to a single 

electron which subsequently excites and ionizes a large number of molecules along its track. 

The population of reactive species generated within the track depends on the energy of the 

impinging radiation. 

 The electrons liberated in the ionization process can possess a wide range of energies. 

If the energy of these secondary electrons is less than 100 eV, their range in solids and liquids 

is short and the ionizations and excitations caused by these electrons also remain restricted to 

a small range, leading to the formation of small spurs containing reactive species. In water, 

the isolated spurs contain on an average six active species for every 100eV of energy 

absorbed. Secondary electrons with high kinetic energy (between 100 and 500eV) deposit 

their energy to form dense regions of ionization, which look like large spurs. These elongated 

spurs are called blobs. For electrons of still higher energy (500 to 5000eV) the spurs overlap 

to form short tracks which are morte or less cylindrical in view. In this case, the events are so 

close to each other that they cannot be considered as isolated. [79]. The typical energy 

distribution for a 440 keV Compton electron in water is spurs (64%), short tracks (25%) and 

blobs (11%).  

 

 

 

 

 

 



 

              

 

 

 

 

 

 

            Fig. 1.8 Schematic representation of distribution of active species in medium

 

1.5. Radiation dosimetry: Radiation

 When any material is exposed to ionizing radiation, 

unit mass of the material is termed as the absorbed dose. It expressed in terms of joules per 

kilogram (SI units) and its special name is

with the absorption of radiation dose by a material is the radiation chemical yield. Radiation 

chemical yield of any material is the number of molecules transformed per 100eV of energy 

absorbed. It is defined in terms of its G value. 

mol/Joule. G values reported in terms of number of species formed per 100 eV can be 

converted to SI units using the following relationship (1.10).
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Schematic representation of distribution of active species in medium
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traceability to national standards, this system can be used for absolute determination of 

absorbed dose without calibration, as the radiation chemical yield of ferric ions is well 

characterized. The dosimeter is an air-saturated solution of ferrous sulfate or ferrous 

ammonium sulfate that indicates absorbed dose by an increase in optical absorbance at a 

specified wavelength. A temperature-controlled calibrated spectrophotometer is used to 

measure the absorbance.  

 

1.6. Radiation chemistry of water 

1.6.1 Primary yields 

The radiation chemistry of water is of significance since water is the basic component 

in most biological and chemical systems. [80]. Ionizing radiation produces abundant 

secondary electrons that rapidly slow down (thermalize) to energies below 7.4 eV, the 

threshold to produce electronic transitions in liquid water. For both the primary charged 

particle and the secondary electrons, this slowing down process is accomplished by transfer 

of energy to the medium in a sequence of discrete events. Depending on the amount of 

energy transferred to the electron, the molecule can undergo (a) Ionization (b) excitation or 

(c) thermal transfer. The initial event is the transfer of energy sufficient to cause (multiple) 

ionizations or excitations in water molecules, resulting in the formation of spurs [79]. Direct 

ionization of water produces a radical ion and a free subexcitation electron (E < 7.4 eV).  

 H2O ⎯⎯→ H2O
·++ e¯             (1.10) 

Energy transfer can produce a water molecule in an excited state.  

 H2O ⎯⎯→ H2O
*                   (1.11) 

The time scale for the creation of these species is on the order of 10-16 seconds. In the 

next step, the three initial species begin to diffuse and react with each other or other 

molecules in the medium. Energetically unstable positively charged ions (H2O
+) undergo ion 
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molecule reaction in 10-14 seconds producing ˙OH radicals [81]. The radical ion of water can 

dissociate to produce a hydroxyl radical and a hydrogen ion.  

  H2O
·+ → H+ + HO·              (1.12) 

The excited water molecule can dissipate excess energy by bond breakage to produce 

hydroxyl and hydrogen radicals.  

   H2O* → HO· + H·              (1.13) 

Subsequently, the electron released during ionization gradually loses its energy to fall 

below the ionization threshold of water and finally gets localized in a potential energy well 

long enough to get captured by water through dipolar interactions to generate a solvated 

electron: [82]. The entire process is completed in about 10-12 seconds. 

  e¯  + H2O → eaq
-
 surrounded by a “cage” of water      (1.14) 

After ~10-12 sec, the chemically reactive species viz. HO·, H·, eaq
-
 are still located in 

the vicinity of the original H2O*, H2O
·+ and eaq¯  species that caused their creation. These 

species now begin to migrate randomly about their initial positions. As this diffusion 

proceeds, individual pairs may come close enough together to react with each other.   

A variety of reactions are possible in the track of the charged particle.  

  

HO· + HO· → H2O2                                                         (1.15) 

HO· + eaq 
-−→ OH −                                                                            (1.16) 

HO· + H· → H2O                                                             (1.17) 

H+ eaq 
- → H·−n                                                                                       (1.18) 

eaq- + eaq
- + 2H2O → H2 + 2OH−                                                  (1.19) 

eaq
- e + H· + H2O → H2 + OH−                                        (1.20) 

H· + H· → H2                                                                    (1.21) 
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Most of these reactions remove chemically reactive species from the system. With time (~10-

6 sec) all of the reactive species diffuse sufficiently far so that further reactions become 

unlikely.   

The chemical development of the track is over by 10-6 sec. The species formed can 

subsequently react with solutes present in the system. In water, 10-7 seconds is the lifetime of 

the radicals reacting at a diffusion-controlled rate with a solute whose concentration is 10-3 

mol.dm-3 [79,80,82]. 

1.6.2 Important reducing radicals in aqueous solutions 

The primary radicals viz. hydrated electron (eaq
−) and the hydrogen atom (H·) are 

reducing in nature. The high redox-potential of eaq
− (E° = -2.9 V vs NHE) makes it a 

powerful reducing agent capable of reducing a range a metal ions to their zero valent states 

(Table 1.2). Its reactions with solutes are best understood in terms of availability of a suitable 

vacant orbital in the solute molecule for the electron to get localized [65,72].  

1.6.3 Important oxidizing radicals in aqueous solutions 

The primary oxidizing radical generated during water radiolysis is Hydroxyl radical 

(˙OH) (E0 = 2.8 V vs NHE). In strongly basic solution (pH > 11.9), it is deprotonated to give 

O·−.  

 

1.7 Synthesis of metal nanoparticles and nanocomposites by high energy radiation:  

advantages of radiolytic method 

As previously discussed, numerous techniques have been developed and demonstrated 

over the years for fabrication of metal nanoparticles and polymer nanocomposite coatings. 

However, with growing environmental concern and greater emphasis being laid on green 

chemistry, most of these techniques, which involve harsh reaction conditions or use of 

harmful chemical reagents have been found to be inadequate to meet the stringent regulatory 
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requirements. Therefore, of late, the focus has shifted to the application of radiation 

technology for fabrication of materials in large scale. The numerous benefits of using 

radiation technology can be summarized as follows: 

(a) Unlike chemical methods, the radiolytic route of synthesis does not require the use of 

harmful chemical reducing agents or initiators to carry out the reactions. Radicals generated 

in situ during radiolysis are sufficient to carry out the reactions. Thus materials prepared via 

radiolytic route are cleaner since they are devoid of chemical impurities. 

(b) Compared to conventional methods, radiolytic reduction/ curing techniques ensure more 

uniform and complete reaction to produce materials with superior properties. 

(c) Radiation sources can initiate reactions at room temperature and therefore do not require 

the use of high temperature. 

(d) Radiation sources such as Electron beam provide high throughput and fast processing and 

are therefore commercially viable options to achieve bulk production of processed materials.                       

 

1.8. Scope of the thesis 

Noble metal nanoparticles and polymer nanocomposite materials are being explored for their 

applications in diverse fields ranging from sensing to materials with superior mechanical and 

thermal properties. Radiation technology presents itself as an attractive tool for fabrication of 

these materials owing to the multitude of advantages it offers vis a vis conventional methods 

of synthesis. Radiation induced synthesis of metal nanoparticles as well as radiation induced 

curing of polymer nanocomposite films are environment benign techniques with minimal 

carbon footprint, and can rightly be highlighted as the technology of the future. Moreover, the 

technique provides materials with superior properties and offers better control over reaction 

parameters. In this work, radiation sources such as 60Co gamma, Electron beam and 

Synchrotron radiation source have been exploited to engineer nanomaterials for sensing 
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applications and polymer nanocomposite films for various optical, tribological and thermal 

applications. The matrerials designed have been studied and thoroughly characterized using 

numerous techniques such as UV-visible spectroscopy, TEM, SEM, AFM, Thermal analysis 

etc.Brief descriptions of the chapters in this thesis are presented below. 

Chapter 2 describes the materials, instrumentation and methods employed during the course 

of the doctoral work 

Chapter 3 highlights the gamma radiation synthesis and characterization of uniformly 

dispersed Gold nanoparticles stabilized by a biocompatible polymer Poly(N-vinyl-2-

pyrrolidone) (PVP). The sensing property of the PVP stabilized Au nanoparticles was also 

investigated for estimation of trace levels of hydrogen peroxide and mercury ions in aqueous 

solutions. 

Chapter 4 presents a comparative study of the synthesis and structural characterization of 

PVP stabilized Silver nps fabricated using 60Co gamma, Electron beam and Synchrotron 

radiation techniques. Silver nanoparticles synthesized via gamma radiolytic route were also 

demonstrated to have good sensing property by highlighting their application as a LSPR 

based optical sensor for estimation of trace levels of uric acid in human and bovine serum 

samples. 

Chapter 5 describes the application of gamma and electron beam irradiation techniques for 

synthesis of polymer nanocomposite films for various targeted applications. Aliphatic 

urethane acrylate based films containing in situ metal nanoparticles and other nanofillers 

were designed using Electron beam irradiation technique. Non tacky, homogeneous, thin 

films obtained by this technique were characterized by techniques such UV-visible 

spectroscopy, TEM and FE-SEM analysis, and subsequently studied for their optical limiting 

applications. Similar films containing organophillic modified montmorilonite clay as 

nanofillers were also fabricated via gamma radiation curing technique and their mechanical 
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and thermal properties thoroughly studied. The films were also demonstrated to have flame 

retardant properties, thus making them potential candidates for flame retardant materials. 
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Chapter 2: Experimental Methodology and characterization techniques 

2.1. Introduction                                        

The present work involved the use of a three primary radiation sources for the 

radiation engineering of new materials and a multitude of instruments for the characterization 

of these materials. These include steady-state irradiation facilities like 60Co gamma 

irradiation chamber, Electron beam and Synchrotron  irradiators for irradiation, and 

characterization techniques such as Transmission Electron Microscopy (TEM), Scanning 

Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray Scattering (SAXS and 

XRD), Fourier Transform Infrared Spectroscopy (FTIR), Elemental Analysis (EA), Thermal 

Analysis (TGA and DSC), UV-visible Spectroscopy, Zeta Potentiometers, Nd-YAG Laser, 

Gloss at 60 degrees and Pendulum hardness testers for characterization of the radiation 

synthesized materials. The chapter discusses the principles and methodologies involved in 

these studies.  

2.2. Gamma radiation source 

 A Gamma irradiation source, Gamma Chamber- 5000, supplied by the Board of 

Radiation & Isotope Technology (BRIT), Mumbai, INDIA was employed for irradiation of 

reaction mixture solutions. Figure 2.1 depicts the layout of gamma chamber used in these 

studies. Gamma chambers mainly consist of a set of stationary Cobalt-60 (60Co) source 

placed in a cylindrical cage surrounded by a lead shield. The shield is provided around the 

source to keep external radiation field well within the permissible limits. The material for 

irradiation is placed in an irradiation chamber located in the vertical drawer inside the lead 

flask. The drawer can be moved up and down with the help of a system of motorized drive, 

which enables precise positioning of the irradiation chamber at the center of the radiation 

field. 60Co radioisotope emits two _ rays of energy 1.33 and 1.17 MeV. 
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Fig. 2.1 Schematic diagram of a Gamma Chamber (GC-5000). 

 

2.2.1. Dosimetry of gamma chambers 

Knowledge about the amount of energy absorbed per unit mass and distribution of the 

absorbed energy in any absorbing material is essential in order to quantify the physical, 

chemical or biological changes induced by exposure of the said material to the ionizing 

radiation. Radiation dosimetry is the term applied to describe the process of quantification of 

radiation effects of a given radiation source. Any device or process employed to carry out 

dosimetry is known as a radiation dosimeter. Some of the important terms associated with the 

process are: 
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(i). Absorbed dose: It is defined as the amount of energy absorbed per unit mass of the 

irradiated material. The SI unit for the absorbed dose is Joules/kilogram (J.kg-1), termed as 

gray (Gy) [83]. The older unit is Rad (1 rad = 0.01 Gy) [84]. 

(ii). Absorbed dose rate: The dose absorbed per unit time is termed as the absorbed dose 

rate. The unit used for absorbed dose is Gy.s-1.  

Dosimetry conditions and classifications: 

The absorbed dose measured by the dosimeter will represent the dose absorbed by the 

sample only when the following conditions are satisfied: (a) the dosimeter as well as the 

sample are both homogeneous, (b) both have similar size, density and atomic composition, 

and (c) both are irradiated under identical conditions. The simple and convenient method to 

achieve these conditions is to use equal volumes of dilute solutions of both sample and 

dosimeter, and irradiate them in turn under identical conditions. However, since exact 

duplication of reaction conditions is very often not attainable, certain approximations and 

relations are used to determine the absorbed dose for a given sample. For electromagnetic 

radiation like 60Co gamma-rays, the absorbed dose in the dosimeter (Dd) and sample (Ds) are 

related by the equation (2.1). 

 

                                                      (2.1)                                                              

 

 

Where, Z/A is the ratio of the atomic number (Z) to the atomic weight (A) for an 

element and the ratio of the sum of the atomic numbers of the element present to the 

molecular weight for a compound. 

Dosimeters can be classified into two categories viz. primary dosimeters and 

secondary dosimeters. Primary dosimeters involve physical measurement of any parameter 
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such as temperature rise in a calorimeter, ionization produced in a gas or the charge carried 

by a beam of charged particles of known energy [85]. If the dosimeter response to radiation 

needs to be calibrated against a primary dosimeter, it is termed as a secondary dosimeter. 

This includes Fricke dosimeter, nylon film dosimeter, solutions of various dyes, perspex 

dosimeters etc [86]. The state of the system, dose range to be monitored and nature of 

radiation are the primary parameters that need to be taken into account while deciding upon 

the type of dosimeter to be used. 

The dose rate of gamma chamber GC-5000 was measured by Fricke dosimetry prior 

to carrying out any experiment. The basic principle underlying the mode of operation of a 

Fricke dosimeter is the radiation induced oxidation of ferrous ions to ferric ions in acidic 

aqueous solutions in the presence of oxygen [87-90]. The standard Fricke dosimeter 

comprises of an aerated solution of 1.0 x 10-3 mol.dm-3 ferrous ammonium sulphate, 1.0 x 10-

3 mol.dm-3 NaCl and 0.4 mol.dm-3 sulphuric acid (pH= 0.46). The reactions involved in the 

Fricke dosimeter are summarized under reactions (2.2) – (2.8). 

 

 

H2O                                                                eaq¯ , H˙, ˙OH, H2, H2O2, H3O
+
        (2.2) 

eaq¯  + H
+
                                                          H˙                                                     (2.3) 

H˙ + O2                                                            HO2˙                                                (2.4) 

Fe
2+

 + ˙OH                                                      Fe
3+

 + OH¯                                       (2.5) 

Fe
2+

 + HO2˙                                                     Fe
3+

 + HO2¯                                     (2.6) 

HO2¯  + H
+
                                                      H2O2                                                 (2.7) 

Fe
2+

 + H2O2                                                      Fe
3+

 + OH¯  + ˙OH                         (2.8) 

 

 

γ-radiation 
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The yield of ferric ion is related to the primary radical and molecular yields by equation (2.9)                          
 

         (2.9) 

   

As evident from eqns. 2.8 and 2.5, each molecule of hydrogen peroxide is responsible for 

the oxidation of two ferrous ions. The reducing radicals i.e.  eaq
- and H. each oxidizes 

three ferrous ions via a sequence of reactions involving HO2
., H2O2 and .OH respectively. 

