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ABSTRACT 
___________________________________________________________________________ 

“Synthesis and Characterization of Nanocomposite Polymer Films” 

Introduction 

Inexpensive inorganic substances are traditional ingredients in polymer industry. They 

are widely used as fillers to improve mechanical and thermal properties of polymers and 

polymer composites, to decrease shrinkage and internal stresses during conductivity, thermal 

stability, flame resistance, and, not of least importance, to improve cost effectiveness. The 

last motivation often became the most important one despite some deterioration of properties 

with immoderate filling of polymer or polymer composite. 

The work existing in this field shows the possibility to include magnetic ions impurity 

(Ni, Co, Mn) at low concentration in GaAs, ZnSe, ZnS etc., offers good prospects of 

combining magnetic phenomena with high speed electronics. If these materials embedded 

with the polymer matrixes then their stability is expected to improve and agglomeration of 

nanocrystals will be negligible.  

SHI irradiation effect of embedded nanocrystals in a polymer matrix is also important 

to know whether SHI fluence alter the size as well as distribution of nanocrystals uniformly.  

In the interaction of ionizing radiation through a polymer, the incident energy is transferred to 

the medium as a result of primary ionization and excitation of the target molecules. Charged 

particles lose their energy to the stopping materials, mainly via two independent processes i.e. 

elastic collisions (ion atom interaction) and inelastic collisions (ion electron interaction). The 

former is the dominant mechanism at low energies region (~KeV/nucleon), whereas the 

inelastic collisions dominant at high energies (>1MeV/nucleon).Thus, for heavy ions the 

electronic energy loss leads to the deposition of incident energy on the target material, which 

creates defects and atomic displacement due to the formation of tracks in material. 
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Objective of Research: 

For this proposed work transition metal ions (Ni, Cu, Co, Mn…) doped 

nanocrystalline semiconductors (ZnS, CdS, ZnSe, CdSe,...) are embedded in a polymer 

matrix like polystyrene (PS), polyvinyl alcohol (PVA), PMMA etc. The motivation behind 

this work is to understand the distribution of these semiconductor nanocrystals of different-

different particle size in the polymer matrix. It is expected that greater particle size 

semiconductor nanocrystals will be distributed up to higher depth while smaller particle size 

nanocrystals will be distributed on the surface of the polymer matrix. So distribution of 

defects will be different for both sizes of nanocrystals. Apart from this it is also expected that 

the modifications after irradiation of swift heavy ions (SHIs) will be also different at surface 

of the semiconductor nanocrystals embedded polymer matrix comparatively to higher depth 

distributed nanocrystals in the same matrix. Ion-matter interaction is an important issue 

because of nature of electronic and nuclear energy losses. Due to this grain evaporation and 

grain fragmentation is expected, so ion impact on embedded nanoparticles system is 

interesting due to suppression of weak link boundaries which is inherent in case of 

nanostructure films.  

Polymers will provide the stability and protect against the agglomeration of the 

semiconductor nanocrystals. A typical embedded nanoparticles system is different from 

nanostructure films in view of the presence of isolated nanoparticles where the grain 

boundary problem is no obvious, which is otherwise observable in nanostructured materials. 

Therefore, the embedded structure provides a suitable system where ion matter interaction at 

the nano scale level can be studied in great detail.  

It has been reported in the literature that band gap is engineered by control of the crystal size 

that leads to tunable band-edge emission. By doping the nanocrystals with luminescent 
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activators, the excitation can be tuned by quantum size effects, even though the activator-

related emission energy is largely unchanged.  

Doped semiconductor nanocrystals are extensively investigated to obtain basic 

information on impurity states in quantum dots and to examine their potential applications in 

novel light-emitting devices. It was reported that doped semiconductor nanocrystals can yield 

high luminescence efficiencies. The doping of Mn
2+

 into II–VI semiconducting nanoparticles 

potentially gives rise to a new class of luminescent materials with a wide range of 

applications in displays, sensors and lasers. An appreciable enhancement in the PL property 

of ZnS-coated CdS nanoparticles in a polymer polycetyl-pvinylbenzyldimethylammonium 

chloride (PCVDAC) has also been reported. 

Some studies show the effectiveness of various inorganic capping agents having 

different band gaps on the surface passivation of cadmium sulphide (CdS) nanoparticles. 

They have reported that it is possible to block the non-radiative channels on the surface of 

these nanoparticles by capping them with wider band gap inorganic materials like Cd (OH)2 

and zinc sulphide (ZnS). 

The purpose of this work is synthesis of nanoparticles by chemical route, and these 

nanocrystals embedded in the polymer matrix for the stabilization to protect them from the 

agglomeration. The embedding of these nanocrystals was done by using the solution cast 

method. The nanocomposite polymer matrix irradiated by swift heavy ions (SHIs) with in 

different doses range and different ions. Their alignment after irradiation is characterized. 
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In summary, the following work has been carried out:  

1. Synthesis the nano particles of CdS/ZnS with varying concentration 

2. Doping of CdS/ZnS with transition metals 

3. Characterization of formed Nano particles 

4. To embed these nano particle in a polymer matrix (PS) 

5. To characterize optical, chemical and structural properties of nano composite 

membranes before and after irradiation 

The present work is organized into following five chapters: 

Chapter-1 Deals with the basics of polymers and nanocomposites. Importance of irradiation 

in the field of materials science is explained. An idea about energy loss mechanism of 

ionizing radiation and swift heavy ions irradiation in polymers are discussed. The 

significance of swift heavy ion beam, in the field of materials science is explained in detail. A 

review of literature on present experimental work on the swift heavy ion beam on the 

properties of polymeric materials is carried out. The objectives and future scope of the 

present work have been given at the ending of this chapter. 

Chapter-2 Gives the information about the material used and experimental technique used in 

present work. The synthesis of ZnS and CdS nanoparticles is shown in this chapter. This 

chapter gives the information about the formation of nanocomposites film. The facility of 

Pelletron accelerator is discussed. 60 MeV Ni ions beam of the fluence from 10
8 

to 10
11 

ions/cm
2
 used for irradiation of nanocomposites film. Different characterization techniques 

like UV-Visible, XRD, FTIR and SEM are discussed before and after irradiation. 

Chapter-3 This chapter includes the comprehensive studies of optical, chemical and 

structural properties of the pristine and 60 MeV Ni ion beam irradiated with CdS doped 
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polystyrene (PS) and metal (Ni, Cu) doped polystyrene (PS) films at different fluences. The 

effect of doping of metals and ion irradiation was studied for modification in optical, 

chemical and structural properties of PS/CdS nanocomposites. The optical band gap energy 

and carbon atom through UV-visible spectroscopy for such nanocomposites films is 

explained. The diffraction peaks of metal doped polystyrene (PS) at various fluence discussed 

in this chapter. Further, FTIR spectral analysis was used to investigate the bonding and 

structural changes induced in the nanocomposites polymer due to Ni
5+

 ions beam irradiations. 

Chapter-4 In this chapter the optical, chemical and structural properties of the pristine and 

60 MeV Ni ion beam irradiated with ZnS doped polystyrene (PS/ZnS) and metal (Ni, Cu) 

doped polystyrene (PS) films at different fluences. Conformation of ZnS nanoparticles is 

done by SEM image. The films of Ni doped PS/ ZnS and Cu doped PS/ ZnS were irradiated 

with Ni
5+

 ions of energy 60 MeV to different fluences of 10
10

 and 10
11

 ions/cm
2
.Modification 

due to heavy ions in optical, chemical and structural modifications were studied by UV- 

Visible Spectroscopy (UV- Vis), Fourier Transform Infrared spectroscopy (FTIR) and X- 

Ray Diffraction Spectroscopy (XRD). 

Chapter-5 This chapter concludes the outcomes of this research work and presents a 

discussion of their implications in the context of present and future effects of nanocomposite 

materials. The future scope of the present work has also been presented. 
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CHAPTER 1  

  Introduction and Literature Survey                                                                

1.1 History of Polymer 

The Human are using polymer from ancient times in the form of wood, skin and fibers. 

Many industries were using the polymers since 19
th

 century. The scientist had given the idea that 

polymers have been made from the small molecules, and bonding between the molecules by the 

some hidden force. In 20
th

 century the demands of these polymers increased so researcher needed 

the understanding of the structure of polymers. In 1930 the scientist developed some synthetic 

polymer such as Polyvinylchloride (PVC). These polymers were called Plastic. Some chemical 

researcher then focused on Manufacturing of polymer from hydrocarbons such as ethylene and 

propylene. Later on, with the help of catalysts and polymerization of these hydrocarbons, 

allowing great control over the properties of the developed polymers. As a result, the people 

started to investigate their uses in many areas of industry. 

In 1953, Staudinger told that polymers composed of giant molecules. In 1960 the 

introduction of new thermoplastic polymer came. In 1963, the Novel Prize in chemistry was 

given to chemist Giulio Natta and Karl Ziegler for the development of synthetic polymer. In 

1974 the Teflon, nylon, polyethylene (PE) were discovered. The production of these polymers 

was on peak because of demand of polymer industry. 

Nature also has its own nanocomposites, just like the abalone shell and bone. The 

inclusion of nanoparticles in materials long predates the understanding of the physical, optical 

and chemical behavior of these materials investigated the origin of the deepness of colour and 

http://en.wikipedia.org/wiki/Abalone
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the resistance attributing it to a nano particle mechanism. In the year 1950 nanoscale organo-

clays have been used for the formations of gels. In the 1970s polymer/composites were the 

famous topics (Jose-Yacaman et al. 1996). There is always need of smart materials with different 

properties for the various fields of science and technology. The scientist and researchers are 

working in this area with a zeal for the useful applications.  

The interaction of radiation with polymer materials is an area of great increasing concern. 

The radiation authorities of primary substitute are either high energy, ionizing radiation such as 

from gamma or neutron sources, or ultraviolet radiation from arc lamps, lasers or synchrotron 

sources. The first motive for studying how SHI modifies the chemical structural, optical 

properties of polymeric materials was the requirement of understanding the radiation-induced 

degradation of mechanism of nuclear reactors (Cook, 2006). A small dose of radiation can 

change the physical or optical properties of a polymer, these changes being dependent upon the 

chemical configuration and the different parameters of radiation like, fluence, energy, mass and 

the type of target material itself. A highly focused ion beam can modify the material and its 

properties (chemical, electronic, electrical, structural, mechanical etc) (Xua et al. 1998; Singh et 

al. 1999; Mehta 2003). The modified properties of the nanocomposites polymer using irradtion 

can be used in various field like space craft, high-energy particle accelerator, nuclear power 

plant, sensor, electromagnetic shielding etc (El-Badry et al. 2008). 

1.2 Polymer 

The meaning of polymer can be understands from the two Greek words poly, means 

“many”, and mers, meaning “parts” of units. So, when many monomers combine, they form 

polymers. In the phenomenon of polymerization the monomers are joined together. Hence, a 

polymer is consist of thousand of monomers joined together to develop a big molecules of 
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colloidal dimension, known as macromolecule. A polymer has a single feature like that a 

molecule is a long chain of monomers which are covalently bonded together. Most of the 

polymers are molecular materials and generally noncrystalline at normal temperature, but pass 

through the different phase in way of their configuration when structure is willingly carried out.  

The most of the known polymers are those made of compounds of carbon but some polymers can 

also be prepared from chemical materials such as silicates and silicones. Nature has some 

polymers include proteins, cellulose, resins. These natural polymers are usually found in leather, 

fur, wood, cotton, wool and many others. There are also some artificial polymers such as 

polystyrene, polyethylene etc. 

Most of the polymers are organic origin and their main characteristics are as follows: 

a) They have long chain structures, the individual molecules are very large, which may have 

thousands of similar small molecules and these small molecules are bonded together with 

covalent bond. 

b) They all have carbon in common, which further combines with oxygen, hydrogen, 

halogen and other inorganic organic materials. 

c) Even though their structures of polymers may be crystalline in simple materials but 

usually they are not crystalline solids at ordinary temperatures. Of course, they have gone 

through a viscous phase in the process of formation. 

The unique characteristics of polymers are as follows: 

I) Light weight 

II) Easy fabrication and shaping 
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III)  Poor conductor of electricity as well as poor thermal conductor 

IV)  Unaffected by chemical attack and decay.  

Polymers are used indefinite number of places, indefinite number of uses such as telephone sets, 

paints, radio cover and television cabinets, coatings, adhesive and other countless objects. Some 

extraordinary developments in polymer materials are: 

i) Materials become stronger than steel 

ii) Materials can be used for medical sciences like repairing damaged kidney or even 

damaged heart 

iii) Spacecraft can bear up very high temperature, particularly during re-entering into 

earth‟s atmosphere. Temperature increases very high because of friction when the 

spacecraft re-enters the earth atmosphere. 

iv) Film of silicon stops water to pass but it permits dissolved oxygen, in water, to pass 

through it .Now underwater tents have become possible in which a man can live and 

work. 

Inherently conductive polymer such as polyacetylene and polypyrrole are now more widely 

researched and some commercial applications are being considered. Polymers that are rendered 

conducting by the incorporation of carbon black or metal particles are widely used.   

1.3 Classification of Polymer 

Polymers are classified as per their molecular structure, chemical structure, physical state, 

morphological behavior, polymerization process and properties etc. All type of polymers is 
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obtained by connecting together the large number of chemical units. A molecule of the basic 

monomer has the capability to react to at least with two other molecules of the same monomer 

resulting in the monomer linking. So monomers must have functionality of at least two or more 

functional group 

1.3.1 Classification of Polymer on the basis of Geometrical Structure 

Polymers are created by connecting monomers in a chain. Monomers may be of same type or 

different types. Polymer can be grouped in different groups depending upon the numbers of 

types of monomers. 

 Homopolymer: The phenomenon of polymerizing a single monomer or monomer pair is 

termed as homolpolymerization and the polymer obtained is known as homopolymer. For 

example, polystyrene (PS), poly (ethylene terephthalate) (PET). In this thesis work, 

homopolymer PS has been used. 

 Co-polymer: In the process of copolymerization, two or more than two monomers or 

monomer pairs are polymerized all together and therefore polymer is composed of more 

than one unit. For example, nitrile rubber, acrylonitrile etc. 

 Terpolymers: Formation of new polymer from the interaction among three different 

polymers. ABS (acrylonitrile-butadiene-styrene) is a type of terpolymer. 

1.3.2 Classification of Polymer by Chain Structure 

According to the shape of the macromolecules, polymers structures may be broadly classified as: 
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1) Linear and framework structures: 

In this type of polymer, atoms are arranged in a long chain (Figure 1.1 a). In Figure 1.1 b, 

this chain of polymer is called backbone. Some of the atoms in the polymer chain have small 

chains connected to them. This type of backbone chain usually has approx hundreds of 

atoms. In Figure 1.1 c, repeating polymer structure is shown. A group of atoms which frame 

the backbone of polymer chain comes in a particular order and further this order repeated all 

along the path of polymer chain. In polypropylene, the backbone chain has been made of two 

carbon atoms repeated over and again. In this chain carbon atom is attached by two hydrogen 

atoms and other has one hydrogen atom and one pendant methyl group. Two hydrogen with 

the unit of carbon atoms attached by an atom of carbon with a hydrogen atom and methyl 

group repeats itself all along the backbone chain. This repeating structure of little chain is 

known as the repeat composition. 

 

 

(a) 

 

(b) 
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(c) 

Figure 1.1: Chemical Structure (a) Linear Polymer (b) Polymer with backbone (c) 

Repeating Polymer 

(2) Branched-chain structures:  

In these type of polymers, the chain of polymers has the branches of monomers, which hinders 

the close packing of polymeric chain and hence, are less tightly packed in comparison to the 

linear chain polymers. Branched chain polymers have low melting points and less density in 

comparison to linear chain polymers. 
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Figure 1.2: Branched Polymer 

 

Figure 1.3: Cross-linked Polymers 

(3) Cross-linked chain structures: 

  In the process of polymerization, a large number of branched polymer molecules formed. 

The side chain from one molecule can interact with those of adjacent ones in the process of 

polymerization. The molecules present with side chain attached at random positions, the process 

of inter uniting of side chains of neighboring molecules results in a single molecule with cross 

network of chain segment in all three dimension. These polymers are called cross-linked 
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polymers. In cross-linked or network polymer, monomers are crossed linked together in all 

dimensions. The structure of cross-linked polymer is shown in Figure 1.3. 

1.3.3 Classification of Polymer by Thermal Behavior 

 Thermoplastic Polymers: These types of polymers have branched molecule which have 

intramolecular covalent bonds very weak intermolecular Van Der Waals bonds. These 

bonds melt at higher temperature and molecular chains willingly slide fast on one 

another. These polymers dissolve at higher temperature and turns into different polymers. 

In cooling process below a temperature called glass transition temperature (Tg), they form 

a glass just like a frozen liquid. The process of heating, reshaping and retaining the same 

on cooling can be repeated many times. These types of polymer, that softens on heating 

and harden on cooling, are called thermoplastic. Polystyrene (PS), Polycarbonate are the 

examples of these polymers. 

 Thermoset Polymers: Amorphous polymers which are highly cross-linked networks 

with no longer range order are termed as thermoset polymers. These polymers are those 

resins which are polymerized in a reaction resulting in cross linking of the structure into 

one molecular group. After the polymerization, polymer turns into a rigid, mysterious 

substances which can not be softened, melted. 

1.4 Composite  

 A material which has been made of two or more components, called composites. This 

composite material has different properties from the individual components. These new materials 

are light weighted, less expensive as compare to old material. The physical, chemical and 

mechanical properties of composites are different that of tradional materials. The filler and a 

compatible matrix in order to obtain specific properties that were not there before.  
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1.5 Nanotechnology 

 Nano science is the study of materials whose at least one dimension should be in 

nanometer region (1-100 nanometers) and consists of applying the science of the small. It is 

multi disciplinary field, which involves physics, chemistry and biology in studying, research and 

engineering over smaller structure of the scale of the size of single atom. Properties are different 

at the nano scale. Properties such as optical, mechanical, chemical etc not seen on a macroscopic 

scale now become noticeable and useful. 

1.6 Polymer Nanocomposite 

In today‟s time of technology and economical activities, it can be easily understand that 

the technology has given us the way for modern life and open the window which determines the 

standards parameters of our lives. These requirements result in nonstop efforts for new, high 

performance besides low cost materials to meet increasing demands. Polymers are usually doped 

with a variety of nano particles to improve their properties and performance capabilities. To 

modify some specific properties of polymers and the nanocomposites, nano fillers are used. 

Polymer/nanocomposites have properties which are better than those of conventional composites 

with ordinary particle filler. The nano fillers featuring antibacterial properties, like nano particles 

of silver, could be appropriate in filtration, applications, or in consumer products. The 

extraordinary properties of nanoparticles are due to their small size and high surface to volume 

ratio of atoms. The optical properties of a nano sized particle are better than that of its alike 

macro-size filler, because the diameter of particles becomes smaller than the wavelengths of 

light. The nano size filler particles have a bigger specific surface area than its similar traditional 

macro-size filler particle, so nano particles have more interaction with its surroundings. 
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A polymer nano composite is generally defined as polymer-nano filler system in which 

the filler of inorganic material such as metal nano particle is on nano scale. At least one 

dimension of the nano filler should be in the nano-range. The polymer nanocomposites, are 

produced when the nanoparticles are doped in polymer matrix. The nanoparticles and the 

polymers are covalently bonded. The covalent bond can be formed during the in situ 

polymerization (the monomer or the growing polymer chain can react with the filler nano 

particle), or during the nanocomposite processing. The doping of nano particles in the polymer 

matrix is desired to be uniform distribution. It can be a challenge to build a favourable 

interaction between the polymer matrix and the nano particles and thus keep away of nano 

particles from agglomeration. Metal-polymer nanocomposites are a typical example: using metal 

nano-particles as filler in polymer matrix. The metals of nano size have different properties from 

metals of macro size originating from nanocrystals size. Nanocrystals quantify a few nanometers 

containing few hundred atoms. In this way, nonmaterial shows special properties (electronic, 

magnetic and structural) depending on structure of nanoparticles. In this way, metal-polymer 

nanocomposites may be applicated for a number of industrial and technological applications such 

as optical devices, optical sensors, and light color filters.  

Nanocomposite is the area where, researcher and scientist all over the world doing a great 

amount of work for developing the new devices. A composite is formed as the two-phase or 

multi phase system in which the size of the one component should be in nanometer range. 