The number of moles of Fe3+ ions (M) produced upon irradiation is determined by 

monitoring the UV- visible absorption spectra of Fe3+, which absorbs at 304 nm with an 

extinction coefficient of 2205 ± 3 dm3.mol-1.cm-1. The accepted G(Fe3+) value for a 

Fricke dosimeter solution of density 1.024 gm. ml-1 and for electron and photon radiation 

in the range of 1 to 30 MeV is 15.5 i.e. 1.606 × 10-6 mol.dm-3. J-1 at 25oC. The absorbed 

dose (D) is derived in terms of Gray using the expression  

                                                                                                                  

                                                                           (2.10) 

Where ∆D is the change in absorption of the solution at 304nm I is the path 

length in metres. 

The Fricke dosimeter can be used to accurately determine dose only up to 400 Gy., 

since the gradual depletion of oxygen within the system with increasing radiation dose leads 

to inconsistencies in the G(Fe3+) value. The Fricke dosimeter is independent of dose rate 

between 0.2 and 2.0x106 Gy.s-1. A modified version of Fricke dosimeter, also known as super 

Fricke dosimeter, has also been designed and is independent of dose rate upto absorbed dose 

rates of the order of 108 Gy.s-1. The upper limit of absorbed dose that can be measured using 

a super Fricke dosimeter is 2.0 kGy. The system comprises of 10-2 mol.dm-3 ferrous ions 

under oxygenated condition but in the absence of sodium chloride.                                

 



~ 35 ~ 

 

2.3. Electron beam source 

The electron beam processing was carried out in 2 MeV, 20 kW industrial electron 

beam (EB) accelerator at BARC, Mumbai, India. The industrial electron beam accelerator is 

ILU-6 type, pulse linear accelerator. The machine is designed to deliver a dose (average) of 

~2.0 kGy/pass at the centre. The beam is uniformly scanned over a length, thus constituting 

an irradiation area of 1000 cm2. The machine is housed in a shielded cell having a labyrinth 

with separate entry and exit ports where power roller conveyor system has been installed for 

the material transport in & out of the irradiation zone. 

 

2.4 Synchrotron radiation source 

X-ray irradiations were carried out using BL- 7 (white beam, storage ring energy = 

2.5 GeV, maximum current= 300 mA), INDUS-2 synchrotron facility at RRCAT, Indore, 

India. The X-ray beam energy was 1.5-20kev and the beam size approximately (80×10) mm2. 

The X-ray irradiation of samples was carried out in polypropylene press-fit cap storage vials. 

 

2.5 Characterization techniques 

2.5.1. UV-visible spectrophotometer 

The absorption spectra of aqueous metal nanoparticles absorption were recorded on a 

Thermoelectron - Evolution 300 uv-visible spectrophotometer in the wavelength region of 

250-1000 nm. UV-visible absorption spectroscopy is a useful technique for characterization 

of noble metal nanoparticles [91], which exhibit distinct Localized Surface Plasmon 

Resonance bands in the UV-visible range. The high extinction coefficient and highly 

sensitive surface plasmon property of metal nanoparticles, which is strongly dependant on the 

size, shape and environment of the particles, makes UV-visible spectroscopy a highly 



~ 36 ~ 

 

efficient tool for gathering qualitative information about the particle morphology and to 

exploit their optical properties for sensor applications.  

The absorbance behaviour of any material can be explained in terms of the Beer 

Lambert’s Law. The absorbance value (A) depends on nanoparticle concentration (c), path 

length (l) of measuring cell and extinction coefficient of nanopaticles (e) (Equation 2.11). 

 

                                               (2.11) 

The surface plasmon band characteristics are dependent on a number of factors such 

as particle size, shape, nature of stabilising agent and temperature, extent of aggregation, 

presence of any adsorbate on the surface of nanoparticles, nature of the surrounding medium 

etc. [92-94]. The plasmon bandwidth increases with decreasing size of the nanoparticles in 

the intrinsic size region i.e. when the particle size is less than 25 nm, and increases with 

increasing size in the extrinsic size region (mean diameter larger than 25 nm) [95]. The 

increase in size is manifested as a red shift in the surface plasmon band [96] whereas a 

decrease in size is normally accompanied by a blue shift in the peak position. 

 

2.5.2 FTIR spectrophotometer 

The FTIR spectra of samples were recorded in ATR mode using diamond single 

reflectance ATR assembly in FTIR spectrometer (Affinity-1, Shimadzu, Japan) using 

resolution of 4cm-1 and with data acquisition run of 25 scans for each sample. FTIR gives 

information regarding the structure and functional groups of a given molecule. More 

importantly, FTIR analysis is useful for conducting analysis of polymer composition and 

molecular structure.  

 The primary component of an FTIR comprises of a Michelson Interferometer, which, 

in turn, consists of: 



• A broad-band light source which emits light covering the mid

• A beamsplitter made of KBr or CsI, 

• Two front surface coated mirrors 

• A detector.  

 

   

 

 

 

 

 

 

                                

                     Fig. 2.2 Schematic diagram of a Michelson Interferometer.

 

 The working principle of Michelson Interferometer involves light from the source 

being split into two parts by the 50/50 beamsplitter and reflected from the two mirrors (fixed 

and moving) to again reach the beamsplitter. The two beams reaching the detector

optical path difference determined by the positions of the two mirrors, i.e. they have a fixed 

phase difference. Therefore the two beams interfere either constructively or destructively for 

a particular frequency depending on the position of the m

sinusoidal signal generated is termed as Interferogram and the corresponding spectrum 

frequency against intensity plot, is computed using Fourier transform. 
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Schematic diagram of a Michelson Interferometer. 

The working principle of Michelson Interferometer involves light from the source 

being split into two parts by the 50/50 beamsplitter and reflected from the two mirrors (fixed 

and moving) to again reach the beamsplitter. The two beams reaching the detector

optical path difference determined by the positions of the two mirrors, i.e. they have a fixed 

phase difference. Therefore the two beams interfere either constructively or destructively for 

a particular frequency depending on the position of the moving mirror. The resultant 

sinusoidal signal generated is termed as Interferogram and the corresponding spectrum 

frequency against intensity plot, is computed using Fourier transform.  

The working principle of Michelson Interferometer involves light from the source 

being split into two parts by the 50/50 beamsplitter and reflected from the two mirrors (fixed 

and moving) to again reach the beamsplitter. The two beams reaching the detector have an 

optical path difference determined by the positions of the two mirrors, i.e. they have a fixed 

phase difference. Therefore the two beams interfere either constructively or destructively for 

oving mirror. The resultant 

sinusoidal signal generated is termed as Interferogram and the corresponding spectrum –
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2.5.3 Thermogravimetric analysis (TGA) 

The non-isothermal thermogravimetric measurements were carried out with 

TGA/DSC1 system with gas controller system (GC100) from Mettler Toledo, Switzerland, to 

determine the thermal degradation behavior of Gamma radiation cured PCN films. For TG 

experiments ~10 mg of the powder sample was taken in alumina crucible and heated in 

temperature range of 35 to 850oC at heating rate of 10oC.min-1 under inert dynamic high 

purity nitrogen atmosphere at a flow rate of 50ml min-1. 

TGA gives important information regarding the thermal degradation behaviour of 

polymers and composite materials [97]. Any changes in the thermal behavior of a material on 

incorporation of a filler can be detected using this technique. The residual weight observed in 

case of certain polymer nanocomposite materials can also be indirectly used for predicting 

the flame retardant behavior of the material. 

The basic instrumental requirements for TGA are a precision balance with a pan 

loaded with the sample, and a programmable furnace. The furnace can be programmed either 

for a constant heating rate, or for heating to acquire a constant mass loss with time. The TGA 

instrument continuously weighs a sample as it is heated. As the temperature increases, 

various components of the sample are decomposed and the weight percentage of each 

resulting mass change can be measured. Results are plotted with temperature on the X-axis 

and mass loss on the Y-axis. 

 

2.5.4. Differential scanning calorimetry (DSC) 

Glass transition temperature (Tg) of the samples was determined by a differential 

scanning calorimetry (DSC) using DSC 823e system from Mettler-Toledo, Switzerland. For 

all experiments ~10 mg of the sample was taken in standard aluminum pan and heated to 

250oC at heating rate of 20oC.min-1 followed by cooling to -50oC at cooling rate of 20oC.min-
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1, and then again heated to 250oC at heating rate of 20oC.min-1. All the cooling and heating 

cycles were carried out under inert dynamic high purity nitrogen atmosphere at a flow rate of 

50ml min-1. The Tg values of PCN samples were estimated from the second heating cycle. 

DSC is an extremely sensitive thermoanalytical technique that can be employed to 

determine the minute physical transformations that a sample can undergo at different 

temperatures [97,98]. The underlying principle of the technique is to maintain both the 

sample and the reference material at the same temperature by regulating the amount of heat 

flowing into or out of the sample.   

 

2.5.5. TEM  

Transmission electron microscopy (TEM) of metal nanoparticles in solution was 

performed on an Energy filtering transmission electron microscope (EF-TEM, LIBRA 120, 

Carl Zeiss) with an accelerating voltage of 120 kV. For the measurement of TEM a drop of 

dilute metal nanoparticle solution was placed on a carbon coated copper grid and dried in a 

Laminar flow hood before it was observed under the microscope. In case of solid samples, 

TEM images of the samples were carried out using a bench top Transmission Electron 

Microscope (LVEM5, Cordouan Technologies, France) operated at 5kV in electron scattering 

mode for higher contrast. Prior to analysis, samples were sliced into ultrathin sections of 

30nm thickness using an ultramicrotome and collected on to 400 mesh Cu grids. 
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                                Fig. 2.3 Schematic representation of TEM 

 Transmission electron microscope (TEM) is the most widely used technique to 

characterize metal nanoparticles. The short wavelength electron beam used as the source 

ensures extremely high resolutions that are not attainable using an ordinary light beam as a 

source. The final image is projected onto a phosphor screen by the beam transmitted through 

the sample. TEM machines equipped with additional accessories can provide information 

regarding topography, morphology, dispersity, composition and crystallography of the 

sample. HRTEM (high resolution TEM) can achieve magnifications as high as ~10,00,000x 

with a resolution of ~1 Aº [99]. 
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2.5.6. Scanning electron microscopy (SEM) 

The surface morphologies of samples were investigated by SEM analysis using 

VEGA MV2300T/40 (TS 5130 MM) microscope (TESCAN) at acceleration voltage of 5kV. 

SEM images of the cross-section of the nanocomposite coatings were taken at 10kx 

magnification, after the gold coated fractured coating films were fixed vertically on to a 

conducting steel stub surface using conducting carbon paste. 

SEM involves the scanning of the sample surface with an electron beam of 

accelerating voltage < 50kV. The secondary or backscattered electrons collected by the 

detector are analyzed for obtaining the final image. SEM provides information about the 

topography and morphology of the sample and it can attain upto 1,00,000x magnification 

with a resolution of ~1.5 nm [100]. 

 

2.5.7. Atomic Force Microscope (AFM) 

AFM is a powerful analytical tool which provides information regarding the surface 

morphology and phase through the production of a 3D map of the sample surface. AFM 

measurements were performed using an NT-MDT solver model P47 instrument (Russia) with 

50µm scanner head and silicon nitride tip in contact mode. The sample for AFM 

measurement was prepared by depositing a dilute solution of silver nanoparticles on a glass 

slide and allowing it to dry in a Laminar flow hood.  

 

 2.5.8. Particle size analyzer (PSA) 

The hydrodynamic diameter of Ag nanoparticles was measured using Particle Size 

Analyzer (VASCO 3, Cordouan, France). For the analysis, 0.5 ml of dilute silver nanoparticle 

solution was placed on the glass base, the laser count rate adjusted to approximately 2000 

counts per second and the acquisition was performed for 4 minutes in the continuous mode at 



250C. The measurement was replicated three times per sample to ensure reproducibility of

obtained results.  

VASCO uses the thermal motions of particles in suspension (Brownian Motion) to 

determine their size. Here the sample suspension is irradiated by a laser and the light 

scattered in a certain direction detected with high time resolution. 

intensity of the scattered light, the mobility of the particles can be calculated and then again 

via the Stokes-Einstein formula, their size can be calculated.

 

 

               

 

 

 

 

 

            

               

Fig. 2.4 Schematic representation of Particle Size Analyzer Laser
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C. The measurement was replicated three times per sample to ensure reproducibility of

VASCO uses the thermal motions of particles in suspension (Brownian Motion) to 

determine their size. Here the sample suspension is irradiated by a laser and the light 

scattered in a certain direction detected with high time resolution. From the fluctuation of the 

intensity of the scattered light, the mobility of the particles can be calculated and then again 

Einstein formula, their size can be calculated. 

 

Schematic representation of Particle Size Analyzer Laser

C. The measurement was replicated three times per sample to ensure reproducibility of 

VASCO uses the thermal motions of particles in suspension (Brownian Motion) to 

determine their size. Here the sample suspension is irradiated by a laser and the light 

From the fluctuation of the 

intensity of the scattered light, the mobility of the particles can be calculated and then again 

 

Schematic representation of Particle Size Analyzer Laser 
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2.5.9. X-ray Diffraction analysis (XRD): Small angle X-ray scattering (SAXS) and X-ray 

diffraction (XRD) 

           SAXS measurements were performed using a laboratory based SAXS facility using 

CuKα source. The diameter of the incident photon beam on the sample was 0.4 mm. The 

SAXS detector was mounted at a sample-to-detector distance of 1.07 m, corresponding to a 

2θ range of 0.1–3.5 degrees. The magnitude of the scattering wave vector, s=2sinθ/λ=q/2π, 

where 2θ is the scattering angle and the used wavelength λ=0.154nm. In order to access 

further higher scattering angles above 3.5 degrees, X-ray diffraction (XRD) experiments were 

performed using a diffractometer using CuKα source in θ-θ geometry with 2 deg/min 

scanning speed.  

           XRD is a tool used for identifying the atomic and molecular structures, as well as for 

determining the interlayer spacings in case of samples having layered structures. It operates 

on the basis of the Bragg’s Equation: 

                                   2.12 

where n is an interger (1, 2, 3, ......, n), l the wavelength, d the distance between atomic 

planes, and θ the angle of incidence of the x-ray beam and the atomic planes.  

 

2.5.10 Zeta Potential analyzer  

Zeta potential of the samples was determined using a Malvern Zetasizer nano ZS. 1.5 

ml of the sample was taken in the transparent cell for carrying out the zeta potential 

measurements at pH 7.4. Zeta potential is a measure of the magnitude of the electrostatic or 

charge repulsion/attraction between particles, and is one of the fundamental parameters 

known to affect stability. Its measurement brings detailed insight into the causes of 

dispersion, aggregation or flocculation, and can be applied to improve the formulation of 

dispersions, emulsions and suspensions. 



2.5.11. Nd-YAG laser system 

The optical-limiting behaviors of the composites with different Ag NPs 

concentrations were measured using Nd:YAG laser with 25 ns pulse duration and 355 nm 

wavelength. The experiment set-

frame and the laser beam focused on the sample surface with a spot size of 1.0 mm diameter. 

The incident and transmitted energy were detected simultaneously by two power meters (P1, 

P2). 

 

 

 

                   

 

                         Fig. 2.5 Schematic representation of ND

2.5.12. ASTM property evaluation techniques

 The gamma radiation cured coatings were tested for different end performance 

properties, as per guidelines of standard test methods, 

4366) and Gloss at 600 angle (ASTM: D 523

Pendulum Hardness (ASTM: D 4366): 

to swing on two balls resting on a coated test panel. The pendulum hardness test is based on 

the principle that the amplitude of the pendulum's
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limiting behaviors of the composites with different Ag NPs 
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frame and the laser beam focused on the sample surface with a spot size of 1.0 mm diameter. 

cident and transmitted energy were detected simultaneously by two power meters (P1, 

 

chematic representation of ND-Yag Laser system 

ASTM property evaluation techniques 

The gamma radiation cured coatings were tested for different end performance 

properties, as per guidelines of standard test methods, viz. Pendulum Hardness (ASTM: D 

STM: D 523-99). 

Pendulum Hardness (ASTM: D 4366): The instrument consists of a pendulum 

to swing on two balls resting on a coated test panel. The pendulum hardness test is based on 

of the pendulum's oscillation will decrease more rapidly when 

limiting behaviors of the composites with different Ag NPs 

ere measured using Nd:YAG laser with 25 ns pulse duration and 355 nm 

up is shown in Fig. 2.5 The sample was mounted on a metal 

frame and the laser beam focused on the sample surface with a spot size of 1.0 mm diameter. 

cident and transmitted energy were detected simultaneously by two power meters (P1, 

 

The gamma radiation cured coatings were tested for different end performance 

Pendulum Hardness (ASTM: D 

 which is free 

to swing on two balls resting on a coated test panel. The pendulum hardness test is based on 

ecrease more rapidly when 
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supported on a softer surface. The hardness of any given coating is given by the number of 

oscillations made by the pendulum within the specified limits of amplitude determined by 

accurately positioned photo sensors. An electronic counter records the number of swings 

made by the pendulum 

Gloss at 60
0
 angle (ASTM: D 523-99): Gloss is associated with the capacity of a surface to 

reflect more light in directions close to the specular than in others. Measurements by this test 

method correlate with visual observations of surface shininess made at roughly the 

corresponding angles, commonly 600. The factors that affect gloss are the refractive index of 

the material, the angle of incident light and the surface topography.  

2.6. Chemical reagents  

All aqueous solutions were prepared in ultra pure water with resistivity=18MΩ.cm 

produced in water purification system ‘Ultraclear TWF UV’ (SG Wasseraufbereitung & 

Regenerierstation GmbH, Germany). Prior to use, glassware was cleaned with aquaregia 

(volume ratio HNO3/ HCl = 1: 3). Hydrogen tetrachloroaurate trihydrate (99.99%) from MV 

laboratories, India, Silver Nitrate (99.9%), 2-propanol, acetone, citric acid and sodium citrate  

from S. D. Fine Chemicals Ltd., India, modified montmorilonite clay (Cloisite 20A, Cloisite 

30B) and aliphatic urethane acrylate (AUA, Cognis) from Southern Clay Ltd., USA were 

used as received. For preparation of buffer solutions, Disodium hydrogen phosphate and 

potassium dihydrogen phosphate, were purchased from Thomas and Baker chemicals, India. 

Glycine (S.D. Fine, India) and MES (Sigma Aldrich) were used to prepare buffer solutions of 

pH 3.0 and 6.0, respectively, while Tris.HCl (Sigma Alrich) was used to prepare buffer 

solutions of pH 8.0, 10.0 and 11.0. Capping agents poly(N-vinyl-2-pyrrolidone)s (PVPs) 

(molecular weights 40,000; 1,60,000 and 3,60,000Da), o-phenylenediamine (o-PDA), 

Horseradish peroxidase (HRP) (300 units/mg), Hydrogen peroxide (30 wt % in water), 
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Mercury(II)nitrate(>98%), Uric acid (≥99%), Uricase and Trimethylolpropanetriacrylate 

(TMPTA) were all purchased from Sigma Aldrich.   
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Chapter 3: Gamma radiolytic synthesis of Poly(N-vinyl-2-

pyrrolidone) capped Au nanoparticles for sensor applications 

 

3.1. Introduction 

Metal nanoparticles find application in a wide array of fields including catalysis 

[101], chemical and bio sensors [102,103], antibacterial substances [104] and drug delivery 

systems [105]. Noble metal nanoparticles, in particular, such as those of Au and Ag show 

intense Localized Surface Plasmon Resonance (LSPR) absorption in the visible region 

[106]and have potential applications as optical biosensors [107,108] or catalytic systems 

[109,110] for initiating a variety of organic reactions. The high surface area provided by these 

nanoparticles make them extremely efficient as catalytic materials to carry out reactions that 

are otherwise difficult to initiate [111] 

Although literature provides numerous chemical methods for fabrication of noble 

metal nanoparticles, most of these methods involve the use of toxic chemical reducing agents 

or harsh reaction conditions. Therefore, in recent years, radiolytic reduction route for 

generation of metal nanoparticles has emerged as an attractive alternative technique to these 

chemical reduction methods. Irradiation by gamma radiation, such as 60Co gamma irradiation, 

involves not only more convenient and simpler control parameters for engineering 

nanoparticles of desired morphology but also presents itself as a clean, environment friendly, 

room temperature technique that does not involve the use of any external reducing agents 

[112-115]. The reactive species generated through radiolysis can easily reduce metal ions 

down to zero valent state. Furthermore, because of the ability to fine-tune the radiation dose, 

dose rate and to selectively generate the required transient reactive radicals, radiation 

technology offers better control over the size and the size distribution. Thus, nanoparticles 

fabricated by radiation technology can be employed as highly efficient catalytic or sensing 
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materials. The choice of capping agent/ stabilizer during synthesis of metal nanoparticles is 

also crucial since it decides the overall stability and morphology of the particles generated, 

which in turn decides the long term utility of the system as a facile catalytic or sensor system.  

One of the most promising and widely used capping agents for metal nanoparticle 

stabilization is Poly (N-vinyl-2-pyrrolidone) (PVP) (Pimpang et al, 2011; Wang et al, 2005; 

Borodko et al, 2006). PVP possesses functional groups, such as C=O and N and a 

long polymer chain. These functional groups contain lone pairs of electrons which help in 

stabilization of metal nanoparticles at their surface through covalent interaction, while the 

polymer chain restricts aggregation of metal nanoparticles by steric hindrance. Apart from 

this, PVP is a biocompatible polymer. Hence nanoparticles synthesized in PVP can have 

potential biological applications. 

The estimation of biologically relevant molecules such as Hydrogen peroxide is one 

of the primary applications that has been targeted using PVP stabilized metal nanoparticles. 

Hydrogen peroxide is widely used as an oxidant, a disinfectant and a bleaching agent in 

various industries, such as textile, paper and pulp, pharmaceutical industries [116]. It causes 

irritation to eye, skin and mucous membrane when present in the environment. Hydrogen 

peroxide is also produced in stoichiometric amounts during oxidation of biological analytes 

(e.g. glucose) by dissolved oxygen in the presence of corresponding oxidase. Hence micro 

and trace level determination of hydrogen peroxide is considerably important in clinical 

chemistry, analytical biochemistry and environmental science. Existing methods for the 

determination of hydrogen peroxide include titrimetry [117], spectrophotometry [118], 

kinetic flow-injection method [119], fluorescence [120], enzymatic method [121], 

chromatographic techniques [122] and electrochemical methods [123]. However most of 

these methods suffer from limitations in terms of specificity, selectivity, kinetically instability 

or incompatibility with aqueous environments. Recently a new method for determination of 
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hydrogen peroxide based on a peroxidase-catalyzed reaction and using Au nanoparticles has 

been reported [124].  

Similarly, the unique optical properties of metal nanoparticles can also be exploited 

for the estimation of trace levels of Mercury in the environment. Mercury is a widespread 

pollutant with distinct toxicological profiles, and it exists in a variety of different forms such 

as metallic, ionic, and as part of organic and inorganic salts and complexes.  The 

quantification of mercury in aquatic ecosystems in particular is of considerable interest since 

exposure to high levels of Hg2+ is detrimental to physical health and can cause brain damage 

and other chronic diseases [125-127].  At the same time routine estimation of Hg2+ is 

essential for evaluating the safety of aquatically derived food supplies [128]. As per World 

Health Organization guidelines, the permissible limit of inorganic mercury in drinking water 

is 6µg/L, while the total body burden of mercury for adult humans should not exceed 20-

30mg. The methods currently used for the determination of Hg2+ include atomic absorption 

spectrometry [129], inductively coupled plasma-mass spectrometry [130], selective cold 

vapor atomic fluorescence spectrometry [131], organic fluorophores/chromophores [132-

135], semiconductor nanocrystals [136,137], cyclic voltammetry [138,139], etc., all of which 

are rather complicated, time-consuming, and costly as well as inappropriate for point-of-use 

applications. To overcome these drawbacks, several techniques have been developed for the 

simple, rapid detection of Hg2+ in aqueous solutions. Colorimetric methods, in particular, are 

extremely attractive because they normally involve visible changes which can be seen with 

the naked eye.  

The present chapter reports a facile method for synthesis of gold nanoparticles (Au 

NPs) in PVP using high energy gamma radiation. Various experimental parameters such as 

Au3+ precursor ion concentration, PVP concentration, molecular weight of PVP have been 

optimized to obtain Au NPs of desired size and size distribution. H2O2 concentration in 
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aqueous solution was determined by monitoring the oxidation of o-phenylene diamine (o-

PDA) by H2O2 in presence of enzyme, horse radish peroxidise (HRP). Radiolytically 

synthesized PVP-Au-NPs have also been employed as a LSPR based optical sensor for the 

estimation of trace levels of Hg ions in aqueous environments. The estimation of Hg2+ is 

based on the selective interaction of the metal ion with PVP, which gets manifested as a 

change in the LSPR band of PVP-Au NPs. 

3.2. Synthesis of Au nanoparticles 

3.2.1. Formation of Au nanoparticles and their characterization 

The radiolytic reduction has been proven to be a powerful tool for producing uniform and 

highly dispersed metallic clusters. When a N2 purged aqueous solution containing Au3+ 

precursor ions, PVP and 2-propyl alcohol is subjected to gamma irradiation, radiolysis of 

water takes place, generating reactive transient species, such as eaq
−, H⋅, ⋅OH (Eq. 1). 

Radiolytic species eaq
− and H⋅ are reducing in nature, whereas ⋅OH acts as an oxidizing agent. 

Therefore, 2-propyl alcohol is used to transform the entire reaction medium in to a reducing 

one; 2-propyl alcohol reacts with H⋅ and OH⋅ to generate 2-propyl radical (Eq. 2), which is a 

mild reducing agent capable of reducing Au3+ to metal in zero valent state, i.e., Au3+ to Au0 

(Eq. 3). The overall reduction in the medium is therefore carried out by the two reducing 

species, namely (CH3)2C
⋅-OH and eaq

- (Eq. 4)  

 

 H2O    eaq
- ,  H·, ·OH, etc..                                  (1) 

 OH⋅/H⋅   +    (CH3)2CH-OH                               (CH3)2C
⋅-OH    +   H2O/H2         (2) 

 Au3+  +     3eaq
-                                                  Au0                                                      (3)   

 Au3+   +   3(CH3)2C
·-OH                                   Au0   + 3(CH3)2C=O + 3H+                 (4) 

γ-radiation 
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The formation of Au0 is followed by coalescence step leading to formation of Au 

clusters in presence of PVP as a capping and stabilizing agent. PVP contains functional 

groups like >C=O and >N [140], which facilitate anchorage of metal nanoparticles and help 

in regulating the size of the Au-nanoparticles. These PVP-Au NPs show characteristic surface 

plasmon band at around 522nm. Figure 3.1 shows that the yield of PVP-Au NPs increases 

with increase in absorbed radiation dose till all precursor Au3+ ions are exhausted. The 

saturation dose for reduction of 5×10-4 mol.dm-3 Au3+ was determined to be 1.8 kGy. The 

TEM image (Figure 3.2) reveals PVP-Au NPs fabricated using PVP of molecular weight 

3,60,000 Da as the stabilizer are spherical in nature with average particle size ranging 

between 6-13nm. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Absorption spectra of aqueous Au nanoparticle solution obtained at radiation dose 

(a) unirradiated reaction mixture, (b) 0.5kGy, (c) 0.9kGy, (d) 1.3kGy, (e) 1.5kGy, (f) 1.6kGy, 

(g) 1.8kGy 
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Fig. 3.2 TEM image of Au nanoparticles prepared using PVP of molecular weight 3,60

 

3.2.2. Effect of variation of Au
3+

Figure 3.3 presents the UV-visible spectra of PVP

It was observed that as the Au3+ 

dm-3 the intensity of the LSPR band also increased indicating increase in yield of PVP

NPs. An initial red shift of 27nm was recorded as the precursor ion concentration increased 

from 1×10-4 mol dm-3 to 4×10-4

precursor concentrations smaller nuclei are generated because of lower local concentration 

and beyond a certain size the growth is arrested with the exhaustion of Au

formation of smaller particles, which absorb at lower wavelength. Beyond 4

Au3+ concentration, there was not much shift in spectral peak as well as FWHM of the 

spectra.  
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Fig. 3.3 Absorption spectra of aqueous Au nanoparticle solution obtained for Au3+ 

concentration (a) 1×10-4, (b) 2.5×10-4, (c) 4×10-4, (d) 8×10-4, (e) 1×10-3 mol.dm-3
 

 

3.2.3. Reduction under milder condition 

 The presence of acetone was observed to affect the spectral behaviour of PVP-Au NPs 

(figure 3.4).  In the absence of acetone, the two prominent reducing species are eaq
− and 2-

propyl radical. eaq
− (E0 = -2.9 VNHE) is a stronger reducing agent than  2-propyl radical. 

Acetone scavenges the aqueous electrons generated via radiolysis to produce 2-propyl radical 

(E0 = -1.8 VNHE) (Eqn 2), which are relatively weak reducing agents. Therefore, in presence 

of acetone and 2-propyl alcohol, the only reducing agent in the system is 2-propyl radical 

[141], thereby resulting in slower reduction rate of the precursor ions. The slower reduction 

rate, in turn, yields a narrower particle size distribution, which gets manifested as a narrower 

LSPR band for the PVP-Au NPs.  
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Fig. 3.4 Absorption spectra of 4×10-4 mol.dm-3 aqueous Au nanoparticle solution (a) in 

presence of acetone and (b) in absence of acetone 

 

3.2.4. Role of AgNO3 in nanoparticle formation 

The role of addition of trace quantities of Ag+ ions during Au NPs formation was also 

investigated. It was observed that the spectrum was narrower in presence of Ag+ ions (figure 

3.5), indicating more uniform size distribution. Ag+ in minute concentrations (6×10-5 mol.dm-

3) is known to adsorb upon certain faces of the Au crystal, leading to controlled growth. 

However, there is not much change in the spectral pattern of the PVP-Au NPs for Ag+ in the 

concentration range of 6×10-5 mol dm-3 to 1.5×10-4 mol dm-3. Beyond this concentration, a 

blue shift was observed in the spectra, which can be attributed to the formation of an Au-Ag 

alloy nanostructure [142]  
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Fig. 3.5 Absorption spectra of aqueous Au nanoparticle solution (4×10-4 mol.dm-3) obtained 

in presence of (a) 0, (b) 6×10-5, (c) 1×10-4, (d) 1.5×10-4, (e) 2×10-4, (f) 3×10-4, (g) 4×10-4 

mol.dm-3 Ag+ ions 

 

3.2.5. Effect of variation of PVP concentration 

The effect of variation of PVP concentration on Au nanoparticle formation was also 

monitored. Figure 3.6 shows the absorption spectra for 4×10-4 mol dm-3 Au nanoparticle 

solution at various concentrations of PVP (Mw = 3,60,000Da). With increase in concentration 

of PVP from 0.1% to 2% (w/v) irregular spectral broadening was observed. This result is 

contrary to results that were previously observed for other capping agents [143]. With 

increase in PVP concentration from 0.1% (w/v) to 0.5% (w/v), the intensity of the LSPR band 

also increased. But further increase in PVP concentration to 1% and 2% resulted in a decrease 

in intensity of the LSPR band. Hence an optimum concentration of PVP is essential to 

achieve maximum concentration of stable Au nanoparticles.  
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Fig. 3.6 Absorption spectra of 4×10-4 mol.dm-3 aqueous Au nanoparticle solution obtained for 

PVP concentrations (a) 0.1%, (b) 0.5%, (c) 1% and (d) 2% (w/v) 

 

3.2.6. Effect of PVP molecular weight on Au nanoparticle formation 

The molecular weight of PVP plays a very important role in controlling the shape and 

size of Au nanoparticles (figure 3.7). Au nanoparticles stabilized by PVP having molecular 

weight 40,000 Da show a single intense peak at 533nm and PVP having molecular weight 

1,60,000 Da and 3,60,000 Da show similar broad peaks  at 513nm and 520nm respectively. 

For higher molecular weight PVP, only spherical Au NPs with a little variation in size were 

generated, as confirmed from the TEM analysis. This observation can be explained on the 

basis of the fact that higher molecular weight PVP has longer polymeric chains which 

stabilize the metal colloids in a more efficient manner, thereby restricting anisotropic growth 

of the particles and confining them to spherical dimensions. 
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Fig. 3.7 Absorption spectra of aqueous Au nanoparticle solution obtained for PVP of 

molecular weight (Mw) (a) 40,000Da, (b) 1,60,000Da, (c) 3,60,000Da 

 

3.3. Estimation of Hydrogen Peroxide (H2O2) 

3.3.1. Detection principle  

The estimation of hydrogen peroxide using PVP-Au NPs is based on the enzymatic 

oxidation of o-PDA by H2O2 in presence of enzyme Horse radish peroxidase (HRP) [124]. In 

aqueous solutions 2,3-diaminophenazine (DAP) is the main product [fig. 3.8]. DAP has two 

Ns forming part of the central ring and two NH2 groups. The lone pairs of these Ns interact 

with the Au NPs, thereby leading to a change in the external environment which gets 

manifested as a change in the intensity of DAP, which absorbs at ~427nm.  