Nanoparticles itself have great applications but when incorporated in a polymer matrix hint to 

extraordinary performance, which make them most demanding for uses in different area. For 

example the nanocomposites made of inorganic nanoparticles, incorporated in polymer such as 

polyethylene used for automotive applications because of their high tensile strength, light weight, 
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high stability and low cost. The use of nanocomposites in technology for optical applications has 

been progressed.Optoelectronic devices such as OLED and photovoltaic cell have latterly 

attracted expectant attention for the possibility of substitute of inorganic counterpart in several 

applications. Now a days the production cost of optoelectronic devices is high because of 

complex processing of conventional semiconductor (silicon, gallium). By using organic material 

with advantage like simple processing, light weight the production cost of optoelectronics 

devices can be low. Many organic devices including display, solar cell are already in the market 

for consumers. But because of weak stability and photo oxidation of organic material, the 

efficiency of these devices is very poor. The efficiency of optoelectronic devices can be 

improved by doping of nanoparticles (CdS, ZnS) to the host materials i.e. composites. Optical 

properties can also be tune by varying the doping of semiconducting nanoparticles. Thus 

nanocomposites are used as an active material for improving the efficiency of devices (Thien-

Phap Nguyen et al 2011). The composites used for optical properties include polymer and 

inorganic material such as semiconductor. These composites can be prepared by two method, the 

first include the inorganic nanoparticles incorporated in polymer matrix and second the polymer 

deposited in an inorganic material. The selection of the size of the nanoparticles is crucial for the 

coveted optical properties (F. Iskandar et al 2009).The incorporation of metal nanoparticles in 

the polymer increase the long term stability .The metal ions help for increasing the thermal 

stability of the legion polymer (Tugba Orhan et al 2014). 

Nanocomposites materials with nano scale filler have come out in the past decade as a 

bright novel class of material which takes reward of higher achievable load, control interfacial 

interactions. Graphene nano fillers in polymer have been used for the development of multi 

stacking heterogeneous with 2d structure with extraordinary properties (Kesong Hu et al 2014). 
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Graphene-polymer nanocomposites introduced different combinations of nanofiller of grapheme 

and polymer. Device made of polymer-graphene nanocomposites and other ingredients 

including, metal, semiconductor and organic small molecules. Young et all reported the 

fabrication and characterization of polymer-graphene nanocomposites (Young et al 2012). 

Recently Sun et al. provided perceptiveness on the integration of both graphene and carbon 

nanotubes materials in polymer nanocomposites (Sun et al 2013). 

Development of polymer-nanocomposite (PN) is one of the latest evolutionary steps in 

polymer technology. PCNs are a class of organic-inorganic hybrid composite materials. A 

nanocomposite is formed when phase mixing occurs on a nanometer length scale. One successful 

approach to achieve such nanocomposites is the in situ polymerization of metal alkoxides in 

organic matrices via the sol gel process. Inorganic components, especially silica have been 

formed by the hydrolysis/condensation of a mononuclear precursor such as tetraethoxysilane 

(TEOS) in many polymer systems. Another method of synthesis of nanocomposites is direct 

dispersion of nano particles in polymer matrix. Today technologies are available for synthesis of 

a wide variety of nonmaterial like silicon whiskers, carbon nanotubes etc. Modern life and 

industry continuously needs new materials with unique combination of properties. Many efforts 

have been made in the last decades using novel nanotechnology and nanoscience knowledge in 

order to get nanomaterials with determined functionality. 

1.6.1 Nanocomposites topology 

Differing mutual arrangement of small size particles i.e. nano can be observed not only 

on the stage of nanocomposite but also on the level of individual nanoparticles and polymer 

chain. The commonly usual assembly is that of nanoparticles encapsulated by polymer matrix. 

However, in some cases, it has been found that polymers can also be incorporated inside the 
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nanoparticles. In recent time, it was discovered that a polyacetylene chain can be formed by 

fusion of close-packed acetylene molecule inside a CNT (Kim G et al 2005). For the sake of 

completeness, we state that chemical vapour deposition of metals and ceramics is also used to 

produce 2D nanocomposites of inorganic coating on substrate of polymeric. ZnS hollow sphere 

were synthesis by coating SiO2 nanospheres and subsequent dissolution of the silica core with 

hydrofluoric acid. 

1.7 Synthesis of Nanocomposites 

A polymer nanocomposite contains a rigid polymer component dispersed within a 

flexible polymer matrix on a nanoscale level. The rigid polymer, with high modulus and high 

strengths, usually has high melting temperature. These rigid polymers are insoluble in organic 

solvents, and combining it with flexible polymer is thermodynamically adverse. 

Nanocomposites are prepared mainly by three methods: 

1) Sol-gel approach 

2) Ex-situ approach 

3) In-situ approach 

Cheap inorganic materials are tradional ingredients in industry of polymer. They have many 

applications as filler to modify mechanical and thermal properties‟ of polymer and its 

composites. The inclusion of inorganic materials in polymer decreases shrinkage and internal 

stresses and it also increases thermal stability, thermal conductivity, flame resistance and not of 

least importance, to make better cost economically. The ultimate inspiration often happened to 

very crucial one-even though some declination of properties with effusive filling of polymer and 

polymer composite.    



15 
 

Polymer-inorganic nanocomposite materials are capable for modifying various 

properties. Nanocomposites have their unique and special optical, electronic and mechanical 

properties. In all over the world, researchers, scientist and engineers in recent decades are 

working on nanocomposites because of their improved optical, electronic and mechanical 

properties. In the last twenty years, polymer technology has achieved great growth in developing 

fresh methods of synthesis of a vast diversity of polymers with restricted macromolecular 

architecture and morphology which are well defined (Shvarcz M et al 1968, Ruckenstein E et al 

2005). Among these, it is vital to note initially restricted living ionic and radical polymerization 

and copolymerization (Wang J-S et al 1995, Matyjaszewski K et al 2005). In today‟s time it 

seems possible to synthesis block copolymers of various architecture virtually all kinds of vinyl 

monomers by ionic and free-radical mechanisms by bulk, solution, and suspension or emulsion 

process.   

Many different procedures are used for the synthesis of inorganic nanoparticles. For 

further manipulations, usually existing as aggregates, are dispersed in a liquid or solid medium. 

Different mechanochemical approaches including sonication by ultrasound can be used for this 

purpose. However the scope such approach for dispersing the nanoparticles and the 

establishment of an equilibrium state under definite condition, which determine the size 

distribution of the agglomerate of dispersed nanoparticles. Particle coated by a polymer shell are 

considerably more stable against aggregation because of a large decrease of their surface energy 

in comparison with bare particles. Such a polymer shell can be obtained by first synthesizing the 

inorganic nanoparticles in one way or another, and then dispersing them in polymer solution. 

Finally the polymer coated inorganic nanoparticles are precipated into a non-solvating phase. 

This is so-called ex-situ approach. The ex-situ approach is the most general one because there are 
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no limitations on the kinds of nanoparticles and polymer that can be used. The presence of such a 

shell increases the compatibility of the particles in the polymer matrix and makes it easier to 

disperse them.   

In some cases, the process of protective polymer coating formation and nanoparticles 

preparation can be combined into one process or performed as a series of consecutive processes 

in one reactor (the in-situ approach). This approach can be used also for the preparation of 

nanocomposites. In the in situ methods, nanocomposites are generated inside a polymer matrix 

by precursor, which are transformed into the desirable nanoparticles by appropriate reaction. The 

researchers are getting attracted for in situ approaches because of their apparent technological 

advantage over ex situ approach. These core/shell nanoparticles have characteristic optical 

properties which suggest promising applications in optical nano devices and in biotechnology 

Semiconductor nanocrystals capped with organic molecules can have relatively huge 

number of unpassivated surface site as it is very difficult to passivate both anion and cationic 

surface sites concurrently by these capping groups (X.G. Peng et al 1997). These unpassivated 

surface sites work as non-radiative recombination centers which suppress their luminescence. In 

addition organic capped nanoparticles have very extended emission lifetime and large stoke‟s 

shift (B.S. Zou et al 1999) whereas inorganic capped nanoparticles show improved luminescence 

efficiencies (Margaret et al 1996) and shorter life times. The epitaxial growth of inorganically 

caped nanoparticles can remove both the anionic and cationic surface dangling bonds (X.G. Peng 

et al 1997). Surface defect spots can be removed by the inorganic passivation which is more 

efficient than organic passivation. It has been stated by the researchers that fluorescence intensity 

can be enhanced by making a jacket of Cd (OH)2 over the surface of the nanoparticles. It has 

been stated that effectiveness of the various inorganically capped agents having different energy 
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band gaps on the surface passivation of cadmium sulphide (CdS) nanoparticles. It has been 

reported in the literature that these the non-radiative channels can be blocked by doing the 

capping of surface of nanoparticles with wider energy band gap inorganic material like Cd (OH)2 

and zinc sulphide (ZnS).It has been found in surface passivation, zinc sulfide (ZnS) is more 

efficient than Cd(OH)2  because of its size compatibility with cadmium sulfide (CdS), ensuring 

in increased optical band edge emission. Growth of a semiconductor (ZnS) with wider band gap 

on the surface of semiconductor (CdS) with narrower band gap, developing CdS/ZnS core shell 

nanoparticles, leads to noticeable passivation resulting in improvement of photoluminescence 

(PL) emission. It has been reported in the literature that quantum efficiencies can be enhanced by 

the growth of CdS/ZnS graded shell on CdS rods. Making of very luminescent photostable core 

shell nanocrystals of CdSe/CdS and CdSe/ZnS (B.O. Dabbousi et al 1997) has been reported and 

these core shell nanocrystals have been used as fluorescent biological levels. Mn
2+

 doped 

semiconducting nanoparticles potentially gives birth to a smart group of luminescent materials 

with an extensive variety of applications in optical displays, sensors and lasers etc. A noticeable 

improvement in the Photo Luminescence property of ZnS-coated CdS nanoparticles in a polymer 

polycetyl-p-vinylbenzyldimethylamonium chloride (PCVDAC) has also been reported (S.Y. Lu 

et al 2003). The enhancement in PL intensity with increased ZnS nanoparticles concentration 

gives additional support for the development of core shell nanoparticles rather than a mixture of 

CdS and ZnS nanoparticles. Nanostructures have attracted an expectant attention of researchers 

due to their extraordinary optical, electronic, chemical and structural properties. The most 

famous approach involves the synthesis of nanoparticles in situ within the block copolymer 

containg metal precursor. Block copolymers with the ability to form static micelles in solution 
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and at interfaces are fantabulous nominee for the preparation of various metal nanoparticles with 

a narrow size dispersion and long-run stability (Tugba Orhan Lekesiza et al 2014). 