 Briefly, for H2O2 estimation in the concentration range of 2.5X10-6 mol.dm-3 to 2 

X10-4 mol.dm-3, a reaction mixture comprising of 1X10-4 mol.dm-3 o-PDA, 125 ml of 

0.125mg/10 ml of HRP and a pre determined concentration of H2O2 was diluted to 20mL 
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using 0.01mL citrate buffer solution and incubated at room temperature for 30 min to allow 

the completion of the enzymatic oxidation of o-PDA. To this reaction mixture was added 5ml 

Au NPs solution. The resulting solution was allowed to stand for 

another 30 min and subsequently the absorption spectra were recorded in the wavelength 

800nm. For estimation of H2O2 at lower concentration range, the concentrate of 

PDA was decreased to 5X10-5 mol dm-3. The concentration of all the other 

and an identical protocol was adopted.  

The oxidation products of o-PDA have a weak absorption peak at 427nm. The PVP

Au NPs were observed to significantly enhance the intensity of this weak absorption peak. 

With varying concentration of H2O2 there is a systematic change in the absorption peak at 

427nm, as highlighted in figure 3.9. The detection efficiency of the PVP-Au NPs system was 

found to be independent of the molecular weight of the stabilizing agent i.e. PVP, and 

displayed similar results when PVPs of molecular weights 40kDa and 160kDa were used as 

stabilizing agents in addition to PVP of molecular weight 360kDa.(Figure 3.9 inset). 

Fig. 3.8 Enzymatic oxidation of OPD 

emperature for 30 min to allow 

PDA. To this reaction mixture was added 5ml 

Au NPs solution. The resulting solution was allowed to stand for 

n spectra were recorded in the wavelength 

at lower concentration range, the concentrate of 
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PDA have a weak absorption peak at 427nm. The PVP-

Au NPs were observed to significantly enhance the intensity of this weak absorption peak. 

stematic change in the absorption peak at 

Au NPs system was 

found to be independent of the molecular weight of the stabilizing agent i.e. PVP, and 

of molecular weights 40kDa and 160kDa were used as 

stabilizing agents in addition to PVP of molecular weight 360kDa.(Figure 3.9 inset).  
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Fig. 3.9 Absorption spectra of reaction medium containing OPD, HRP, H2O2 and Au 

nanoparticles (in PVP, Mw = 3,60,000) in citrate buffer with varying H2O2 concentration 

(higher range of H2O2 concentration) (a) 0, (b) 2.5×10-6, (c) 5×10-6, (d) 1×10-5, (e) 2.5×10-5, (f) 

5×10-5, (g) 7.5×10-5, (h) 1×10-4, (i) 1.3×10-4, (j) 1.6×10-4, (k) 2×10-4 mol.dm-3  (Inset: Linear 

plot of absorbance at 427nm vs H2O2 concentration incase Au nanoparticle used was in PVP 

of  molecular weight (a) 3,60,000Da (R=0.9986), (b) 1,60,000Da (R=0.9981), (c) 40,000Da 

(R=0.9981): H2O2 concentration range= 2.5×10-6 to 2×10-4 mol.dm-3) 

 

3.3.2. Detection limits 

The response of the PVP-Au NPs based detection system was observed to be linear in 

the H2O2 concentration range of 2.5× 10-6 mol dm-3 to 2× 10-4 mol dm-3 with correlation 

factor R > 0.998 irrespective of PVP molecular weight. To estimate lower concentrations of 

H2O2, 5× 10-5 mol dm-3 o-PDA was taken and all other reagents and experimental procedure 

kept same as above. The spectral change with change in concentration of H2O2 is shown in 

300 400 500 600 700 800

0.0

0.5

1.0

1.5

0 50 100 150 200

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

A
b

s.
4
2
7

n
m

[H
2
O

2
]/10

-6
 mol.dm

-3

a

b
c

A
b

s
.

Wavelength(nm)

a

b-d

e

f

g

h

i

j



~ 60 ~ 

 

figure 3.9. The response was found to be linear in the range of 1× 10-7 mol. dm-3 to 3× 10-6 

mol dm-3 H2O2 concentration with correlation factor R = 0.995 (figure 3.9 inset). The 

detection limit in this case was observed to be 1× 10-7 mol. dm-3. The proposed method 

therefore can be used for estimation of H2O2 over a wide concentration range of 1× 10-7 mol 

dm-3 to 2 × 10-4 mol dm-3 by tuning a single reaction parameter as per requirement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 Absorption spectra of reaction medium containing OPD, HRP, H2O2 and Au 

nanoparticles (in PVP, Mw = 3,60,000) in citrate buffer with varying H2O2 concentration 

(lower range of H2O2 concentration) (a) 0, (b) 1×10-7, (c) 3×10-7, (d) 6×10-7, (e) 1.2×10-6, (f) 

1.8×10-6, (g) 2.5×10-6, (h) 3×10-6, (i) 5×10-6 mol.dm-3  (Inset: Linear plot of absorbance at 

427nm vs H2O2 concentration incase Au nanoparticle used was in PVP of Mw = 3,60,000 

Da(R=0.9954): H2O2 concentration range= 1×10-7 to 3×10-6 mol.dm-3) 
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3.4     Estimation of Mercury ions 

3.4.1 Detection principle  

The presence of Mercury ions in water as a toxic pollutant necessitates the detection 

of these ions upto extremely low concentrations. The estimation of Hg2+ ions in aqueous 

media by PVP-capped Au nanoparticles is based on the selective complexation of Hg2+ ions 

with PVP. [144,145]. Guner et al [145] reported that compared to anions, cations such as 

Hg2+, Cd2+, Co2+ etc. exhibit high degree of intramolecular complexation with PVP. The 

complexation occurs between one cation and two or more carbonyl groups of the lactam 

rings. The process of covalent complexation can be best explained in terms of the HSAB 

(Hard Soft Acid Base) principle. Since Hg2+ is a soft acid owing to its large ionic radius and 

high polarizability, the probability of its complexation with the carbonyl groups (soft base 

with large radius) is maximum compared to the relatively harder metal ions. This results in 

the selective interaction of Hg2+ with PVP, which culminates in the shifting of the SPR band 

of PVP-capped Au NPs. 

In this method, a 50µM (final concentration) of PVP capped Au NPs system was used 

for estimation of Hg2+ ions in aqueous medium. Different volumes of a 2 µM stock solution 

of Hg2+ ions prepared in TRIS buffer of pH 10.0 were added to a fixed volume of PVP-Au 

NPs solution also maintained at pH=10.0. Addition of the metal ion resulted in an 

instantaneous color change from blight yellow to near colourless. The UV-visible spectra of 

the reaction mixtures were taken and the λmax plotted as a function of Hg2+ concentration. A 

linear relation was obtained for Hg2+ concentrations from 0 to 500nM with R2=0.991 and a 

minimum detection limit of 40nM 

The effect of addition of Hg2+ on the morphology of PVP-Au NPs was monitored by 

TEM. As evident from fig. 3.11a, control Au NPs are uniformly dispersed spherical particles 

with an average diameter of 6.4 nm. However, addition of 500nM Hg2+ induces rapid change 
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in the morphology of the PVP-Au-NPs from spherical to larger (mean diameter of 8.3 nm), 

irregular sized particles (Fig 3.11b) with broader size dispersion compared to the control 

sample. This can be explained on the basis of preferential interaction of Hg2+ with 

capping/stabilizer molecules (PVP), which leads to reduced interaction of the PVP molecules 

with Au atoms. This subsequently results in decrease in the stabilization of Au clusters and 

enhances their tendency to agglomerate. Fig.3.11c depicts the TEM image of the PVP-Au-

NPs system five minutes after addition of Hg2+ ions. The process of agglomeration of smaller 

clusters undergoes near completion within the short time span to give rise to bigger Au 

agglomerates (with the particle size ranging between 19 and 40 nm). 

The hydrodynamic diameter of the PVP-Au-NPs was determined using a particle size 

analyzer. Particle size analysis also revealed the particles obtained by radiolytic process to be 

of uniform size distribution with average hydrodynamic diameter of around 52.16 nm. (fig. 

3.12a). Addition of Hg2+ ion solution to the PVP-Au NPs system resulted in an increase in the 

particle size distribution accompanied by an increase in the average particle size (fig.3.12b). 

This further corroborates the results obtained through TEM analysis. 
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Fig. 3.11 TEM images of PVP-Au-NPs in (a) absence of Hg2+ ions (b) immediately after 

addition  of 500nM Hg2+ (c) 5 minutes after addition of Hg2+
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Fig. 3.12 Particle size analysis of Au nps in (a) absence of Hg2+ ions and (b) immediately 

after addition of 500nM Hg2+
 

 

The change in particle morphology on addition of Hg2+ can also be deduced from the 

changes observed in the LSPR band of PVP-Au NPs (fig. 3.13). Control PVP-Au NPs 

yielded a single, narrow peak at  5̴30nm, indicative of uniform sized particles. On the other 

hand, addition of Hg2+ resulted not only in a decrease in the SPR band intensity but also in a 

slight red shift in the peak at 530nm. Simultaneously, for Hg2+ concentrations of 300nm and 

beyond, a prominent second broad peak appeared at ~740nm, indicative of the agglomeration 

and loss of structure of the PVP-Au NPs caused by addition of Hg2+ ions. 
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Figure 3.13 Absorption spectra of Au nanoparticle solution in presence of (a) 0 (b) 100 (c) 

200 (d) 300 (e) 400 and (f) 500nM Hg2+ ion.  (Inset: Calibration plot of Hg2+ ion 

concentration.) 

 

3.4.2 Effect of pH 

 The pH of the reaction medium was found to significantly influence the detection 

efficiency of the system. In order to determine the effect of pH variation, the reaction was 

carried out under different pH values- 3.0, 4.5, 6.0, 8.0, 10.0 and 11.0. It was observed that 

while acidic pH (3.0, 4.5 and 6.0) and pH 8.0 did not induce any change in the SPR band of 

Au NPs, alkaline pH (10.0 and 11.0) were found to produce significant decrease in the SPR 

band intensity on addition of  Hg2+ ions while keeping all other reaction conditions same. 

This is probably because highly alkaline conditions favor displacement of the PVP molecules 

from the surface of Au NPs. In the process, carbonyl groups of the lactam rings of PVP, that 

were earlier interacting with the Au metal atoms, get exposed and instead bind with the Hg2+ 
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ions present in the solution. This results in a drastic change in the external environment of the 

NPs, which gets manifested as a decrease in the band intensity (fig. 3.14) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Absorption spectra of Au nps-500nM Hg2+ reaction mixture at pH (a) 3.0 (b) 6.0 

(c) 8.0 (d) 10.0 and (e) 11.0   

 

3.4.3. Effect of PVP concentration 

The effect of stabilizer concentration on the detection efficiency of the sensor system 

system was also investigated. It was observed that high concentrations of PVP reduced the 

sensitivity of the Au NPs towards Hg ions, which was manifested in a marginal change in 

LSPR band intensity on addition of Hg ions to the Au NPs [fig 3.15]. High concentrations of 

PVP probably led to complete encapsulation of the Au NPs within the polymer shell, thereby 

inhibiting any changes in the LSPR of nanoparticles that might be induced in presence of Hg 

ions. The selective interaction of PVP molecules with Hg ions, which is responsible for 

inducing the LSPR changes in Au NPs, is rendered insignificant under very high 
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concentrations of the stabilizer. Hence, PVP concentration was optimized at 0.05% (w/v), 

which was sufficient not only to provide stability to the Au NPs but also induced maximum 

shifts in LSPR band intensity of Au NPs on addition of the analyte. 

 

3.4.4. Effect of PVP molecular weight 

The stabilizer molecular weight was also found to play a crucial role in determining 

the sensor efficiency. Au NPs synthesized in higher molecular weight PVPs (160kDa and 

360kDa) as stabilizers were observed to have a lower sensitivity towards the same analyte 

concentration as compared to Au NPs synthesized using PVP of molecular weight 40kDa as 

the stabilizer [fig. 3.15 inset]. This can be attributed to the fact that higher molecular weight 

PVPs have longer polymeric chains which wrap around the Au NPs in a more effective 

manner and thereby make the local environment of the nanoparticles less susceptible to any 

changes in LSPR characteristics that might be induced in presence of Hg2+ ions. Hence, for 

all our estimation purposes, PVP of molecular weight 40kDa was used as the stabilizer since 

it was found to least interfere in the detection process, while at the same time provide 

sufficient stability to the nanoparticle system. 
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Figure 3.15 Relative change (%) in OD of reaction mixture containing PVP-Au-NPs and 

500nM Hg2+ ions as a function of PVP % (w/v) (Inset: Relative change (%) in OD of reaction 

mixture containing PVP-Au-NPs and 500nM Hg2+ ions as a function of PVP molecular 

weight). 

 

3.4.5. Interference study and selectivity 
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of the metal ions were prepared and added to the PVP-Au NP system. While Ca2+, Cu2+ and 

Fe2+ showed no change in the LSPR band of Au NPs, addition of Cd2+ resulted in a slight 

decrease in intensity, but no shift in peak position or change in colour was observed. Addition 
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of a mixture of all the ions (final concentration of each being 500nM) to the Au NP system 

yielded a similar negligible decrease in band intensity (fig. 3.17). This can be explained based 

on the fact that Cd2+ is a relatively soft base compared to the other metal ions, though 

comparatively harder than Hg2+, and therefore can complex to some extent with PVP 

resulting in a minute decrease in LSPR band intensity. However, the effect is visible only at 

Cd2+ concentration as high as 500nM, which is the upper detection limit of our AuPVP based 

estimation technique. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 Interference study:  Absorption spectra of Au nps in (a) absence of metal ions (b) 

500nM Ca2+ (c) 500nM Cu2+ (d) 500nM Fe2+ (e) 500nM Cd2+ and (f) mixture of ions (500nM 

each) 
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of the PVP-Au NPs were investigated for two biologically relevant species, namely hydrogen 

peroxide and Hg2+ in aqueous solutions. A colorimetric method based on interaction of the 

oxidation product of o-PDA with radiolytically synthesized Au nanoparticles was developed 

for estimation of H2O2. H2O2 in the concentration range of 1 × 10-7 mol dm-3 to 2× 10-4 mol 

dm-3 can be estimated by this method by suitably tuning the reaction parameters. The 

detection limit for the proposed method was determined to be 1 × 10-7 mol. dm-3. The 

estimation of H2O2 using this particular system was found to be independent of the molecular 

weight of PVP. The PVP-Au-NPs system was also successfully employed as a highly 

sensitive and selective LSPR based optical sensor for estimation of nanomolar concentrations 

of Hg2+ ions in aqueous solutions. Parameters, such as pH of solution, molecular weight and 

concentration of stabilizer were found to influence the detection efficiency of the system. The 

system showed optimum efficiency under the reaction conditions: pH>10.0 and 0.1% PVP 

(40kDa) as the stabilizer for Au-NPs.  The presence of different metal ions, such as Ca2+, 

Cu2+, Cd2+ and Fe2+ did not interfere with the detection efficiency of the system within its 

detection range of 0-500nM Hg2+
 ion concentration. The LSPR based optical sensor system 

offers an easy, convenient and sensitive technique for estimation of Hg2+ ions in aqueous 

solutions, which has potential environmental applications. 
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Chapter 4:   A comparative study of the synthesis of Poly(n-vinyl-2- 

pyrrolidone) capped Ag nanoparticles by different radiation sources: 

application for estimation of uric acid 

 

4.1. Introduction 

The formation of metallic nanoparicles in solution initiated by γ-ray [146,147], 

electron beam [148,149] and X-ray [150-157] irradiation has been proved to be an alternative 

route for obtaining dispersed nanoparticles. Though irradiation using high energy radiation 

sources like gamma and electron beam is a well established technique, synchrotron radiation 

X-rays as an ionizing radiation source have been little explored for fabrication of metal 

nanoparticles. The possibility of synchrotron X-ray source for the direct reduction of gold 

precursor solutions was first explored by Rosenberg and co-workers [158]. The high flux and 

high energy of synchrotron X-rays can be utilized for reduction of metal ion precursor to 

generate metal nanoparticles in solution. The interaction of X-rays with aqueous medium is 

similar to that of γ -rays. The primary radicals generated via radiolysis of water by X-rays are 

eaq¯, H· and ·OH. The first two are reducing in nature while ·OH is an oxidizing radical. X-

ray irradiation method too offers the advantages of being a clean reaction system devoid of 

chemical reducing agents, better control over reaction parameters, rapid synthesis and high 

reduction yields due to the high X-ray flux. 

In recent years, the use of metal nanoparticles as analytical and bioanalytical sensors 

has been receiving significant attention because of their unusual optical, electronic, and 

chemical properties [159-161]. Large numbers of methods have been developed for the 

fabrication of metal nanoparticles. However, the major disadvantages in most of the methods 

include use of toxic reducing chemicals, poor nanoparticle size distribution, and the poor 

dispersion of the nanoparticles in the polymer host [162]. Radiolytic methods, thus, have 
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emerged as an efficient alternative technique for fast and one step synthesis of uniformly 

dispersed metal nanoparticles [112-114]. The reducing radicals generated in-situ during 

radiolysis of water, such as eaq
- and H·, are utilized to reduce metal ion precursors to metal in 

zero valent state. These metal atoms coalesce to form metal nanoparticles in presence of a 

capping agent. These nanoparticles can therefore be effectively employed as biosensors with 

minimum probability of interference from external additives. The use of a biocompatible 

polymer like Poly (N-vinyl-2-pyrrolidone) (PVP) as the capping agent [163,164] further 

enhances their viability to detect biologically relevant molecules without disturbing the 

natural environment of the biological samples in which the estimation is usually done. 

Localized surface Plasmon Resonance (LSPR)-based optical chemical sensors and 

biosensors are an appropriate, simplified, cheap and rapid alternative to more sophisticated 

detection techniques. The LSPR wavelength is extremely sensitive to the local environment 

around the nanoparticles, which facilitates their use as sensing devices [165]. In particular, 

this property can be utilized for highly sensitive detection of target molecules in medical 

applications. One such important application of nanoparticles has been made for the 

estimation of a biologically relevant molecule Uric acid. Uric acid represents the major 

catabolite of purine breakdown in humans. The normal concentration of uric acid in blood 

samples is reported to be in the range 150–420µM [166]. High levels of uric acid in the blood 

(hyperuricemia or Lesch-Nyhan syndrome) are linked with gout and other conditions 

including increased alcohol consumption, obesity, diabetes, high cholesterol, high blood 

pressure, kidney disease, and heart disease [167,168]. On the other hand, abnormally low uric 

acid levels are symptoms of diseases, such as multiple sclerosis [166]. Hence estimation of 

uric acid in blood can be used as a diagnostic tool for monitoring a large number of diseases. 

Furthermore, uric acid is an antioxidant in human adult plasma and is involved in various 

pathological changes [169]. In view of this, numerous techniques have been developed over 
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the years for detection and estimation of uric acid levels, which include enzymatic methods 

[170], spectrophotometry [171,172] electroanalysis [173], high performance liquid 

chromatography [174], fluorimetry [175,176] and chemiluminescence [177]. However, most 

of these methods suffer from limitations in terms of detection limits, temperature constraints 

or requirement of additional reagents. Radiolytically synthesized metal nanoparticles based 

sensors offer a simple, attractive and low cost alternative to these conventional estimation 

techniques. 

 The chapter highlights the synthesis of silver nanoparticles (Ag NPs) using high 

energy radiation sources, namely synchrotron X-ray, γ- ray and electron beam (EB) in 

presence of PVP as a stabilizing agent. The silver nanoparticles formed were characterized by 

UV-visible spectroscopy and TEM analysis. Effect of various reaction parameters, such as 

radiation dose, dose rate, concentration and molecular weight of the stabilizer and precursor 

ion concentration, on the morphology of the nanoparticles was also investigated. Ag NPs 

fabricated via gamma irradiation technique were subsequently employed as a LSPR based 

optical sensor system for estimation of uric acid. The technique is based on the catalytic 

oxidation of silver nanoparticles by hydrogen peroxide, which is generated in-situ during 

enzymatic degradation of uric acid in presence of enzyme uricase [178-182]. The method was 

successfully employed for estimation of uric acid concentration in bovine and human serum 

samples. 

 

4.2. Results and discussion 

4.2.1. Synthesis of polymer capped Ag nanoparticles by gamma, electron beam and 

synchrotron radiation sources and their characterization 

The interaction of ionizing radiation, such as γ-ray, X-ray and accelerated electron beam 

with aqueous solution is fully understood and well established. Water, being the major 
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component of an aqueous solution, absorbs most of the radiation energy and undergoes 

radiolysis. The radiolytic transient species formed, namely hydrated electron (eaq¯), hydrogen 

atom radical (H˙) and hydroxyl radical (˙OH) are highly reactive in nature. Eaq¯ and H˙ 

possess high reduction potentials and can reduce metal ions to lower valences or to atoms in 

the zero valent state. These metal atoms subsequently coalesce to form metal nanoparticles in 

presence of a capping agent, such as polymers, ligands, surfactants etc. The ˙OH radical, 

being oxidizing in nature can oxidize the metal atoms back to ions. Therefore, isopropyl 

alcohol is added to the system to scavenge the ˙OH radicals. Isopropyl alcohol reacts with 

˙OH radical to generate isopropyl radical, which is mildly reducing in nature and capable of 

reducing Ag+ as well. Thus, the overall atmosphere is turned into a reducing one by the 

addition of isopropyl alcohol to the system.  

Briefly, an aqueous solution containing 2X10-4 mol.dm-3 Ag+, 0.5% PVP (w/v) (Mw = 

40,000 Da), 2 X10-1 mol.dm-3 isopropanol was irradiated by exposing the solution to X-ray 

beam for an absorbed dose of 2 kGy (time of irradiation=63s). The formation of Ag NPs was 

indicated by development of yellow color in the solution. The Ag NPs formed were 

characterized by measuring their UV-visible spectra after appropriate dilution. Fig. 4.1 

presents the evolution of the LSPR band of Ag NPs with increasing duration of irradiation. 

The yield of Ag NPs formed increased with the increase in radiation dose, manifested by an 

increase in intensity of the LSPR band. The absorption maxima (γmax) was centred at ~411nm 

and the saturation dose required to achieve near complete reduction of 2X10-4 mol.dm-3Ag+ 

in aqueous PVP solution was estimated to be 2kGy (irradiation time=63s).  

The Ag NPs formed were further characterized by TEM analysis. Fig.4.2 highlights the 

TEM image of Ag NPs prepared by X-ray irradiation. The particles were observed to have a 

broad size distribution with average size in the range 10-15nm.  
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The precursor solutions for γ and EB-irradiations were maintained at the same 

concentration; however, prior to γ-radiation, the precursor solution was deaerated by N2 

purging. The UV-visible spectra of Ag NPs fabricated via gamma irradiation under similar 

experimental conditions are presented in Fig. 4.3. The saturation dose was determined to be 

1.7 kGy, which is close to that obtained in X-ray irradiation method. The yield of the Ag 

NPs, manifested by the intensity of characteristic LSPR band of Ag NPs, increased with 

increase in absorbed radiation dose till all precursor AgI ions were exhausted. However, the 

LSPR peak in this case was observed to be narrower with γmax at ~401nm. This indicated 

formation of smaller sized particles with narrow size distribution in case of γ-radiolysis, 

compared to those obtained by X-ray radiolysis. This observation was further substantiated 

by the TEM analysis of Ag NPs synthesized by γ-irradiation. Fig. 4.4 shows the TEM image 

of the freshly prepared PVP-capped-Ag nanoparticles. Ag NPs formed in PVP are mainly 

spherical in nature and exhibit narrow size distribution with average particle size in the range 

of 8-10 nm. Particle size analysis also revealed the particles obtained by radiolytic process to 

be of uniform size distribution with average hydrodynamic diameter of around 11nm. Fig. 

4.16a represents the AFM image of the PVP-capped-Ag nanoparticles, which also verifies the 

spherical nature of the nanoparticles generated. The results obtained in case of EB irradiation 

method were observed to be similar to those obtained in the case of γ-irradiation.  

The smaller size of Ag NPs obtained via gamma irradiation method can be attributed to 

the isotropic irradiation offered by the cylindrical design of the gamma chamber, which leads 

to uniform irradiation of the precursor solution. This results in the formation of a large 

number of seeds at any given instant, thereby limiting the precursor ion supply and 

subsequently restricting the growth of the nuclei to yield small, uniform sized particles. A 

similar trend is observed in case of EB irradiation technique. However, in the case of X-ray 

irradiation, the linear geometry of the beam and its restricted size leads to non homogeneous 



energy deposition along the beam

inhomogeneous rate of precursor ion reduction along the beam. Thus, the quantity of seeds 

formed in this irradiation method is substantially lower, resulting in

sized particles   

 

 

 

 

 

 

 

 

 

Fig. 4.1 Absorption spectra of aqueous Ag nanoparticles in PVP prepared by X

irradiation for different irradiation time: (a) 12s, (b) 23

mol.dm-3, [PVP]= 0.5%, [Isopropanol]=2X10

 

 

 

 

 

 

 

 

 

 

          Fig. 4.2 TEM image of Ag nanoparticles in PVP prepared by X
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energy deposition along the beam-solution interception. This culminates in an 

inhomogeneous rate of precursor ion reduction along the beam. Thus, the quantity of seeds 

formed in this irradiation method is substantially lower, resulting in the formation of larger 

Absorption spectra of aqueous Ag nanoparticles in PVP prepared by X

irradiation for different irradiation time: (a) 12s, (b) 23sec, (c) 41s, (d) 63s; [Ag

, [PVP]= 0.5%, [Isopropanol]=2X10-1 mol.dm-3, dose rate= 113.7kGy.h
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Absorption spectra of aqueous Ag nanoparticles in PVP prepared by X-ray 
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Fig. 4.3   Absorption spectra of aqueous Ag nanoparticles in PVP prepared by 

for different absorption dose: (a) 1kGy, (b) 1.3kGy, (c) 1.6kGy; [Ag

[PVP]= 0.5%, [Isopropanol]=2X10

 

 

 

 

 

 

 

 

 

 

                  Fig. 4.4 TEM image of Ag nanoparticles in PVP prepared by 
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Absorption spectra of aqueous Ag nanoparticles in PVP prepared by γ

for different absorption dose: (a) 1kGy, (b) 1.3kGy, (c) 1.6kGy; [Ag+]=2X10

[Isopropanol]=2X10-1 mol.dm-3, dose rate= 4.0kGy.h-1 

TEM image of Ag nanoparticles in PVP prepared by γ-irradiation 
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Absorption spectra of aqueous Ag nanoparticles in PVP prepared by γ-irradiation 
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4.2.2. Effect of variation of precursor ion concentration  

Fig. 4.5, Fig. 4.6 and Fig. 4.7 present the UV-visible spectra of Ag NPs, synthesized 

by X-ray, γ-ray and EB irradiation methods respectively, for Ag+ concentration variation 

within the range of 1X10-4 mol.dm-3 to 4X10-4 mol.dm-3. The concentrations of all other 

reactants were kept undisturbed. The λmax was observed to be red shifted with increase in Ag+ 

concentration in case of X-ray (Fig. 4.5) and γ-irradiation (Fig. 4.6) methods, whereas it 

underwent a blue shift in case of EB-irradiation method (Fig. 4.7). This implied that the Ag 

NPs size increased with increase in Ag+ concentration in case of X-ray and γ-irradiation, 

whereas it decreased in the case of EB irradiation. The increase in particle size at higher 

precursor concentration has been reported earlier. However, decrease in size in case of EB-

irradiation method can be explained on the basis of the very high dose rates delivered by E-

beam. This results in the formation of a large number of nuclei within a short time span. With 

limited precursor ion concentration, the size of the clusters formed also gets restricted, 

resulting in the formation of smaller sized particles.  

 

 

 

 

 

 

 

 

Fig. 4.5 Absorption spectra of aqueous Ag nanoparticles in PVP prepared by X-ray 

irradiation for different Ag+ concentration: (a) 1X10-4 mol.dm-3, (b) 2X10-4 mol.dm-3, (c) 

3X10-4 mol.dm-3, (d) 4X10-4 mol.dm-3; dose = 1.0kGy, 2.0kGy, 3.0kGy, 4.0kGy respectively; 

[PVP]= 0.5%, [Isopropanol]=2X10-1 mol.dm-3, dose rate= 113.7kGy.h-1 
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Fig. 4.6 Absorption spectra of aqueous Ag nanoparticles in PVP prepared by γ-irradiation for 

different Ag+ concentration: (a) 1X10-4 mol.dm-3, (b) 2X10-4 mol.dm-3, (c) 3X10-4 mol.dm-3, 

(d) 4X10-4 mol.dm-3; dose=1.0kGy, 2.0kGy, 3.0kGy, 4.0kGy respectively; [PVP]= 0.5%, 

[Isopropanol]=2X10-1 mol.dm-3, dose rate= 4.0kGy.h-1 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 Absorption spectra of aqueous Ag nanoparticles in PVP prepared by EB- irradiation 

for different Ag+ concentration: (a) 1X10-4 mol.dm-3, (b) 2X10-4 mol.dm-3, (c) 3X10-4 

mol.dm-3, (d) 4X10-4 mol.dm-3; dose=1.0kGy, 2.0kGy, 3.0kGy, 4.0kGy respectively; [PVP]= 

0.5%, [Isopropanol]=2X10-1 mol.dm-3, dose rate=2.0 kGy/pass 
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4.2.3. Effect of PVP concentration 

In order to investigate the role of PVP in stabilization of Ag NPs, the Ag NPs were 

synthesized with different concentrations of PVP as stabilizers. The PVP concentration was 

varied from 0.1% to 2% (w/v) in X-ray, γ-ray and EB irradiation methods, results are shown 

in Fig. 4.8, Fig. 4.9 and Fig. 4.10 respectively. The concentrations of all other reactants were 

kept identical. There was no appreciable shift observed in the λmax position with increase in 

PVP concentration in case of X-ray (Fig. 4.8) and γ-ray irradiation methods (Fig. 4.9), 

whereas it was red shifted in EB-irradiation method (Fig. 4.10). This inferred a marginal 

increase in average particle size at higher PVP concentrations in case of EB-irradiation 

method. However, in all the three cases, the FWHM decreased with increase in PVP 

concentration, which implied formation of Ag NPs with narrow size distribution at higher 

PVP concentrations in all three cases. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 Absorption spectra of aqueous Ag nanoparticles in PVP prepared by X-ray 

irradiation for different PVP concentration: (a) 0.1%, (b) 0.5%, (c) 1%, (d) 2% (w/v); 

[Ag+]=2X10-4 mol. dm-3, [Isopropanol]= 2X10-1 mol.dm-3, dose= 2.0kGy, dose rate= 

113.7kGy.h-1 
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Fig. 4.9 Absorption spectra of aqueous Ag nanoparticles in PVP prepared by γ-irradiation for 

different PVP concentration: (a) 0.1%, (b) 0.5%, (c) 1%, (d) 2% (w/v); [Ag+]=2X10-4 

mol.dm-3, [Isopropanol]= 2X10-1 mol.dm-3, dose=2.0kGy, dose rate= 4.0kGy.h-1 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10 Absorption spectra of aqueous Ag nanoparticles in PVP prepared by EB-irradiation 

for different PVP concentration: (a) 0.1%, (b) 0.5%, (c) 1%, (d) 2% (w/v); [Ag+]=2X10-4 

mol.dm-3, [Isopropanol]= 2X10-1 mol.dm-3, dose=2.0kGy, dose rate= 2.0 kGy/pass 
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4.2.4. Effect of dose rate on nanoparticle formation in EB-irradiation  

The effect of variation of dose rate on the NPs morphology was studied in case of EB-

irradiation method by irradiating the precursor solution under two dose rate conditions, i.e., 

2.0 kGy/pass and 1.0 kGy/pass. The absorption spectra of Ag NPs solution at the two dose 

rates are shown in Fig. 4.11. There was no shift in peak position with change in dose rate. In 

other words, the size of NPs produced was independent of the dose rate in case of EB-

irradiation method under high dose rate conditions. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Absorption spectra of aqueous Ag nanoparticles in PVP prepared by EB-irradiation 

for different absorption dose rates: (a) 2.0 kGy/pass, (b) 1.0 kGy/pass; [Ag+]=2X10-4 mol.dm-

3, [PVP]= 0.5%, [Isopropanol]= 2X10-1 mol.dm-3
 

 

4.2.5. Estimation of uric acid 

Uric acid undergoes enzymatic degradation in presence of enzyme Uricase under 

optimum assay conditions of 370C and pH 7.4 (Fig. 4.12). This pH is also relevant because it 

represents the physiological pH of biological fluids, i.e., urine or blood serum. Hydrogen 
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peroxide is generated as one of the reaction products, which is known to be a strong oxidizing 

agent. This, in turn, causes oxidation of silver nanoparticles resulting in a decrease in 

intensity of the LSPR band.  