1.8 Properties of Nanocomposites 

1.8.1 Optical Properties of doped nanocrystals 

Nanocrystals are the particles of small dimension in nanometer region that are neither 

tiny molecules nor bulk materials. The nanoparticles of semiconductor, which show properties 

unique from bulk solids, are smart group of materials that have great potential for broad uses in 

the electronics and photonics industry (J. Lee et al 2000, H. Mattoussi et al 1998). As the radius 

of the semiconductor crystal comes close to its exicton Bhor radius, the optical and electronic 

properties begain to modify and quantum confinement effects comes for playing a vital role. The 

optical absorption onset of small semiconductor crystals happens at higher energies (blue shift) 

versus absorption of bulk materials due to quantum confinement. 

Most of the studies have been done on undoped rather than doped semiconductor nanocrystals 

such as CdS, CdSe due to their attractive color tenability as a function of the size of the 

semiconductor. Though the observation of 18% PL efficiency from Mn-doped ZnS nanoparticles 

doped semiconductor nanoparticles (Bhargava at al 1994) has been reconigized as a talented 

form of radiant materials. 

Presently, the nanoparticles of semiconducting materials are being studied because of 

their extraordinary luminescent characteristics and comparatively low cost in combination with 

the high chemical flexibility, thin film light emitting diodes (LEDs) (Colvin et al 1994), low 

threshold lasers, optical amplifiers media for telecommunication networks (Harrison et al 2000) 

and biological levels. A bright scope of ignite research has just came into view on the utilization 

of special dispersive nanocrystals as basic building blocks for the production of quantum dots 
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superstructures and the inspection of the combined properties of these novel synthetic materials. 

There are many nanocrystals for the several semiconductors. But, broadly studied nanocrystals 

among semiconductor nanoparticles are CdSe. In a very successful synthesis method of CdSe 

nanocrystals, an excellent control over the size of nanocrystals, its structure and nondispersity is 

possible. 

A big step in the direction of the synthesis of strong highly luminescent nanocrystals was 

the passivation with wider optical band gap in analogy with the highly sensitive method for the 

development of 2D quantum wells. Many II-VI semiconductors were explored as the shell 

material for CdSe nanocrystals. Thus, ZnS (Hines  et al 1996) CdS (Peng et al 1997) or ZnSe 

(Reiss et al 2002) shell grown around CdSe core results in drastic enhancement of PL efficiency 

and specially, the chemical stability and photostability of the nanocrystals properties. In terms of 

stability, zinc sulfide (ZnS) shell is superior to the cadmium sulfide (CdS) and ZnSe shells. 

Moreover, the PL QE OF CdSe/ZnS nanocrystals decrease with growing core size, and the 

reported values for red emitting CdSe/ZnS nanocrystals are comparatively low (10-40%) (Peng 

et al 1997, Ebenstein, Y et al 2002, Gerion, D. et al 2001). 

The inorganic-polymer nanocomposites provide unique optical properties which can be 

applied in various electronic and optical devices. The preparation of ZnS doped polymer 

composites has many future applications. Guo et al reported the synthesis of ZnS –polymer 

nanocomposites using PMMA as polymer matrix (Guo et al 2007). Thus, metal doped polymer 

nanocomposites may be implicated for wide industrial applications such as optical devices, LED, 

sensors and light color filters. 
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1.8.2 Physical and chemical properties of metal doped nanoparticles 

The definite-size dependence of physical properties becomes apparent when they no 

longer follow classical physics but rather are expressed by quantum physics; are dominated by 

specific interface effects; shows properties due to a small number of constituents, since the usual 

term "material refer to an almost large number of constituents (e.g. atoms, molecules) displaying 

an averaged statistical behavior. In addition, embedded nanoparticles of metals strongly 

influence polymer typical some of the properties like physical and chemical (glass transition, 

crystallinity etc.) open a broad range of promising applications. The properties like optical, 

electronic, mechanical can be modified by the doping of nanoparticles as support elements in 

polymers. This is an ordinary way to modify the electronic, optical, mechanical and electrical 

properties of nanocomposites. The mechanical properties can be enhanced by the doping of 

nanoparticles and this enhancement can be attained when an adequately high-quality interaction 

between the nanoparticles and the matrix of polymer takes place and with a necessity that the 

particles are well distributed within the polymer matrix. Nanocomposites lead to achieve 

excellent bonding between the nanoparticles and the polymer matrix.  The strength of polymers 

can be increased by CNT. Carbon nano tubes (CNTs) are able to making polymers more 

conductive and thermally more stable already at low volume fractions. Polymer nanocomposites 

(PNC) doped by relatively small amounts of ultrafine, nano-particles produced materials with 

extraordinary properties. The extraordinary properties of these smart materials were surprisingly 

high stiffness, toughness ratio, gas-barrier properties, flame retardance etc. 

1.9 Advantage of Nanocomposites     

The following are nanocomposites advantages: 

1) Improved  mechanical properties 
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2) Decreased thermal expansion coefficients 

3) Lower residual stress 

4) Increased solvent resistance 

1.10 Applications of Nanocomposites     

Nanocomposites have potential application in the following industries: 

1) Automotive 

2) Packaging 

3) Aerospace 

4) Electronics 

1.11 Ionizing Radiation 

Ionizing radiation consists of particles that independently can release an electron from an 

atom or molecule, create ions. Ions are atoms or molecules with a net positive or negative 

charge. These ions are chemically reactive and can do damage to the material. The level and 

nature of such ionization depend on the mass, energy and type of the particles composing the 

radiation. In the interaction of ionizing radiation to a polymer, a result of main ionization and 

excitation of the target molecules, the incident energy is transported to the medium. These 

phenomenons of ionization and excitation within the target lead to break of initial bonding, 

creation of excited and ionized species. There are various processes like chain scission, radical 

formation, bond rearrangement, etc occurred due to the excitation and ionization. These entire 

phenomenons are accountable for the change in properties of polymers starring to their uses in 

diverse areas of science and technology. 

The properties of polymers change by the various process such as cross-linking, chain 

scissoring. The radiation which has low energy density, known as low linear energy transfer 
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(LET) Radiations, such as X-rays, γ-rays, fast electrons, etc. interact with matter by three 

different process i.e. photoelectric effect, pair production and Compton effect. Interaction of 

radiation polymer can produce irreversible changes in their properties. The fundamental 

phenomenon in polymers is ionization, chain scission and cross linking. When swift heavy ions 

bombardendent, its lose its energy in the process of exciting electrons and ionizing the atoms. 

SHI can do noticeable modification in chemical structure of polymer. 

1.12 Ion-Solid interactions 

Nowadays ion beam modification is only one of its kind tool for improving properties of 

polymers in a coveted way. Swift Heavy Ion beam induced modifications in solids can be 

classified into two groups: In group one, SHI induced modification on the surface of the material 

known as the surface modification and the other is a uniform modification as a function of depth. 

The surface modification is associated to ion implantation modifications near surface layers and 

the later is ion beam bombardment through a thin sheet (Davenas and Thevenard, 1993). Ion 

bombardment admits the modification on the surface of films and ion beam mixing at the port of 

films and substrate due to radiation effects. In the interactions of energetic ions with the electrons 

and the nuclei of the target atoms in the solid material gradually loses its energy along its path 

and eventually comes to rest. The energy loss of charged particles per unit length is known as 

„Stopping Power‟ and is usually written as - S (E) = -dE/dx, where E is the energy and x is path 

length. The value of stopping power varies and depends to the type of materials. The energy 

losses can be represented in terms of LET which is an amount of the energy deposition on the 

unit length of ion, often represented in SI unit of eV/nm. The extent of ionization will depend 

upon the amount of energy deposited along the ion track or LET (Lee, et al.1999). The energetic 

ion loses its energy in solid material by two ways i.e. electronic and nuclear stopping 
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(Krasheninnikov and Banhart, 2007; Ziegler et al. 1985). These two process i.e. electronic and 

nuclear stopping occur during ion solid interaction are shown in Figure 1.5. 

 

 

Figure 1.4:  Basic Ion-Solid Interaction 

 

The nuclear stopping is a process between the ion and the nuclei of atoms in the target so 

that the ion‟s kinetic energy is moderately transferred to a target atom as a whole resulting in its 

translatory motion. The energy losses are determined by Coulomb interactions. The nuclear 

stopping is crucial only for very heavy ions. The electronic stopping is regulated by inelastic 

collisions between the moving ion and the electrons in the target, which can be either free or 

bound. The compound nature of the electronic energy loss is understandable when one consider 
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its probable origins: (i) straight transfer of kinetic energy to the electrons of target atoms, mostly 

due to electron-electron collisions, (ii) excitation of target atoms, (iii) excitation of conduction 

band electrons and (iv) excitation or electron-capture of the projectile itself. 

Electronic stopping dominates at high ion energies. Energetic electrons interact with the 

nuclei and the electron system in the target (Banhart, 1999). Generally the projectile looses 

energy with penetration depth x is taken as a sum of nuclear and electronic energy-loss terms, i.e. 

 

 
  

  
   

  

  
 
       

   
  

  
 
          

 

 

The forms of the energy loss over all the energy range are complex. Though, over a constrained 

energy system, estimated forms for the energy losses can be obtained, which permit the ion 

penetration and stopping processes to be calculated correctly. At small ion velocities, where the 

nuclear energy-loss leads, the energy loss process is rather correctly explained by using a 

Thomas-Fermi potential (Ziegler et al. 1985). At higher ion velocities, the electronic energy 

losses are better explained by the Bethe-Bloch formalism (Ziegler et al. 1985): 

 
  

  
 

     

      
  

  

    
 

 

     
    

   

        
      

The symbols are defined as: 

E ion energy 

x  length of the ion path 

me   mass of the electron (9.109×10-31kg) 

c speed of light (2.998×108 m/s) 

n target electron density 
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z charge of the ion 

β =  
 

 
 

v  ion velocity 

e elementary charge (1.602× 10-19 J) 

 εo Vacuum permittivity (8.854 ×10-12 C2/Jm) 

I  mean excitation potential of the target 

1.13 Ions Range in Solids 

The ion range in a solid material is defined as the mean depth from the material surface at 

which the ion comes to a end. The range of ions in a solid can be expressed by the rate of energy 

loss              along the track of the ion, which is given as under: 

 

   
 

            
   

Where,  

E0 is the incident ion energy at the target surface 

 x is the distance measured along the ion path 

dE/dx is the energy loss (which has both nuclear and electronic energy loss part) of the ions 

 R is the range of ion of energy E0 

1.14 Track Pattern by Swift Heavy Ions 

Interaction of solids with heavy ions leads to damage zones in the material. When a solid 

is bombarded by swift heavy ions, the material in environs of the ion trajectory may be changed 

into a disordered state, giving rise to the so-called track (damage zone created along the paths of 

fast heavy ions). 
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Figure 1.5:  Evolution of Ion Track Formation 

 The formation of latent track by fast heavy swift ions in nanocomposites film and 

modification results in amorphous metals are related to material dependent thresholds in the 

electronic excitation density at the centre of the track (Schiwietz et al. 1999). Two different 

mechanisms can be considered for track formation as illustrated in Figure 1.5. The track 

formation in the material can be explained by the famous coulomb explosion and thermal spike 

models (Toulemonde et al. 1992).  
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1.15 Literature survey 

 Optical properties can be modified by doping of semiconducting particles in polymer 

matrix. The electron state at interface plays a very important role for modifying the optical 

properties (Jiaqi Yu‟ at al 1998). The design, synthesis and characterization of nanoparticles 

doped polymer become the subject of strong research. Because of their large surface to volume 

ration, there is an enhancement in optical, physical and chemical properties (Swapna S at al 

2005). Irradiation of polymer has been recognized itself as the desired adequate method to 

modify polymer and nanocomposites properties extensively (Singh et al 2005).  