 

 

 

               Fig. 4.12 Enzymatic degradation of uric acid in presence of Uricase. 

 

Fig. 4.13 shows the changes in the LSPR optical characteristics of Silver nanoparticles 

with time due to introduction of uric acid and uricase into the system. It was observed that 

with increasing time, the bright yellow color of silver nanoparticles gradually faded and the 

solution turned almost transparent. The relationship between absorbance strength change and 

time is illustrated in fig. 4.13 inset.  In order to confirm that the LSPR absorbance change was 

caused only in the presence of uric acid, phosphate buffer and deionized water alone were 

separately introduced into the nanoparticle solution and the spectra monitored with time; no 

spectral change was observed in either case. 
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For the evaluation of Ag-PVP solution as a uric acid biosensor, different concentrations 

of uric acid (10 to 100 µM) were taken in 25mL conical flasks and 0.2 mL of 0.137mg/mL 

Uricase stock solution was added to each of them. The resultant mixtures were diluted to 

6.25mL with 20mM phosphate buffer and incubated at 370C for 20 minutes. The course of 

the enzymatic reaction was followed by monitoring the absorbance peak of uric acid at 

293nm, whose intensity decreases with time (Fig. 4.14). Subsequently, 3.75mL of 4×10-4 mol 

dm-3Ag nanoparticle solution (final concentration being 1.5×10-4 mol dm-3) was added to 

each of the flasks and the mixtures allowed to stand at room temperature for another 60 

minutes. The UV-Visible spectra were recorded thereafter in the wavelength range 250-

650nm.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13 Absorption spectra of 150 µM Ag nanoparticle solution in presence of 50µM uric 

acid after (a) 0 min, (b) 5 min, (c) 20 min, (d) 45 min, (e) 60 min. Inset: absorbance strength 

of Ag nanoparticles solution containing uric acid as a function of time. 
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Fig. 4.14 Absorption spectra of uric acid solution in presence of Uricase after (a) 0 min, (b) 5 

min, (c) 10 min, (d) 15 min, (e) 20 min 

 

Fig. 4.15 shows the variation in UV-Visible spectra of the silver nanoparticles with 

increasing concentration of uric acid. It was observed that intensity of the LSPR band 

decreases gradually with increase in uric acid concentration. The decrease was accompanied 

by a slight red shift in the absorption maxima of the band, which is attributed to the partial 

oxidation of nano-Ag [183-186]. The shift in λmax might also be due to the slight aggregation 

caused by the destruction of the PVP shell stabilizing the nanoparticles, followed by decrease 

in the distance between the nanoparticles [187]. This is evident from the TEM images of Ag-

NPs recorded before and after addition of uric acid (fig. 4.16a and 4.16d). While the control 

(Ag-NPs) exhibited an average particle size of 5.1 ± 1.6 nm, those in presence of uric acid 

were found to have bigger particle size of 15.4 ± 4.6 nm. Particle size analyzer data also 

reveals an increase in average hydrodynamic diameter of the Ag nanoparticles after addition 

of 20µM uric acid in presence of uricase. AFM analysis was also carried out to study the 

effect of addition of uric acid-uricase system to the PVP-Ag-NPs. Fig. 4.17a and 4.17b 

present the AFM images of PVP-Ag-NPs before and after addition of uric acid-uricase 
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system. Introduction of uric acid and subsequent generation of hydrogen peroxide in the 

medium resulted in partial decomposition of the polymer layer leading to the aggregation of 

the Ag colloids, which is evident from bigger particle size and the blurring of the boundaries 

existing between the individual particles.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 4.15 Absorption spectra of Ag nanoparticle solution (PVP, Mol wt.= 40kD) in presence 

of different concentration of uric acid, after 60 min: (a) 0 µM, (b) 10 µM, (c) 20 µM, (d) 30 

µM, (e) 40 µM, (f) 50 µM. Inset: Linear plot of absorbance of Ag nanoparticle vs uric acid 

concentration (R2=0.9964), uric acid concentration range= 0 to 5×10-5 mol.dm-3. 
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Fig. 4.16 TEM micrograph of Ag nanoparticles prepared using PVP of molecular weight 

40kD (a) before addition of uric acid (b) after addition of uric acid 

 

 

50nm 50nm 
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Fig. 4.17 AFM images of Ag nanoparticles prepared using PVP (Mol wt.= 40kD)  (a) before 

addition of uric acid (b) after addition of uric acid 

 

The PVP-Ag-NPs were further characterized by zeta potential measurement. The 

magnitude of the zeta potential gives an indication of the stability of the nanoparticle 

suspension system. If all the particles in suspension have a large negative or positive zeta 

potential, they tend to repel each other and there will be less tendency for the particles to 

come together to form agglomerates. Therefore, the decrease in the magnitude of zeta 

potential indicates the tendency of the particles to form agglomerates [188]. In addition, zeta 

potential also indicates the presence of an oxidized surface layer. Zeta potential 

measurements for the samples were therefore carried out to further confirm the partial 

oxidation of the silver nanoparticles by in situ generated hydrogen peroxide. The zeta 

potential for the control, i.e., PVP-Ag-NPs solution was found to be −29.6 mV at pH = 7.4 

(Fig. 4.18 inset). However, with increase in uric acid concentration, the zeta potential values 

were found to become less negative. This is probably due to partial neutralization of the 

negative charge by Ag+ ions generated via partial oxidation of Ag NP caused by H2O2 

generated in situ in uric acid–uricase reaction system (Fig. 4.18). It has been well established 

that electrostatic stabilization of nanoparticles would typically require a zeta potential above 

(a) (b) 



30 mV or below −30 mV [189].

suggested that the stability of the PVP

by the PVP polymer. Unlike electrostatic stabilization, steric stabilization with nonionic 

polymers is independent of pH and electrolyte con

stabilization is useful for prevention of agglomeration of nanoparticles in 

media. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.18 Zeta potential of Ag nanoparticle as a function of uric acid. Inset:  Zeta potential 

curve for Ag nanoparticle solution without uric acid.

 

4.2.6. Generation of calibration curve

The calibration curve for estimation of uric acid by PVP

established by plotting the absorbance (OD) of SPR band of Ag nanoparticles as a function of 

uric acid concentration (Fig. 4.15

the concentration range of 0–50µM uric acid and can be represented by Eq. (5) 
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[189]. Therefore, in the present study the values of zeta potentials 

suggested that the stability of the PVP-Ag-NPs suspension was based on steric stabili

by the PVP polymer. Unlike electrostatic stabilization, steric stabilization with nonionic 

polymers is independent of pH and electrolyte con-centration. Accordingly, steric 

stabilization is useful for prevention of agglomeration of nanoparticles in 

Zeta potential of Ag nanoparticle as a function of uric acid. Inset:  Zeta potential 

curve for Ag nanoparticle solution without uric acid. 

Generation of calibration curve 

The calibration curve for estimation of uric acid by PVP-Ag-NPs sensor system was 

established by plotting the absorbance (OD) of SPR band of Ag nanoparticles as a function of 

ic acid concentration (Fig. 4.15 inset). The response was found to be linear (R2

50µM uric acid and can be represented by Eq. (5)  

20 30 40 50

[Uric Acid] (mM)

Therefore, in the present study the values of zeta potentials 

NPs suspension was based on steric stabilization 

by the PVP polymer. Unlike electrostatic stabilization, steric stabilization with nonionic 

centration. Accordingly, steric 

stabilization is useful for prevention of agglomeration of nanoparticles in physiological 

Zeta potential of Ag nanoparticle as a function of uric acid. Inset:  Zeta potential 

NPs sensor system was 

established by plotting the absorbance (OD) of SPR band of Ag nanoparticles as a function of 

2 = 0.9964) in 
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                                  OD = 1.480 − 0.012[uric acid] (5)  

The detection limit of the system was found to be 5µM of uric acid. The calibration curve 

was further used for the determination of unknown concentrations of uric acid in bovine and 

human serum samples.  

4.2.7. Estimation of uric acid in bovine and human serum samples 

The concentration of uric acid in serum samples is normally found in the micromolar 

range. Therefore, the method described earlier was effectively applied for determination of 

uric acid concentration in serum samples. To minimize interference from proteins present in 

the serum sample, 5mL of bovine serum sample was initially heated at 900C to initiate 

denaturation of the proteins. After cooling down to room temperature, the resultant mixture 

was centrifuged at 4000rpm for 5 minutes to separate denatured proteins. The supernatant 

was removed and filtered using a 45micron syringe filter. The volume of the filtrate was 

made up to the original volume using 20mM phosphate buffer and divided in to two parts of 

1 mL each. The first part of the filtrate was subjected to the uric acid estimation protocol 

using PVP-Ag biosensor system, as described earlier. The second part of the filtrate was 

diluted ten times and its UV-Visible spectrum was recorded for background correction of the 

SPR band of the sample. The same procedure was adopted in case of bovine serum sample. 

The concentrations of uric acid in both human and bovine serum samples were estimated 

from the calibration plot (Fig. 4.15 inset). The interference of ions, such as chlorides, 

sulphates, chlorides and sulphates in the uric acid estimation process may be ignored in this 

case where the silver nanoparticles have been sterically stabilized using PVP, as the effect of 

the ions on the LSPR band of Ag-NPs becomes prominent only in case of electrostatically 

stabilized systems, such as citrate stabilized Ag nanoparticles [190,191]. For comparison 

purpose, a commercial colorimetric uric acid assay kit (Quantichrom Uric Acid Assay Kit-

DIUA-250) was used to estimate the uric acid in the samples under similar reaction 
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conditions. Table 4.1 presents the results obtained from the proposed PVP-Ag-NPs biosensor 

and those obtained from the comparison method for three different human serum samples 

(HS-1, HS-2 and HS-3). A one sample T-test was performed to test the null hypothesis and 

the results are presented in Table 4.1. The absolute values of the estimated t were lower than 

the critical t value (α= 0.05, df = 4) of 2.776, which suggested that the results obtained using 

the pro-posed method, were not significantly different from those obtained by the comparison 

procedure at a 95% confidence level. A one-way ANOVA F-test was also performed on the 

results obtained from proposed method and comparison method for three human serum 

samples in order to check the null hypothesis (Table 4.1). In this case, Fcrit(1,4) = 7.71 at  α= 

0.05. The p and F values obtained from the ANOVA F-test were 0.97 and 0.001, respectively. 

Since p > ˛ and F < Fcrit, it can be concluded that the uric acid concentration estimated by our 

proposed method is not significantly different from that obtained with the comparison method 

at 95% level of significance. The concentration of uric acid in bovine serum sample was 

estimated to be 181 ± 3.7µM (average ± standard deviation) by using the proposed method. 

This was also found to be in reasonably good agreement with the measured value of 190µM 

determined using the commercial kit method. 

 

Table 4.1 Determination of uric acid in human serum samples using proposed method and 

comparison method; results of one sample T-test and one way ANOVA F-test. 

Sample 
(Human 
serum) 

       Uric acid concentration (µM) One sample t-
test  

 
t(α=0.05, n=5) 

One way ANOVA  
F-test 

Other Methoda Proposed methodb p F 

HS-1 

HS-2 

HS-3 

185 

153 

243 

180±4.4 

149±4.1 

248±4.9 

-2.54 

-2.18 

+2.28 

0.97 

 

 

0.001 

 

 

a. Other method: QuantiChrom Uric Acid Assay Kit (DIUA-250) 

b. Average ± standard deviation (for 5 determinations)                   
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4.2.8. Effect of PVP molecular weight on sensor properties: Detection principle 

The experiments discussed earlier had been carried out using silver nanoparticles 

synthesized using PVP of molecular weight 40kD as the capping agent. In order to study the 

effect of PVP molecular weight on the sensor properties of Ag nanoparticles, similar 

experiments were conducted using PVP of molecular weights 160kD and 360kD. For higher 

molecular weight PVPs, decrease in absorbance with increase in uric acid concentration was 

found to be very low for low uric acid concentrations, when the spectra were recorded after 

60 min (Fig. 4.19). However, on recording the spectra again after 8 h, significant decrease in 

absorbance was observed for the system where PVP of molecular weight 160 kD was used as 

the capping agent (Fig. 4.20); though no change in spectral characteristics was observed after 

8 h in case of PVP-Ag system with PVP of molecular weight 360 kD as the capping agent 

(data not shown). The calibration plots for PVP-Ag sensor systems with higher molecular 

weight PVP were found to exhibit poor linearity as compared to that with PVP of molecular 

weight 40 kD (Fig. 4.17 inset, Fig. 4.19 inset). R2 values were found to be 0.9964, 0.8826 and 

0.7730 for PVP with molecular weights 40 kD, 160 kD and 360 kD, respectively. This 

implies that the oxidation and degradation of silver nanoparticles became progressively 

slower when PVP of higher molecular weights was used as capping agents. High molecular 

weight PVPs (160 kD and 360 kD) have longer polymeric chains, which wrap around the Ag 

clusters and effectively shield them from external oxidizing agents. However, lower 

molecular weight PVP (40 kDa) has comparatively shorter polymeric chains and hence its 

ability to stabilize Ag clusters is also less. Therefore, Ag in such cases is more accessible to 

hydrogen peroxide, which causes significant oxidation of the Ag atoms present on the surface 

of the clusters, resulting in a decrease in the absorbance of the SPR band.   
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Fig. 4.19 Absorption spectra of Ag nanoparticle solution (PVP, Mol wt.= 160kD) in presence 

of different concentration of uric acid, after 60 min: (a) 0 µM, (b) 10 µM, (c) 20 µM, (d) 30 

µM, (e) 40 µM, (f) 50 µM. Inset: Linear plot of absorbance of Ag nanoparticle vs uric acid 

concentration (R2=0.8826), uric acid concentration range= 0 to 5×10-5 mol.dm-3. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.20 Absorption spectra of Ag nanoparticle solution (PVP, Mol wt.= 160kD) in presence 

of different concentration of uric acid, after 8 hrs: (a) 0 µM, (b) 10 µM, (c) 20 µM, (d) 30 

µM, (e) 40 µM, (f) 50 µM. Inset: Linear plot of absorbance of Ag nanoparticle vs uric acid 

concentration (R2=0.9679), uric acid concentration range= 0 to 5×10-5 mol.dm-3. 
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4.3. Conclusions 

The application of X-ray irradiation induced reduction of aqueous metal ions was 

explored as a probable tool for fabrication of metal nanoparticles in addition to gamma and 

E-beam irradiation techniques. A comparative study of the three techniques revealed a more 

poly-dispersed particle size distribution for Ag NPs synthesized using X-ray irradiation 

compared to those obtained using gamma ray irradiation and EB-irradiation methods. 

Parameters such as precursor ion concentration, stabilizer molecular weight and 

concentration were found to play a crucial role in deciding the morphology of the particles 

formed.  A novel biosensor was subsequently designed using PVP-Ag-NPs synthesized via 

gamma radiolytic method, and demonstrated for estimation of uric acid in biological samples. 

No external reducing agent has been used in this method. A colorimetric method based on 

oxidation of PVP stabilized Ag nanoparticles by in situ generated hydrogen peroxide has 

been developed for estimation of uric acid. Linear range of detection of uric acid by this 

technique was found to be 0 to 5 × 10−5 mol.dm−3 with minimum detection limit of 5 ×10−6 

mol.dm−3. The molecular weight of the capping agent PVP was found to play a crucial role in 

the efficacy of the PVP-Ag-NPs system as a sensor for uric acid estimation; lower the 

molecular weight of PVP, faster and better the response towards sensing the uric acid. 