In recent time, the interaction of radiation has been investigated in all type of polymer all 

types of polymers. Irradiation can alter the optical, physical and structure properties of the 

polymer. It is because of chain scission which cracks the macromolecules and cross linking that 

find the degree of degradation of those properties. There are various factors like type of 

interaction, energy, fluence, target material play a key role in predicting the behaviour of 

polymeric material under radiation. 

The optical properties of polymers and its composites were studied by using UV-Visible 

spectroscopy (El-Badery, 2008; Singh and Prasher, 2004). They have reported that the irradiation 

direct to the shift of absorption edge from lower to higher wavelength region which specified 

that band gap energy decrease after irradiation. These results explained by chain scission of the 

polymers due to irradiation. The research in ion beam treatment of material like polymers and its 

composites has impressed in modern time. Wielunski et al. (1997) have reported that ion beam 

irradiation can enhanced the mechanical, optical, chemical and structural properties of various 

polymer films and its composites. The ion beam irradiation of polymer material makes 
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unalterable changes in their structure like ionizing radiations such as neutron, gamma, etc. In a 

controlled manner, it can be used to modify the various properties of the polymer films. 

Swift heavy ions in materials like polymers destroy the original assembly of atoms by 

cross-linking, chain scission and emission of atoms and molecules (Marletta, 1990). This change 

in the structure of polymers shows the way to modification of their properties like optical 

absorption (Davenas et al. 1990), crystallinity and average crystallite size (Virk, 2002; Rajesh et 

al. 2006, Ramola et al. 2009). The results of irradiation on materials like polymer films depend 

upon the different parameters like molecular weight, temperature, etc. of target and energy, mass, 

fluence of ions.  

In the last two decades, the research on the interaction of ion-beam irradiation with 

polymers at low and high dose has attracted much interest of the scientist worldwide at various 

institutes. The huge change induced in electrical conductivity studied by Forest et al. (1982) have 

characterized the temperature dependence and some doping effects induced in polymers by 

different ions. Marletta et al., (1989) have reported and found the correlation among the change 

in chemical, structural and electrical properties of polymers like Polystyrene. Liu et al. (2000) 

studied ion induced crystalline structure and chemical modifications by means of FTIR, XRD 

techniques and XRD results show significant loss of crystallinity after irradiation. Many 

researchers reported loss of crystallinity after heavy ion irradiation (Sun et al. 2003). Optical and 

electrical properties were also studied with 60 MeV protons by Mishra et al. (2000). Further, 

Singh et al. (2003) reported the chemical and electrical properties of 230 μm PET film by 50 

MeV Li
3+

 ions.  (Fink et al. 1994) have done IR studies on polycarbonate using the beam of low 

energy argon ions where Rajulu et al. (2000) have reported the modification in the chemical 

properties of polymers like polypropylene and polymethylmethacrylate/ polystyrene blend by 60 
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MeV silicon ion beam. The modification in optical, structural and chemical properties by swift 

heavy ions (SHI) was reported by Sun et al. 2003.They reported that material suffers a high 

degree of degradation through scissoring and cross linking. Alkynes formation after heavy 

irradtion was found. 

Fink et al. 1995 reported that when energetic ions pass through the polymers, 

carbonaceous clusters produced along latent tracks in polymers. The value of optical band gap 

(Eg) can be calculated by famous Tauc‟s expression (Rajesh et al. 2006). Zhu et al. 2000, 

reported the energy loss on chemical modifications of polystyrene (PS) irradiated with 1.37 GeV 

Ar ion are studied through FTIR and optical absorption measurements. They found that PS 

underwent much degradation under ions irradiation. Incorporation of nanoparticles in polymer 

matrix can lead to an unexpected performance for many applications in different fields. 

Composites made of inorganic nanoparticles embedded in polymer matrix are used in automobile 

industry, medical applications (Thien-Phap Nguyen at 2011). 

1.16 Objective and Scope of the study 

The objective of this thesis work is to study the optical, structural and chemical properties of 

metal doped nanocomposites polymer films. The main attention and objectives of the research 

work are: 

(1) The goal of research work presented in the Thesis to prepare polymeric nanocomposites. 

Metal nano particles of Ni and Cu are to be prepared with the help of micro emulsion 

method. Also semiconducting nanoparticles like CdS and ZnS are to be synthesized.  

(2) These nanoparticles are to be introduced in polymer matrix. The thickness of the film is to 

be decided by the mass of the particles. In addition the uniform doping of nanoparticles in 
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polymer matrix has to be kept during the synthesis. The synthesis and doping part of the 

work studied as well. The first challenge is to make the metal nanoparticles of small size 

and uniform distribution in polymer matrix. Then to make the film of uniform thickness. 

The thickness has to be kept very low of the order of micron so it could not be brittle. The 

aim is the film should be transparent so that in future the optical properties of metal doped 

nanocomposites film can be modified. 

(3) Next step is to irradiate the nanocomposites film with Swift Heavy Ions. Swift Heavy Ions 

is very powerful tool for the modification in materials. 

(4) Final goal is to study the optical, structural and chemical properties of metal doped 

nanocomposites.  

The focus of this research work is to investigate the radiation effect of swift heavy ions (SHI) on 

the optical, structural and chemical properties of nanocomposites polymer films. Goal is to 

produce smart nanomaterials which can be potentially used for various applications like sensors, 

optical devices, filters, magnetic data storage nano systems and more over. In this work, the 

optical band gaps of the materials under investigations have been engineered for the purpose of 

possible applications in industry. 
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CHAPTER 2  

Materials and Experimental Methods 

 

2.1 Introduction 

This chapter gives the complete details about the nanocomposites polymer and 

experimental techniques used in the present work. The working principle of each 

experimental technique is also explained. Detailed descriptions of the following subject 

matters are given in this chapter: 

 Target Materials 

 Synthesis of Nanocomposites Polymer 

 Pelletron Accelerator 

 Irradiation (Material Science Beam Line) 

 Calculation of Ion Range and its Energy Loss using SRIM-2008 

 X-ray Diffraction (XRD) Technique 

 UV-Visible Spectroscopy 

 Fourier Transforms Infrared (FTIR) Spectroscopy 

 Scanning Electron Microscopy (SEM) 

 

2.2 Materials 

Following materials have been used in the present work: 

2.2.1 Polystyrene (PS) 

 Polystyrene (PS) is a polymer which is transparent, colour less and used widely for 

many applications. It is less expensive and available commercially in many shapes. There are 

few shortcomings in polystyrene (PS) like low impact strength, poor weather capacity and 
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poor chemical resistance. Many tailored results which try to find a solution to correct these 

deficiencies are commercially available. 

 

 

 

 

 

 

 

 Polystyrene (density 1.06 g/mL) of average molecular weight 35,000. Polystyrene is a 

hard, transparent glass-like plastic made by polymerizing a benzyl derivative of ethylene 

called styrene. Ethylene itself can be polymerized into another plastic called polyethylene. If 

the starting material is styrene, polystyrene is the product. Ethylene is manufactured from 

petroleum and styrene is then manufactured from the ethylene. Polystyrene (PS) is the plastic 

most often used in "scotch" tape dispensers and transparent, hinged plastic boxes. Polystyrene 

(PS) can even be cast into cheap plastic lenses. 

2.3 Synthesis of nanoparticles by Microemulsion Technique 

Nowadays, nanoparticles of semiconductor are under strong investigation because of 

their modified photo reactivity and photo catalytic properties due to the quantum confinement 

and the dependence of the photo physical and photo chemical properties on their nano size as 

it comes close to the radius of exciton. This growing curiosity has direct to a wide range of 

preparative approaches to nanostructures like sol-gel, electron beam method and micro 

emulsion method. 

 

 

CH2 - CH 

Figure 2.1: The Structure of PS           
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2.3.1. Advantage of microemulsion over other techniques 

 This method of synthesis of nanoparticles offers many advantages: microemulsion is a 

very smooth procedure, not required intense temperature and pressure conditions, can be used 

to do various chemical reactions and not required any particular set of apparatus. 

Microemulsion method is a unique procedure as a sort of soft technique, which is appropriate 

way for synthesising the homogeneous and small size nanoparticles. The use of an inorganic 

phase in water-in-oil microemulsion has received significant attention for synthesis of nano 

particles. This is affecting unique method, which allows synthesis of ultrafine nano particles 

within the range 5 nm<particle diameter<50 nm. 

2.3.2. Synthesis of CdS/ZnS nanoparticles by Micro-emulsion technique 

Amongst the various studied methods, the use of micro-emulsions to obtain 

nanoparticles represents an efficient pathway. “Water-in-oil” micro-emulsions consist of 

nano meter sized water droplets that are distributed in a continuous oil medium and stabilised 

by surfactants molecules localized at water/oil interface (K et al 1997). This reverse micellar 

methods are diverse on a molecular scale, but very durable thermodynamically. Nanoparticles 

are obtained by reverse micelles. Reverse micelles are suitable reaction medium, since small 

water droplets signify nano reactors which support the configuration of tiny crystallites with a 

very fine size distribution (Cizeron, J et al 1995). There are many researchers who worked on 

this on the factors which have an effect on the size and shape of nanoparticles obtained in 

micro-emulsions, such as the droplet size, surfactant concentration and so on. 

 Though, the task performed by the several concerns prevailing the preparation of nano 

particles is yet to be explained and accurate procedure of their development has to be sort out 

(Herron, N et al 1990). The application of nanoparticles acquired in microemulsion method, 

as functional materials in chemical reaction, for optoelectronic devices, such as LED (Bowen 

Katari, J.E et al 1998) needs their effective revival and stabilisation. But there is some issue 
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in the revival method. The origin of the main issue in the revival method is large surface 

energy of very small nanoparticles, which creates them solidify permanently when reverse 

micelles are damaged without any safety treatment. This issue has been resolved by surface 

modification of the nanoparticles with several organic molecules (Kanjilal, D at al 1993). 

 

 

Figure 2.2: (a) Synthesis of quantum-sized CdS in reverse micelles; and (b) Water-in-

oil” reverse micelle formed by CTAB as surfactant and n-pentanol, as co surfactant 

 The present work deals with the use of a quaternary water-in-oil microemulsion, the 

cetyltrimethylammonium bromide (CTAB)/ n-pentanol/n-hexane/water system, which offers 

many advantages over the various micro-emulsions already tested. It has been verified that at 

a certain composition (CTAB concentration of around 0.1 M, with molar ratio 

pentanol/CTAB in the range 8–20 and water content of up to 80 mol of water per mole of 

CTAB) or ATP the system consists of almost spherical reverse micelles stabilized by 
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pentanol, which acts as a co surfactant (Giustini, M et al 1996). The presence of a co 

surfactant in this micro-emulsive system allows modulation of the water droplets dimension 

and surface dynamics by varying either the water content. 

The nanoparticles of cadmium sulfide (CdS) have been prepared in this procedure to 

use this extra parameter, and inspections have meant to look at the main features controlling 

the size, the distribution and the stability of CdS nano clusters. It seems that the transforming 

to a quaternary micro emulsion rises the growth of variables regulating the system, and make 

difficult to the clarification of the procedures engaged in the preparation of the nanoparticles, 

demanding, as a outcome, some extra tidy on the features, which can affect progress,  

particles preparation and stabilization. In the visible range by the absorption spectroscopy the 

characterization can be done of CdS suspension. 

When the nanoparticles of semiconducting material are adequately small (20 nm 

diameter) such that the diameter of the nanoparticles becomes very close to the diameter of 

the first excited-state orbital of the conduction band electrons, the quantum size effect is 

come into the existence (Brus, L.E., et al 1984). With the reduced size of particle, the optical 

band-gap of the semiconductor turns out to be larger and the absorption spectrum appears to 

be shifted towards the lower wavelength. The upper limit of wavelength of the UV–vis 

absorption size has been shown in the theoretical work. SEM permits one to look into the 

arrangement of nanoparticles and find out the average size and size-distribution of 

nanoparticles. 

2.3.3 Preparation of CdS/PS nanocomposites films 

The nanoparticles of cadmium sulfide (CdS) were synthesized by micro emulsion 

method. In this method the nanoparticles of CdS were prepared by the reactions of sodium 

sulfide and cadmium nitrate in water-in-oil micro emulsion system. In this synthesis method 

surfactant plays a crucial role so for that purpose cyclohexane was used. The nanoparticles of 
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cadmium sulfide (CdS) of the size of 50-60 nm were synthesized. The purpose is to disperse 

semiconducting nanoparticles evenly in polymer and to make nanocomposites film. In this 

work the cadmium sulfide (CdS) nanoparticles were dispersed in polystyrene (PS) matrix. In 

the procedure the first step was that polymer was dissolved in chloroform and in the second 

step, 3 ml of synthesized CdS nanoparticles were added to the polymer solution and dispersed 

by ultrasonic agitation to make sure a uniform arrangement. Now after this process uniform 

mixture is obtained, the mixture was poured on to a clean Petri dish. The solvent was 

evaporated at room temperature (25
0
C) to get thin films (thickness ~ 20 µm) of polymer 

composites which were then dried in vacuum oven at 30
° 

C (Rong et al, 2003; Singh et al., 

2011). 

2.3.4 Synthesis of ZnS nanoparticles and nanocomposites films 

 Nanoparticles of ZnS were synthesis by the reaction of Zinc chloride (ZnCl2) and 

sodium sulfide (Na2S) in water-in-oil micro emulsion system (Kulkarni et al 2001). Micro- 

emulsion of ZnCl2 and Na2S have 0.46 g of n-pentanol, 3.37 g of Triton X-100, 7.64 g of 

cyclohexane and 1 g of water. Molar ratio of water and surfactant was maintained at 11 while 

for sulfide and zinc ions was constant (=1). Concentration of sulfide and zinc were estimated 

per aqueous phase (Jovanović et al 2007). 

The confirmation of the nanoparticles was confirmed by in the SEM image (Fig. 1). 

The nanocomposites of ZnS doped polystyrene were synthesized by solution cast method. 

The polystyrene (PS) polymer can be dissolved in chloroform. ZnS nanoparticles were added 

to this solution of polystyrene followed by ultrasonic agitation for uniform arrangement. The 

obtained solution of ZnS and polystyrene was poured on to a clean glass petri disc floating on 

Hg to maintain uniform thickness of prepared sample. The solvent was allowed to evaporate 

at room temperature (25
0
C) to get thin films of polymer composites and finally films were 

then dried in vacuum oven at 30
° 

C to remove the solvent content (Singh et al 2011).  The 
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thickness of prepared thin films have been found 20µm and calculated as per weight, area and 

density relation. 

 

 

Figure 2.3: Nanocomposites Film Preparation Method 

                        

2.4 Sources of Irradiation 

The irradiation by the swift heavy ions (SHI) has been done at Material Science 

chamber in IUAC, New Delhi, India. In order to irradiate the nanocomposites polymer film, 

60 MeV Ni
5+

 ions have been used to conduct the experiments. The beam current was 0.5 

pnA. Two fluences, 10
10

 and 10
11

 ions/cm
2
 have been selected for irradiation. The samples of 

nanocomposite of size 1.5 cm × 1.5 cm were prepared and these samples were mounted on 

the four side of vertical ladder. The ladder was mounted in general purpose scattering 

chamber. A high vacuum of the order of ~ 6×10
-6

 Torr was done in chamber. 

2.4.1 The Pelletron Accelerator 

A Pelletron Accelerator which can produce high energy ions (Figure 2.3) is running at 

Inter University Accelerator Centre (IUAC), New Delhi. This accelerator is being used for 

basic sciences and applied physics in nuclear physics, atomic physics, materials science, 
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biosciences and other allied fields (Kanjilal et al., 1993). 

A high voltage up to 15 million volts can be produced in the portion of Pelletron 

known as terminal. A 15UD Pelletron accelerator is competent of accelerating any ion from 

proton to uranium (except inert gases) up to energies of a few hundred MeV depending upon 

the nature and type of the ion. It has been installed by the Electrostatic International Inc., 

USA. This is a Tandem Van de Graff accelerator, in which the charge carrier belt is replaced 

by a chain of pellets. The digit 15 stands for 15 MV terminal voltages and UD stands for Unit 

Double. It is mounted in a vertical arrangement in an insulating steel tank of height 26.57 and 

width 5.5 m.  This tank has sulfur hexafluoride (SF6) gas at a pressure of 4.0 Torr to stop 

sparking and discharging for insulation purpose. The SNICS (Source of Negative Ion by 

Cesium Sputtering) ion source acts as a source of negative ions which are analyzed by the 

injector magnets. A high voltage terminal with 1.52 mm diameter and 3.81 mm length in the 

middle of the tank can be charged by a high potential varied from 4 to 16 MV using an 

electrostatic charge transfer device. This terminal is connected to the tank vertically through 

ceramic titanium tubes known as the accelerating tube. 

These tubes help in keeping a potential gradient. Negative ions from the ion source 

are infuse on the way to terminal and stripped off a few electrons through stripper foils. The 

yield is transformed into positive ions. These ions are further accelerated as they proceed 

towards the bottom of the tank at ground potential. As a result, the ions from the accelerator 

gain energy, as given in Equation 2.1. 

 

                                                                                                                       2.1 

 

In the above equation V  is the terminal potential and „q‟ is the number of positive charges 

(charge states) on the ions after stripping. A heavy ion of charge state „q‟ will get a final 
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kinetic energy equal to (q + 1) × 16 MeV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Diagram of 15UD Pelletron Accelerator 

  

Thus protons accelerated to a full terminal voltage would have energy equal to 32 

MeV. By using proper magnets with respect to the charge states and energies, the high 

energetic ions are analyzed and are bent at 90° to the vertical position by using analyzer 

magnet. These redirected ions are focussed to the desired experimental area in the beam hall 

with the help of multi-port switching magnet. These switching magnets have the ability to 
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redirect the beam to any one of the seven beam lines (NSC school on accelerator physics, 

1989). 

2.4.2 Material Science Beam Line 

The samples are irradiated in the material science beam line of IUAC, New Delhi. The beam 

line setup is shown in Figure 2.4. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Material Science Beam Line for Irradiating Materials 

 

This beam line is at 150
º
 angle with respect to the direction of the unswitched direct beam. 

The beam line is sustained at ultra-high vacuum of the order of 10
-9

 Torr and the irradiation 

process is carried out in the high vacuum chamber (HVC). It is fixed in Material Science 

beam line of Pelletron. It has a system of temperature control from low temperature to high 

temperature, dose control which includes positive bias to the target for secondary electron 

suppression (Faraday cup) and proper mechanical support and alignment. The vacuum in the 
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target chamber is generally kept below 10
−6

 Torr. 

Several samples of different size can be mounted on all the four sides of a specially 

designed ladder, which is 10cm long copper block of rectangular cross-section. Each sample 

was fixed on the ladder with the help of silver paste. Conducting path was provided by using 

a line of silver paste from the top surface of the sample to the copper block. The target ladder 

is mounted through a Wilson seal from the top flange of the chamber. This top flange is 

connected to the chamber through a flexible bellow that can be expanded up to 11 cm 

from its least position. A stepper motor in conjunction with a suitable mechanical assembly 

is used to control the up and down motion of the ladder. The beam on the ladder can be 

observed by observing the luminescence of the beam on the quartz crystal mounted on all 

sides of the ladder. After the observation of the beam on the quartz, the sample to be 

irradiated is brought to the same position as that on the quartz by moving the ladder in the 

desirable position. A CCD camera is attached to one of the ports of the chamber for viewing 

the sample and the quartz position. 