Further, this method was also effectively employed to determine concentration of uric acid in 

actual biological fluids, namely bovine and human serum samples. T-tests and F-test carried 

out on the analysis results demonstrated that the proposed method offers reasonably good 

accuracy and precision in case of real samples. The PVP-Ag-NPs system was also observed 

to possess a shelf life of more than six months when stored at 40C. This novel detection 

method using nanomaterials has potential applications in medical and environmental 

monitoring as a simplified, low cost biosensor for uric acid estimation in the micro-molar 

range. 
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Chapter 5: Radiation induced fabrication of metal 

nanoparticles/inorganic fillers based polymer nanocomposite films for 

optical limiting and flame retardant applications 

 

5.1. Introduction  

Inorganic-Organic hybrid nanocomposite materials have received great attention from 

the industrial community because of their wide range of novel physical properties. Relative to 

virgin polymer or conventional composites, polymer nanocomposites show significant 

improvement in certain material properties, such as barrier property, enhanced mechanical 

properties, optical limiting properties etc. In particular, metal nanoparticles based 

nanocomposite materials have found wide application in recent years as optical limiting 

materials. The widespread use of high power lasers operating over a wide range of 

wavelengths and pulse durations and the increase in the applications of lasers has led to a 

surge in the need for optical limiters, which are indispensible in the context of protection of 

optical components and the human eye from laser-induced damages. An ideal optical limiter 

is defined as a device which exhibits appreciable linear transmission below a threshold input 

fluence and a constant transmission above it [192]. Although numerous materials have been 

discovered and developed over the years as optical limiters, including materials such as 

phthalocyanines, porphyrins, fullerenes, carbon nanotubes, organic dyes etc. [193-198], metal 

nanoclusters based nanocomposites stand out as one of the best options owing to their unique 

non linear optical properties, such as two-photon absorption (TPA), saturable absorption 

(SA), reverse saturable absorption (RSA), and self-focusing/defocusing arising from 

nonlinear refraction [199-205]. Metal nanoparticles (NPs) dispersed in polymer matrices 

combine the properties of both the inorganic and polymer components, thereby yielding 

significantly enhanced performances [206]. The polymer matrix provides the platform for 
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maintaining the size, shape and dispersion of the metal nanoparticles- parameters which play 

a vital role in deciding the properties exhibited by the particles. At the same time the polymer 

matrix also provides additional qualities, such as processability, solubility or thermal stability 

to the system. 

Another important application of polymer nanocomposite materials is in the field of 

flame retardants. Early flame retardants included use of halogenated compounds. But these 

are currently being phased out because of environmental concerns [207,208]. Alternatively, 

metal hydroxides [209-211] and intumescent flame retardant (IFR) [212,213] additives, as 

main halogen-free flame retardants (HFFR), have also attracted considerable attention. 

However, large loadings of IFR additives and metal hydroxides are usually needed (>60 wt 

%) in the polymer matrix to get high flame retardancy, which leads to significant loss in the 

mechanical properties of the polymer. Hence, layered silicates (clay)-polymer 

nanocomposites containing modified organophilic clay as nano fillers have been the focus of 

research over the past few years owing to their unique flame retardant properties [214-217].  

The addition of clay to organic polymers differs from conventional blending of non-

swellable inorganic fillers into polymers, as the clay nanofiller interacts with the organic 

matrix at a nano-scale level, and the final structure depends largely on the extent of 

intermixing and compatibility between the organic and the inorganic phases. Clay is 

identified as an inexpensive, environmentally benign nanofiller material with unique, 

mechanical, barrier and rheological properties. On adding just a tiny amount of clay to the 

polymer matrix, these new-generation composite materials exhibit significant decrease in the 

peak heat release rate (PHRR), change in the char structure, and decrease in the mass loss rate 

during combustion in the cone calorimeter [218-225]. It does not have the usual drawbacks 

associated with other fire retardant additives. Moreover, these PCN materials exhibit 

increased physical, thermal and mechanical properties [226-230]. 
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Polyurethanes are the most widely used polymers in the field of polymer 

nanocomposites. The overwhelming popularity of polyurethane as the base matrix is due to 

its unique properties such as excellent abrasion resistance, flexibility, hardness, chemical 

resistance, solvent resistance, light stability and weatherability, and wide range of 

applications, including in the field of adhesives, foams, textiles, membranes, elastomers and 

rubber adhesion promoters, besides in coatings [231,232]. Inclusion of nanofillers into these 

polyurethane matrices leads to further enhancement in their thermal and mechanical 

properties, thereby expanding the scope of their application into more diverse fields. Hence, 

for all our applications polyurethane based oligomers were used as the base matrix. 

Mechanical noncovalent blending, including melt blending and solution blending, is 

usually used for the fabrication of polymer composites. In case of metal nanoparticles based 

polymer composites, fabrication is mostly done by mixing preformed nanoparticles with the 

polymer in solution and casting the composite films (ex-situ). However, these methods put 

severe limitations on the homogeneous dispersion and interaction of the fillers with the base 

matrix. Therefore, in recent years focus has been shifted to the use of high energy radiation 

sources for engineering polymer nanocomposite materials. Compared to conventional 

techniques, the major advantages of using high energy radiation, including electron beam or 

gamma irradiation, for curing, are that these are pollution-free, high efficiency techniques 

that impart long service life, uniform cross-linking degree, and excellent heat-resistance and 

cold-resistance properties to the materials [233,234]. Moreover, inorganic/organic 

nanocomposites containing inorganic nanofillers fabricated using radiation curing method 

were found to exhibit distinctly enhanced properties compared to conventionally prepared 

materials [235]. In the case of metal-polymer nanocomposites, this technique facilitates in 

situ generation of metal nanoparticles in the polymer matrices [236,237]. Variation of 

parameters such as the radiation dose, dose rate and metal/polymer ratio allows easy control 
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over the size and dispersion of the metal nanoparticles as well as the overall properties of the 

nanocomposite material.  

In this chapter, fabrication of flexible silver nanoparticles-polyurethane acrylate based 

polymer nanocomposite films (PNCs), possessing optical limiting properties, via electron 

beam irradiation route has been discussed. Aliphatic urethane acrylate was used as the base 

matrix. A 2Mev Electron beam source was used to achieve curing of the coating formulations 

by subjecting the samples to an optimized radiation dose. The PNC samples were 

characterized in detail and tested for their optical limiting properties using a Nd-YAG Laser 

operated at third harmonic wavelength of 355nm with 25ns pulse and 10 Hz cycle. The 

chapter also discusses the synthesis of modified montmorillonite clay based nanocomposite 

films using the same polymer matrix and study of their various properties including flame 

retardant property. A 60Co Gamma chamber was used to achieve curing of the coating 

formulations by subjecting the samples to an optimized radiation dose.  

5.2. Fabrication of nanocomposite films 

Radiation curing of polymers using ionizing radiation is an established technique for 

fabrication of polymer coatings and films. Therefore, this technique was adopted to fabricate 

uniform nanocomposite polymer films containing modified clay/ insitu generated metal 

nanoparticles as nanofillers. Aliphatic urethane acrylate (AUA) was chosen as the base 

matrix (fig. 5.1a). Trimethylolpropane triacrylate (TMPTA) (fig. 5.1b) was used as the 

reactive diluent, which not only regulates the viscosity of the oligomer but also serves as a 

crosslinker by virtue of its three functional acrylate groups that help form connecting bridges 

between the polymer chains during the process of radiation induced curing of the oligomer.  

 

 



~ 99 ~ 

 

5.2.1. Synthesis of Ag NPs/polyurethane acrylate based films 

The precursor ion stock solution of silver nitrate was prepared in methanol as the 

solvent because of its ready miscibility with the oligomer-diluent reaction mixture. The 

AUA-TMPTA ratio was maintained at 4:1 to achieve optimum viscosity and to ensure 

maximum crosslinking between the polymeric chains. Three different volumes of Ag+ ion 

solution were added to 5g AUA-TMPTA mixtures to arrive at final Ag+ ion concentrations of 

8, 15 and 30mM.  Radiation doses were optimized at 150kGy to achieve non tacky 

homogeneous polymeric films in which Ag NPs were generated in situ via radiolytic 

reduction of the precursor Ag+ ions.  

5.2.2. Synthesis of organophilic clay/polyurethane acrylate based films 

Cloisite 20A, a montmorillonite clay, modified with an organic modifier (fig 5.1c) 

and Cloisite 30B, a montmorillonite clay, modified with an organic modifier (fig 5.1d) were 

used as nanofillers to impart flame retardant properties to the polymer films. These modified 

montmorillonite clay samples in different concentrations (%w/w) were added to an optimized 

mixture (4:1) of AUA and TMPTA. To achieve uniform dispersion of the filler in the coating 

formulation, each of the samples was subjected to probe ultrasonication (Q700, Qsonica, 

USA) for 30 min. The formulations obtained were coated onto glass substrates and subjected 

to γ -radiation for a total absorbed dose of 150kGy to obtain non-tacky, homogeneous PCN 

thin films under aerated condition. The thickness of the EB cured coatings was found to be 

~100 µm as estimated by a thickness gauge ‘coat measure M12’ (Yuyutsu, JAPAN). 
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Fig. 5.1 Chemical structure of (a) Oligomer-Aliphatic urethane acrylate (AUA) (b) Reactive 

diluent-Trimethylolpropanetriacrylate (TMPTA) (c) Organic modifier for Cloisite 20A 

(where HT: hydrogenated Tallow) and (d) Organic modifier for Cloisite 30B (where T: 

Tallow) 

 

5.2.3. Characterization of Ag based films 

The formation of Ag NPs in the polymer matrix was confirmed by the bright yellow 

colour generated in the film as compared to the colorless control polymer film. UV-visible 

spectroscopy of the films were carried out [fig 5.2] which show characteristic narrow Surface 

Plasmon Resonance (SPR) band of Ag NPs at ~420nm, thereby confirming the formation of 

more or less uniform sized, spherical silver nanoparticles within the polymer matrix. The 

intensity of the SPR band increased proportionately with increase in the Ag concentration of 

the PNC film. 
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Fig 5.2 UV-Vis spectra of PNCs containing(a) 8mM (b) 16mM and (c) 30mM Ag NPs as 

fillers  

 

Fig 5.3 presents the TEM image of the in situ generated Ag NPs. TEM analysis 

clearly indicated formation of uniformly dispersed spherical nanoparticles with average 

particle size of 6-8nm 

 FE-SEM image shown in fig 5.4 also confirms the formation of uniform sized 

spherical Ag NPs embedded in the polymer matrix. 
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              Fig. 5.3 TEM image of Ag NPs embedded in AUA-TMPTA PNC film 

 

 

 

 

 

 

 

 

 

 

   

          Fig. 5.4 FE-SEM image of Ag NPs embedded in AUA-TMPTA PNC film 
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5.2.4. Evaluation of Optical limiting property: proposed mechanism 

 The optical-limiting behaviors of the composites with different Ag NPs 

concentrations were measured using Nd:YAG laser with 25 ns pulse duration and 355 nm 

wavelength. The sample was mounted on a metal frame and the laser beam focused on the 

sample surface with a spot size of 1.0 mm diameter. The incident and transmitted energy 

were detected simultaneously by two power meters. The film was exposed to the laser beam 

for a duration of 10 seconds. The incident laser power was increased after every 10 second 

exposure till complete burnout of the samples was observed. The result is shown in Fig5.5, 

which distinctly highlights the optical-limiting effect of PNC containing 30mM Ag NPs as 

the nanofiller. At very low output energy, the response of the composite was linear to the 

input energy. The linear transmittance was found to be approximately 82% while the limiting 

or threshold input fluence beyond which the sample stopped transmitting the laser beam was 

calculated to be 3.8 J/dm2. Similar trends were observed for composites containing 8 and 

16mM Ag NPs as filler. This clearly indicates that the transmittance and threshold fluence of 

the films was independent of the concentration of the nanofillers in the range under study; 

with the common base polymer matrix acting as the deciding factor in determining the extent 

of transmittance. 

 Although different processes such as transient absorption, two-photon or multi-photon 

absorptions, interband and intraband transitions and nonlinear scattering are known to lead to 

optical limiting behavior in metal nanoparticles, the predominant mechanism responsible for 

optical limiting behaviour in polymer films containing metal nanoparticles is Reverse 

Saturable Absorption (RSA). The RSA may be attributed to excitations from the plasmon 

band to the free carrier band of metal nanoparticles (eg. Ag NPs). At higher input fluences, 

fast decay of the free carriers to the plasmon band can also lead to optical limiting through 

Saturable Absorption (SA). 
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Fig. 5.5 Plot of output fluence as a function of input fluence for 10 sec exposure duration 

 

In order to study the effect of the exposure duration on the optical limiting effect of 

the PNC film, similar experiments were carried out by limiting the time of exposure to 1 

second. Fig. 5.6 shows the variation in optical limiting characteristics for PNC containing 

30mM Ag NPs with change in the time of exposure. Exposure for 1 second led to significant 

improvement in the optical limiting property of the material, which was manifested in the 

decrease in threshold fluence from 3.8 J/dm2 to 1.2 J/dm2. The dynamic range, which is 

defined as the ratio of the maximum input fluence till which material displays optical limiting 

behavior to the threshold fluence, was also found to increase from 22.34 to 80.10. In other 

words, exposure for lesser durations not only led to an early cut off for the laser transmission 

but also increased the overall lifetime of the material. This can be explained on the basis of 

the fact that continuous exposure for long durations led to accumulation of laser power within 
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a small area (determined by the beam diameter) thereby culminating in rapid degradation of 

the product. 

 In addition to Ag NPs as fillers, the effect of addition of fillers such as thiophene and 

modified montmorilonite clay (Cloisite 30B) in conjunction with Ag NPs, on the optical 

limiting behavior, was also studied. The results are highlighted in fig 5.7. It was observed that 

for an exposure duration of 1 second, change in the filler concentration or nature did not lead 

to any change in the threshold fluence of the materials. However, the presence of cloisite 30B 

as additional filler led to a slight increase in the initial output fluence of the materials. On the 

other hand Thiophene/Ag based films exhibited increased output fluence at higher input 

fluencies. At the same time, composites containing Cloisite 30B/ Ag NPs as fillers showed 

early damage resulting in a narrower dynamic range compared to the other two composite 

films. Thus by simply adding an additional filler along with Ag NPs the optical limiting 

properties of the PNC films could be effectively tuned to get the desired output fluence or 

dynamic range without comprising on the threshold fluence of the material. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Variation of optical limiting property with exposure duration [(a) 1 sec vs (b) 1sec 
exposure duration] 

0 20 40 60 80 100
0

2

4

6

8

10

(a)

O
u

tp
u

t 
in

 J
/d

m
2

Input in J/dm
2

(b)



~ 106 ~ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Optical Limiting property of (a) control film and films with (b) Ag NPs (c) 

Thiophene/Ag NPs and (d) Cloisite 30B/Ag NPs as nanofillers 

 

5.2.5. Characterization of clay based films 

The characterization of Polymer Clay Nanocomposite (PCN) films was carried out by 

the following techniques 

UV-visible spectroscopy 

UV-visible spectrophotometry was employed to examine the transparency of the PCN 

films. Fig. 5.8 shows the UV-Visible spectra of the PCN films containing Cloisite 20A with 

~100nm thickness. It was observed that the transparency of AUA-TMPTA films was slightly 

decreased with the incorporation of nanoclay filler. The transmittance of the PCN decreased 

marginally with the increase in the clay loading, particularly in higher range of visible light.  

The significant transparency of the PCN films supports the uniform dispersion of the clay in 

the polymer matrix. Similar trend was observed in case of films containing Cloisite30B 

nanoclay (data not shown). 
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Fig. 5.8 UV-visible transmittance spectra of PCN films containing Cloisite 20A as nanofiller 

(a) 0% (b) 2% (c) 5% (d) 10%. 