The positions of ladder can be monitored regularly using close circuit television 

(CCTV) in the data acquisition room. The magnetic scanner that can be swept the beam 25 

mm in y- direction and 10 mm in x-direction to ensure the uniform irradiation of samples. A 

cylindrical enclosure of stainless steel surrounds the sample ladder, which is kept at a 

negative potential of 120V. This enclosure suppresses the secondary electrons coming out 

of the sample during the irradiation. An opening in the suppresser allows the ion beam to 

fall on the sample. The total number of particles/charges falling on the sample can be 

estimated by a combination of the current integrator and the pulse counter (Faraday Cup) 

from which the irradiation fluence can be measured. 
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2.5 Fluence Calculation 

The calculation of fluence was done by knowing duration of irradiation and the value of ions 

beams current as follows, 

  
 

 
 

    

 
 

    

 
                                                                                                   

 

   
    

 
                                                                                                                       

 

Where I = ion current (nA) 

 

Q = total charge 

 

D = dose = ion fluence (φ) in ions/cm
2 

× area (A) of irradiation in cm
2 

q = charge state 

e = electronic charge = 1.6×10
-19 

C 

T = time of irradiation 

 

                                                              
 

  
(pnA)

 

 

  
  

      
                                                                                                                  

 

Using the Equation 2.4, the required time was calculated for all ions fluence. During the 

experiment, keeping current of the ion beam constant, the samples were irradiated for pre-

determined time.  
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2.6 Calculation of Range and Energy Loss 

Stopping and Range of Ions in Matter (SRIM) is software for computing the range 

and energy loss in the materials like polymers when ions interact with matter; the core of 

SRIM is a program Transport of ions in matter (TRIM) (Ziegler et al. 2008). In 1983, Ziegler 

and Biersack developed this software programs and are being continuously upgraded. SRIM 

is based on a Monte Carlo simulation method, namely the binary collision approximation 

with a random selection of the impact parameter of the next colliding ion. As the input 

parameters, it needs the ion type and energy (in the range 10 eV-2GeV) and the material of 

one or several target layers for doing the calculations. Standard applications include: 

Ion Stopping and Range in Targets: SRIM can calculate the attribute of the energy loss of 

ions in materials (Ziegler et al. 2008). SRIM is able to do fast calculations which generate 

tables of stopping powers, range and straggling distributions for any type of ion at any energy 

range in any elemental target. Using targets with complex multi-layer configuration requires 

more detailed computations. In the present research work, the projected range, nuclear and 

electronic losses are calculated using SRIM code by Ziegler et al. (2008) for all target 

materials. Details of the samples for heavy ions and ionizing radiations are given in Table 

2.1. 

Ion Implantation:  The electronic and chemical properties of materials can be modify by a 

beam of ions. When ion beam passes through the material it causes harm to solid targets by 

doing the displacement of atoms. Generally the kinetic effect is connected with the physics of 

the type of interactions is found in the stopping and range of ions in materials package. 

Sputtering: In the phenomenon of sputtering, the beam of SHI knocks out target atoms. All 

the computations of sputtering by any ion in any energy range have been done by SRIM 

package. 
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     Table 2.1 Irradiation Details of the Samples 

S. 

No. 

 

No. 

 

Target 

 

Fluence 

(ions/cm
2

) 

 

Current          

(pnA) 

 

(pnA) 

 

Range 

 

(μm) 

 

Se    

(eV/A
0
) 

 

Sn 

(eV/A
0
) 

 

(eV/A
0

) 

 

Energy and 

Ions 

Ions 

 

1. PS 

 

1×10
8
 

 

0.5 

 

19.71 

 

5.2×10
2
 

 

1.21 

 

60 MeV Ni
5+

 

 

1×10
11

 

2. 

 

PS/CdS:Cu 
1×10

8
 

 

0.5 17.56 

 

5.94×10
2
 

 

1.67 

 

60 MeV Ni
5+

 

1×10
11 

3. PS/CdS:Ni 
1×10

8
 

 

0.5 17.24 

 

6.03×10
2
 

1.69 60 MeV Ni
5+

 

1×10
11

 

4. 

 

PS/ZnS 

 

1×10
10

 

 

0.5 

 

18.16 

 

5.68×10
2
 

 

1.49 

 

60 MeV Ni
5+

 

 1×10
11

 

 
5. 

 

PS/ZnS:Cu 
1×10

10
 

 

0.5 

 

16.48 

 

6.36×10
2
 

 

1.74 

 

60 MeV Ni
5+

 

 1×10
11

 

 
6. 

 

PS/ZnS:Ni 

 

1×10
10

 

 

0.5 

 

16.14 

 

6.47×10
2
 

 

1.78 

 

60 MeV Ni
5+

 

 1×10
11

 

 
 

2.7 Characterization Techniques 

2.7.1 X-ray Diffraction (XRD) 

The X-ray diffraction (XRD) is the most broadly used technique for qualitative and 

quantitative analysis as well as for characterizing a broad range of materials including 

polymers, fluids, metals, nanocomposites, plastics, ceramics, semiconductor etc. XRD studies 

the structure of unknown crystals and materials, identify the crystalline phase, and determine 

the spacing between layers. The orientation of a single crystal or grain can be find out by 

XRD technique. This technique is able to measure the size and stress of crystalline regions 
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and determine the crystallinity of the thin films. 

In an X-ray diffractometer, the production of X-rays is done within a sealed tube 

(anode) consisting of the metal target (copper metal) and a tungsten metal filament (cathode). 

Other metals such as chromium, iron, nickel, silver and tungsten can also be used as target for 

specific purposes. A current (10-15 mA) is passed through the filament within the tube that 

current warms the filament, the number of electrons emitted from the filament depend on the 

amount of current passing in the filament, the higher the current the larger the number of 

electrons. X-rays are produced when high potential voltage (typically 15-60 kilovolts is 

applied within the tube so that the generated electrons are accelerated and interact with it to 

produced X-rays. The wavelength of X-rays depends upon the target metal‟s properties. The 

characteristics X-rays are produced, when electrons with adequate energy remove inner shell 

electrons of the target material. When the vacancy of this inner cell i.e. K is filled by an 

electron originating from any of the outer shell e.g. L and M, the emitted radiation is called 

Kα (8.06 KeV) and Kβ. (8.93 KeV) Usually K lines are used in XRD since the longer 

wavelength lines are too easily to be absorbed. Kα consists of Kα1 and Kα2 X-rays. The Kα1 

transition will occurs almost exactly twice the frequency of Kα2 transition and the resulting 

X-rays will have twice the intensity as that of Kα2. There is a need for producing 

monochromatic X-rays for diffraction. This need of producing monochromatic X-rays is done 

by filtering, by foils or crystal. The wavelength of Kα1 and Kα2 X-rays are very close so an 

average of the two can be used for calculation purpose. 

When a collimated beam of X-rays, with definite wavelength is incident on a crystal, 

it is coherently scattered from all atoms and undergoes constructive interference (shown in 

Figure  2.5) in certain directions and destructive interference in other directions giving rise to 

diffracted beam. It is important to note that only those crystallites or atoms whose reflecting 

planes are parallel to the sample surface will add to reflected intensities. The Bragg condition 
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for the angle of the diffraction is thus: 

 

                                                                                                                                         

 

where n is an integer called the order of diffraction, λ is the wavelength of the X-ray, θ is the 

diffraction angle and d is the interplanar spacing in crystalline material. 

 

 

 

 

 

 

 

 

 

 

       Figure 2.6: Reflection of X-rays from Parallel Planes in a Solid 

 

For homogeneous phase λ is fixed and for a set of lattice planes d is fixed, hence the degree 

of diffraction will depend on the glancing angle θ. With the help of Bragg‟s equation it is 

possible to determine the spacing d between successive lattice planes if λ is known and θ is 

measured. 

Determination of Crystallite Size 

The main contribution to the XRD peak intensity is due to grain size, lattice vibrations or 

strain, instrumental broadening and defects. We can estimate the average crystallite size using 
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Scherer equation (Scherer, 1918; Patterson, 1939): 

 

      
  

     
                                                                                                                              

 

Where λ=1.54 nm is the wavelength of the Cu-Kα X-ray radiation used, b is the FWHM of 

the diffraction peak and θ is the Bragg angle (in radians), k is the Scherer constant (usually 

taken as unity), L is crystallite size (A
0
). 

Determination of Percentage Crystallinity 

The crystallinity can be calculated by separating intensities due to amorphous and crystalline 

phase on diffraction pattern. Percentage of crystallinity (Xc %) is measured as the ratio of 

crystalline area to total area (Ramola et al. 2009). 

 

      
  

     
                                                                                                                             

 

where Ac = area of crystalline phase, Aa = area of amorphous phase and Xc = percentage of 

crystallinity. 

XRD experiment was performed on thin films by using a Bruker D8 advanced, AXS, X- ray 

diffractometer with Cu-Kα radiation in a wide range of Bragg‟s angle at 40kV/30mA and 

having Cu-Kα radiation selected by a graphite monochromator. 

2.7.2 UV-Visible Spectroscopy 

Ultraviolet-visible spectroscopy is a tool for doing the measurement of the attenuation 

of the light after it passes through a specimen or after reflection from a specimen surface. 

UV-visible studies include transmittance, absorption and reflection measurements in the UV, 

visible and near infra red wavelength region. The UV-visible spectroscopy is generally used 
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to find out functional group of molecules and inorganic ions in solution. The UV-visible is 

extremely valuable for quantitative measurements. The strength of the sample in a solution 

can be determined by computing the absorbance at some wavelength and using the Beer-

Lambert Law i.e.       
    , where I0 and I are the intensity of the incident light and 

transmitted light, respectively; σ is the cross section of light absorption by a single particle 

and N is the density of absorbing particles. In the visible and ultraviolet region, organic 

compounds absorb UV radiation which leads promotion of electrons in σ,   and n-orbitals 

from the lower state to upper energy state. These upper energy states are express by 

molecular orbitals that are vacant in the lower state and are mostly known as anti bonding 

orbitals. These anti bonding orbitals connected with σ bond is called the σ* orbital and that 

connected with   bond is called the  * orbital. 

[a] Principle of UV Visible Spectroscopy 

When thin films of materials are exposed to UV-Visible light having an energy which 

is according with a possible electronic transition within the molecule, some of the light 

energy will be absorbed as the electron is raised from lower to a higher energy orbital. An 

optical spectrometer in UV-visible spectroscopy traces the wavelengths at which absorption 

takes place and degree of absorption at each wavelength simultaneously. The absorbance of 

any material or sample will depend on the number of molecules absorbed by the light beam in 

the spectrometer (e.g. their molar concentration in the sample tube), it is a requirement to take 

the exact value of the absorbance for this and other operational factors for doing the 

comparison of the spectra of different compounds in a significant way. 
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The exact value of absorption is known as "molar absorptivity" and is mainly useful in the 

comparison of the spectra of dissimilar compounds and find out the comparative strength of 

light absorbing functions. A schematic diagram of UV-visible spectrometer with all necessary 

components is shown in Figure 2.6. In the present studies absorption spectra of UV Visible 

were recorded using a Hitachi U-3300 UV Vis Spectrophotometer. 