 

FTIR analysis 

 The FTIR spectrum of control polyurethane acrylate film (Fig. 5.9a)  exhibits the 

characteristic peaks of typical polyurethane acrylate: broad band at 3380 cm-1 ( H-bonded NH 

stretching), 1735 cm-1 (C=O stretching), doublet at 2860–2930cm-1 (stretching mode of -

CH2), 1462cm-1 (bending mode of -CH2),  1340cm-1 (Stretching mode of CN), 1525cm-1 for 

amide II (NH bending and CN stretching), 1242 cm -1 for amide III and 1033cm-1 (C-O-C 

stretching). Fig. 5.9b presents the FTIR spectra of PCN films containing cloisite 20A 

nanoclay. Signature of clay was clearly evident from the following IR peaks observed in the 

spectrum: a high intensity peak at 1042cm-1 corresponding to Si-O-Si stretching modes and 

890cm-1Al-OH-Al deformation of aluminates stretching modes associated with tetrahedral 

polyhedra [238]. 
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Figure 5.9 FTIR spectra of PCN films (a) without nanoclay, (b) with 10% nanoclay (cloisite 

20A) 

 

XRD and SAXS analysis 

XRD and SAXS analysis of the PCN films was performed in order to find out the 

dispersion of the nano-clay in the polymer matrix. Fig. 5.10(a) and 5.10(b) present the XRD 

data for PCNs with Cloisite 20A and Cloisite 30B, respectively. XRD data showed a 

significant shift in peaks position towards lower 2θ values in PCN films as compared to that 

of pure clay. Pristine Cloisite 20A and Cloisite 30B powder clay samples were found to have 

2θ=3.36o (interlayer spacing=2.65nm) and 2θ=4.74o (interlayer spacing=1.88nm), 

respectively. The interlayer spacing between the silicate layers of clay increased when 

incorporated in the PCN matrices. The 2θ peak position of PCN-20A and PCN-30B 

nanocomposite samples shifted to 2.50o (interlayer spacing=3.5nm) and 2.92o (interlayer 

spacing=3.08nm), respectively. It was found that the PCN sample containing clay showed 

lower intensity peak as compared to pure clay sample. Moreover, the peak intensity was 
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found to decrease with the decrease in the clay concentration in the PCN films, suggesting the 

formation of mixed exfoliated/intercalated silicate nanolayers of the clay particles at lower 

clay loading. However, the decrease in 2θ and corresponding increase in the interlayer 

spacing value for higher clay loading in PCN matrix also indicated significant intercalation of 

the layered structure of clay.  

To determine the effect of temperature on the composite morphology, in-situ high 

temperature SAXS experiment was also carried out using PCN-20A-5% sample. In the first 

set of experiment, PCN sample was heated and scattering data was collected at different 

temperatures. It was observed that elevation in temperature above 100oC resulted in a shift of 

the peak towards higher 2θ values, indicating a gradual decrease in the interlayer spacing of 

the silicate (Fig. 5.11a). This may be attributed to the elimination of water molecules trapped 

within the interlayer spacing of clay platelets, thereby causing a reverse delamination effect 

and restacking of the silicate layers. 

In the second set of experiment, the PCN sample was subjected to an isothermal 

heating at 150oC for 50 min. The SAXS scattering data is shown in Fig. 5.11b. It was evident 

that no significant shift of the peaks occurs at 150oC till 50 min. Therefore, we subjected the 

PCN sample to a still higher temperature of 200oC for longer time period up to 315 min to see 

whether there is time and high temperature induced change in the intercalated/exfoliated 

structure of clay in PCN. However, in this case also, there was no significant shift in peak 

position observed (data not shown), which suggested that PCN is quite stable at higher 

temperature as far as intercalation/exfoliation of the clay in the PCN matrix is concerned. 
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Fig. 5.10 X-ray diffraction patterns of (a) nanoclay powder-Cloisite 20A and PCNs 

containing 2% and 5% Cloisite 20A, (b) nanoclay powder-Cloisite 30B and PCNs containing 

2% and 5% Cloisite 30B. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.11 (a) SAXS diffraction patterns of PCNs containing 5% Cloisite 20A at temperatures 

(i) 25oC, (ii) 150oC and (iii) 200oC and (b) In-situ isothermal scattering data at 150oC as a 

function of time. 
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TEM analysis 

Fig. 5.12a and 5.12b present the TEM images of PCN films containing 2% cloisite 

20A and cloisite 30B nanoclays, respectively. The microstructure represents a well-ordered 

multilayer morphology consisting of alternate polymer and inorganic layers, although their 

interlayer spacing turns out to be much higher in the composite in comparison to the nanoclay 

powder samples. TEM micrographs highlight regions with uniform distribution and good 

dispersion of nanoclay particles in addition to the intercalated/exfoliated regions in the PCN 

matrix. This was also supported by XRD results showing higher interlayer spacing and lower 

intensity of the XRD peaks for PCNs compared to the neat nanoclay powder samples. 

 

 

 

 

Fig. 5.12 TEM images of PCN films containing 2% nanoclay (a) Cloisite 20A and (b) 

Cloisite 30B   
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SEM analysis 

Fig. 5.13 presents the SEM images of the fractured surfaces of control polymer film 

nand PCNs containing modified montmorillonite clay (cloisite 20A as representative clay 

nanofiller). Fig. 5.13a presents the SEM image of polymer film without nanoclay filler, and 

shows fairly homogenous bulk morphology which is smooth and dense and bears no evidence 

of pores or channels. This indicates a typical fractography feature of brittle fracture behavior, 

thus accounting for the low fracture toughness of the neat coating. In fig. 5.13b-5.13e, the 

grey colored regions indicate the bulk of the polymer matrix and the brighter regions indicate 

the distribution of clay particles. However, the phenomenon of exfoliation, intercalation and 

aggregation is difficult to study from SEM conclusively, which gets distinctly reflected in 

TEM micrographs and XRD studies. For clay loadings up to 5%, uniform dispersion of the 

silicate layers in the polymer matrix can be clearly observed. However, clay loadings of 10% 

and 15% were found to affect the overall morphology of the polymer matrix, manifested as 

an increase in the fracture surface roughness (Fig. 5.13d and 5.13e). An increase in fracture 

surface roughness is an indicator of crack deflection mechanism, which increases the 

absorbed energy of fracture by increasing the crack length during deformation [239]. 
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Fig. 5.13 SEM images of PCN films containing Cloisite 20A nanoclay (a) 0% (b) 2% (c) 5% 

(d) 10% and (e) 15% 
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DSC analysis 

The glass transition temperature Tg of a polymer is an important indicator of its 

temperature/time dependent viscoelastic behavior, which is often an important factor in 

determining the usefulness of a given polymer. Tg also provides information about inter/intra-

molecular interaction between components of a polymer composite. In case of polyurethane-

clay nanocomposites, changes in the glass transition temperature can be interpreted as a result 

of effective interaction between polymeric chains and the silicate surface. Fig. 5.14a, 5.14b 

and 5.14c present the DSC thermograms of AUA-TMPTA, PCNs containing 5% cloisite 20A 

and cloisite 30B nanoclays, respectively. Incorporation of the nano-clay was found to result 

in a minute shift in Tg values of the composites towards higher temperatures. While Tg for 

control film was found to be -2.760, that for PCNs containing 5% 20A and 30B nanoclay 

were recorded to be 0.120 and -0.930 respectively, indicating reduced chain segment mobility 

induced by the modified clay [240]. This is probably due to the fact that the restricted 

relaxation behavior for the polymer nanocomposites with intercalated or exfoliated silicates 

primarily depends on the extent to which the layered silicates interact with the polymer 

matrix. Exfoliation would result in enhanced interaction culminating in a large shift in Tg 

value. However, intercalation would lead to a relatively lesser degree of interaction, which 

gets manifested as only a marginal shift in Tg values. This corroborates with the results 

obtained from SAXS analysis. 
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Fig. 5.14 DSC profiles of PCN films (a) without nanoclay (b) with 5% Cloisite 20A and (c) 

5% Cloisite 30B 

 

5.2.6. Property evaluation of PCN films 

Pendulum hardness 

Pendulum hardness is a qualitative test frequently used in coating in order to compare 

the surface hardness property of different coatings. As per standard test method (ASTM: D 

4366-95) for pendulum hardness test of organic coatings, the ‘pendulum hardness’ of 

coatings is reported in terms of damping time (in seconds) of pendulum rested on the coating 

surface for a swing amplitude of pendulum to decrease from 120 to 40. This test method is 

based on the principle that amplitude of oscillation of the pendulum touching the coating 

surface decreases more rapidly on the softer coating because of higher degree of damping of 

oscillation. For a smooth surface, softer coating will exhibit lower damping time, whereas, 

harder coating will exhibit higher damping time. Results of pendulum hardness test 

performed on PCNs with varying concentrations of nanoclays, are presented in Fig. 5.15. It 
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was observed that the incorporation of nano clay into AUA-TMPTA coating increased its 

pendulum hardness (i.e., damping time) up to 5% clay loading (cloisite 20A as well as 

cliosite 30B), beyond which, the pendulum hardness was found to decrease. Higher clay 

content (>5%) may have interfered with the crosslinking reaction between different polymer 

chains of the PCN matrix, resulting in a relatively softer surface, and thereby decreased 

pendulum hardness. It can be seen that as compared to Coisite 20A, Cloisite 30B yielded 

better hardness in PCN film, which may be attributed to the better compatibility between 

AUA-TMPTA matrix and Cloisite 30B due to more polar modifier used in Cloisite 30B. 

Gloss at 60
0 

Specular gloss of the cured samples was measured at 600 angle of reflectance using 

Novo triple angle Gloss meter (J402-268, Elcometer, UK) and the results are reported in 

gloss unit (GU). Specular gloss at 60° is a measure of the ability of coating surface to reflect 

a beam of light in a particular angle (i.e. 60°) without scattering. This is an important 

property of coating specially used for aesthetic and decorative purposes. The gloss values of 

gamma radiation cured PCN coatings with different loading of nanoclay cloisite 20A are 

presented in inset Figure 8. It was found that incorporation of nanoclay led to a decrease in 

the specular gloss with increasing nanoclay loading. Decrease in gloss of nanocomposites 

coating was attributed to matting effect caused by increase of surface roughness upon 

addition of the nanoclay. 
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Figure 5.15 Pendulum hardness analysis of PCN films with different loadings of nanoclay (a) 

Cloisite 20A, (b) Cloisite 30B. (Inset: Gloss at 600 data for PCNs with different loadings of 

Cloisite 20A). 

 

Solvent resistance 

The PCN coatings prepared were also tested for their solvent resistance properties 

using acetone as a solvent.  Lower the weight loss in acetone, better the solvent resistance 

property of the PCN film. For PCNs with both cloisite 20A and 30B as filler, clay loadings 

up to 5% showed increase in gel fraction compared to the neat polymer coating, above which 

the gel fraction was found to decrease gradually with the increase in filler loading (Table 

5.1). Clay loading of 2% was observed to be the optimum value to achieve maximum extent 

of crosslinking in both cases. Expectedly, similar trend was found for the solvent resistance 

property of the PCNs in acetone (Table 5.1). This suggested that the presence of nanoclay 

influences the curing extent of the AUA-TMPTA polymer matrix; clay loadings up to 5% 
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facilitated the crosslinking of the polymer matrix, while filler loadings higher than 5% 

hindered the crosslinking process. These results were found to be in line with the hardness 

analysis results; higher crosslinking extent (gel fraction) of PCN films up to 5% clay loading 

led to harder coatings.  

Water uptake study 

One of the important factors affecting the acceptability of novel coating in 

engineering applications is the degradation of the coating in presence of moisture that will 

affect the physical and mechanical performances, thereby, leading to its failure. In case of 

PCNs with cloisite 20A as the filler, the % water uptake was found to be lesser than that in 

the control film for samples with clay loading up to 5%, whereas for clay loadings of 10% 

and 15%, the water uptake was found to be higher than that for the control (Table 5.1). The 

decrease in crosslinking of the polymer chains with increase in clay loading, as evident from 

the solvent resistance and gel fraction analysis data, is probably responsible for the increased 

water uptake shown at higher loadings. On the other hand, the decrease in water uptake at 2% 

and 5% loadings indicates that clay nano fillers at low concentrations can actually enhance 

the crosslinking extent of the polymer chains. However, in case of PCNs containing cloisite 

30B as the filler, the water uptake was found to be higher than that for the control as well as 

PCNs with cloisite 20A for all filler loadings, which is attributed to the more hydrophilic 

nature of the modifier used in cloisite 30B. 
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Table 5.1 Water uptake (%), weight loss (%) in Acetone and Gel fraction of PCNs with 

different filler loadings 

Sample Water uptake (%) Weight loss in acetone (%) Gel fraction (%)  

Control 2.23 11.83 88.17  

PCN-20A-2% 1.68 9.34 90.65  

PCN-20A-5% 2.10 10.51 89.94  

PCN-20A-10% 3.70 13.10 86.90  

PCN-20A-15% 10.13 25.90 74.10  

PCN-30B-2% 2.36 9.83 90.16  

PCN-30B-5% 2.78 10.63 89.37  

PCN-30B-10% 6.22 14.49 85.51  

PCN-30B-15% 11.12 23.07 76.93  

 

TGA analysis: determination of flame retardency 

Several mechanisms have been proposed to describe the flame retardant properties of 

PCNs. The general view of the flame retardant mechanism is that a carbonaceous silicate char 

builds up on the surface during burning, which creates a protective barrier to heat and mass 

transfer. The accumulation of layered silicates on the burning/gasifying sample surface is 

considered to be due to two possible modes. One is that the layered silicates are left on the 

sample surface as a result of the decomposition of the polymer matrix by pyrolysis. The other 

probable mode is the transportation of the layered silicates, pushed by numerous rising 

bubbles of degradation products and the associated convection flow in the melt, from the 

interior of the sample towards the surface. The nano-dispersed silicate layers thus slow down 

the decomposition rate and increase the temperature of degradation by acting as an excellent 

thermal insulator and mass transport barrier [241]. The flame retardancy of a material is 
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generally described in terms of its Limiting Oxygen Index (LOI), a parameter calculated from 

the char yield of the material using the Van Krevelen’s equation  

LOI=17.5 + 0.4σ    σ =char yield in % at 8500C  (1) [242] 

An LOI value of 21 is normally considered as the threshold and materials exhibiting 

LOI values of 26 and higher are described as flame retardant materials [242]. In order to 

determine the thermal behavior and flame retardant properties of the polymer films, 

thermogravimetric analysis of the films was carried out. Fig. 5.16 presents the thermograms 

of PCN-30B and PCN-20A with clay loading of 2% (w/w) and 5% (w/w). The AUA-TMPTA 

coatings showed good thermal stability up to ~ 250oC. The thermal stability of the coatings 

showed marginal improvement upon incorporation of nanoclay [243,244]. However, the char 

yields of the films were found to increase significantly with increasing concentration of the 

clay nano-filler in the PCN film. The char yield values were correlated to the LOI values of 

the polymer coatings using equation 1. It was observed that an increase in clay loading 

resulted in a simultaneous increase in the LOI values of the samples (Table 5.2). The LOI 

values recorded were found to be higher than 21 for all the PCN samples, with those 

containing 15% of modified clay cloisite 20A and cloisite 30B showing LOI values higher 

than 26, suggesting their potential application as effective flame retardant materials.  
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Figure 5.16 TGA analysis of PCN films containing (a) 0% filler (b) 2% Cloisite 20A (c) 5% 

Cloisite 20A (d) 2% Cloisite 30B and (e) 5% Cloisite 30B. (Inset: Differential 

Thermogravimetric plots for PCN films containing (a) 0% filler (b) 2% Cloisite 20A (c) 5% 

Cloisite 20A (d) 2% Cloisite 30B and (e) 5% Cloisite 30B.)    

 

         Table 5.2 Limiting Oxygen Indices (LOI) of PCNs with different filler loadings 
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5.3. Conclusions 

 Polymer nanocomposite films containing predominantly in situ generated Ag 

nanoparticles and other nanofillers in trace quantities were successfully fabricated using E 

beam irradiation technique. TEM and FE-SEM analysis of the Ag nanoparticles based PNC 

films revealed formation of well dispersed, spherical nanoparticles in the polymer matrix. 

The optical limiting studies of the Ag containing PCN films yielded a threshold fluence of 3.8 

J/dm2 and a dynamic range of 22.34 for an exposure duration of 10 seconds, thereby 

indicating potential optical limiting applications. Similarly, transparent polymer 

nanocomposites reinforced with layered silicate inorganic fillers (modified montmorillonite 

clay) were successfully fabricated via environment benign-gamma radiation curing process. 

TEM and SEM analyses of the nanocomposites indicated well-dispersed organically modified 

nanoclay particles with a mixed intercalated/exfoliated structure, which was further supported 

by the XRD analysis data.  In-situ high temperature SAXS study indicated that PCN films 

showed good stability up to 200oC as far as the intercalation/exfoliation of the nanoclay is 

concerned. The presence of nanoclay in the AUA-TMPTA matrix was found to influence the 

crosslinking extent of PCNs. The addition of nanoclay did not significantly change the 

thermal stability of the polymer matrix but was observed to hinder the burning process of the 

films. Also, it was found to alter the other properties of the PCN films, such as pendulum 

hardness, specular gloss at 60 degrees, water uptake and solvent resistance. The flame 

retardant property of the PCN coatings was evaluated in terms of Limiting Oxygen Index 

(LOI), which was found to increase with increasing clay loading and attained a maximum 

value of over 26 for 15% (w/w) clay loadings, thereby offering themselves as suitable 

candidates for potential flame retardant applications. 
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