[b] Determination of Optical Band Gap Energy 

The UV-visible spectral data is used for the determination of the energy band gap (i.e. 

the gap between the conduction band and the valence band) in case of various polymers by 

using the relation given by Zaki, (2008). 

             
 
                                                                                                                 

Figure 2.7: Schematic Diagram of UV-Visible Spectroscopy 
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where hν is the energy of photon of the incident light, Eg is the value of the optical band gap 

energy  between the valence band and the conduction band and the value of n describes the 

direct or indirect electronic transition during the absorption process in the K space. In 

particular, n is 1/2, 3/2, 2 and 3 for direct allowed, direct forbidden, indirect allowed and 

indirect forbidden transitions, respectively. 

The dependency of factor B is on the transition probability and does not change 

within the optical frequency range. So factor B can be understood to be constant within that 

frequency range. The calculation of the value of optical band gap is done by plotting (αhν)
1/n

 

against (hν). The materials which are amorphous, n = 2 is a fit case for indirect transition; n= 

½ is a reasonable fit for a direct transition.                                                                                                                                                                                                                                                                                                                                                                                                                    

In the present research work, the values of optical band gap were calculated by 

plotting (αhν)
1/2

 and (αhν)
2
 as a function of the photon energy (hν) respectively, taking into 

account the linear portion of the fundamental absorption edge of the UV-visible spectra 

[c] Determination of Number of Carbon Atoms 

The number of carbon atoms (N) per conjugation length for a linear structure (Ramola et al., 

2008) is given by 

  
   

  
                                                                                                                                         

Where 2β gives the band structure energy of a pair of adjacent Π sites. The value of β is taken 

to be -2.9 eV as it is associated with  - * optical transition in the –C=C- structure. 

From the Robertson relation cluster size can be calculated by Nouh et al. (2003) and the 

number of carbon atoms per cluster can be calculated by using the following relation (Gupta 

et al., 2000): 
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2.7.3 Fourier Transforms Infrared Spectroscopy (FTIR) 

This spectroscopy is a main tool for finding the presence of functional group in 

organic materials. FTIR is an easy method to identify the presence of certain functional 

groups in organic molecule. This technique can also be used for the collection of absorption 

bands and for the detection of pure composites or the presence of specific impurities. The 

spectrometer of FTIR simultaneously records data in a broad range of spectra. So this 

spectrometer gives a significant advantage over a dispersive spectrometer which records 

intensity over a narrow range of wavelengths at a time. In FTIR spectroscopy, the term 

Fourier transform spectroscopy reflects the fact that in all these techniques, raw data is 

converted into the actual spectrum by Fourier transform and in many of the cases in optics 

involving interferometers is based on the Wiener-Khinchin theorem. This theorem states that 

the power spectral density of a wide-sense-stationary random process is the Fourier transform 

of the corresponding autocorrelation function. 

In FTIR-spectroscopy, the interference signal of a two-beam interferometer is 

measured. The beam splitter divides the collimated IR beam into two beams. One of the 

beams is transmitted to the moving mirror and other reflected in the fixed mirror. These two 

IR beams are then reflected back to the beam splitter by the mirrors. The reflected IR beams 

superimpose and interfere constructively or destructively depending on the wavelength of the 

light and the optical path difference between the mirrors. These IR beams recombined and 

then go through the sample (or the reference) and arrives at the detector. Helium-Neon laser 

controls the position and movement of the movable mirror. The optical schematic of an FTIR 

Spectrometer is shown in Figure 2.7. The Resolution of FTIR spectrometer plays an 

important role and depends generally by the highest value of path difference between the 

interferometer wings.  

 



59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The optical arrangement of the interferometer during shifting of mirrors is very 

important. Hence shifting the mirror (so called scanner) have an effect on the efficiency of 

the device which is very crucial. In FTIR spectroscopy, the study is done on the effect of 

interaction of radiation with chemical materials. In the interaction of electromagnetic 

radiation with a sample (solid or liquid), it has been found that some particular frequencies of 

the radiation are absorbed by the molecules of the substance guiding to the molecular 

vibrations. The modern IR spectrometers are producing good results and these days 

considered to be superior to the dispersive IR spectrometers. The infrared spectrum is 

Figure 2.8: Optical Schematic of a FTIR Spectrometer 
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obtained by FTIR (Fourier Transform Infrared). In this procedure an interferogram of a 

sample signal is collected by using an interferometer, then doing a Fourier Transform on the 

interferogram to get the spectrum. 

An FTIR Spectrometer is a type of equipment that produces the infrared spectrum. 

This infrared spectrum is obtained by collecting and digitizing the interferogram and then 

performing the FT function. An interferometer is the most important part of Fourier 

Transform Infrared (FTIR) spectroscopy. This interferometer divides a beam of light into two 

beams and then recombines them such that these recombined beams produce an interference 

pattern which depends on wavelength. The interferometer which commonly used is the 

Michelson interferometer. The Michelson interferometer is the heart of all modern FT-IR 

spectrometers. In the present work, the FTIR measurements on the films were carried out by 

using Thermo Nicolet NEXUS 670 FTIR system. 

2.7.4 Scanning Electron Microscopy 

This is one of the most useful and versatile tool for the investigation of surface 

topography, micro structural feature etc. It provides a pictorial display of the surface layer 

with a high depth of a focus greater than that possible in electron microscope thus providing 

details than that by the replica technique. 

In scanning electron microscope (SEM), a fine and focused beam of electrons takes 

the picture of a sample by scanning it in a raster scan pattern. When electrons interact with 

the atoms of the sample, after the interaction electrons give an idea about the properties of the 

sample like surface topography, composition and electrical conductivity etc. In most of the 

applications, image is produced by the data which has been taken over a selected area of the 

surface of the sample. This is a two-dimensional image that displays spatial variations in 

these properties. The range of selected areas remains approximately 1 cm to 5 μ in width can 

be imaged in a scanning mode using conventional SEM techniques (magnification ranging 
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from 20X to approximately 30,000X, spatial resolution of 50 to 100 nm). Some of the 

selected point locations on the materials or sample can also be studies by SEM technique. 

The crystalline structure, crystal orientations and chemical compositions (using EDS) can be 

found out by this approach which is able to do qualitatively and semi-quantitatively analysis. 

When electrons are incident on the solid sample, in the interaction of electron-sample, 

accelerated electrons have significant amounts of kinetic energy. This energy is dissipated as 

a variety of signal produced by the interaction of electrons and sample. These signals 

produced by electron-sample interaction include secondary electrons (that produce SEM 

images), backscattered electrons, diffracted backscattered electrons, photons, visible light and 

heat. Images of the sample are commonly taken by the secondary electrons and backscattered 

electrons. These secondary electrons are mostly used to see the morphology and topography 

of sample‟s surface and backscattered electrons are for demonstrating contrasts in 

composition in multiphase samples. 

X-ray is produced, when high speeding electrons collide with electrons in discrete 

orbitals (shells) of atoms in the materials or sample. This is inelastic                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

collision. The excited electrons make a transition to the lower energy states and produced X-

rays. These X-rays are of a fixed wavelength and called characteristic X-rays. Thus, excited 

electrons in elements produced characteristic X-rays.  Scanning Electron Microscope (SEM) 

is a non-destructive technique; i.e. X-rays produced by electron-sample interactions do not 

harm the sample. So there is no volume loss of the materials and it is possible to use the same 

materials repeatedly. Schematic diagram of SEM is shown in Figure 2.8. For doing the 

analysis in SEM, there are some special preparations which need to be done to the sample 

because SEM utilizes vacuum conditions and uses electrons to form an image. Water would 

vaporize in vacuum so all water must be removed from the sample. All metals samples can be 

used without any preparation because metals are conductive. 
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Figure 2.9: Schematic of Working Principle of SEM 

 

The samples of all non-metals need some preparations before being used. These samples of 

non-metals need to be made conductive by covering the sample with a thin layer of 

conductive material. This is done by using a device called a "sputter coater." In the present 

studies SEM images were obtained by using JEOL (JSM-6490 LV) scanning electron 

microscope. 
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CHAPTER 3 

SHI Induced Modifications in Nano-CdS/ polystyrene Composite 

Films 

3.1 Introduction 

The nanoparticles of cadmium sulphide (CdS) of size of 50-60 nm were prepared by one 

of the best chemical method i.e. micro-emulsion method. Ni and Cu metals are doped in the 

polystyrene/CdS (PS/CdS) nanocomposites. The pristine and metal doped nanocomposite films 

were irradiated with 60 MeV Ni
5+

 ions. The result of doping of Cu and Ni metals and swift heavy 

ion irradiation at different fluence was discussed for observing the change in the structural, 

optical and chemical properties of PS/CdS nanocomposite films. In XRD spectra of irradiated 

polystyrene (PS), the fall in the amorphous nature has been observed at higher fluence of 

radiation. In the UV-visible studies, shifting of the absorption peaks towards the visible region in 

irradiated and doped nanocomposites sample was found. The absorption peak shifting in case of 

Cu and Ni doped nanocomposites was more prominent than those of pure polystyrene (PS) and 

PS/CdS nanocomposite films. The increase in absorption was attributed to the creation of a 

conjugated system of bonds. The fall in optical band gap energy in case of Ni metal doped 

PS/CdS sample was found much while in case of Cu doped PS/CdS sample it was less and the 

ion irradiation further decreased the optical band gap energy value. In FTIR pattern of Cu and Ni 

metal doped PS/CdS composites film the absorption peak of Cd-S bond was noticed at 405 cm
-1

. 

There is a dip in the intensity of polystyrene (PS) absorption lines in all SHI irradiated samples. 

Nanocomposites polymer signify a growing field in nanoscience and nanotechnology. The 

small size of metal or semiconductors nano- particles as compare to the wavelength of visible 
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light gives the nanocomposites polymer an innovative perception for optical materials. Doping of 

the suitable nanoparticles in the polymer matrix can modified the optical properties of 

nanocomposites and properties also can be modified by swift heavy ions. The optical, structural, 

chemical, magnetic, electrical and other properties of the polymers and polymer nanocomposites 

can be change by the controlled beam of SHI (Tombrello et al., 1994; Steckenreiter et al., 1997; 

Kulshrestha et al., 2006; Kumar et al., 2006; Vijay et al, 2006). The interaction of the incoming 

swift heavy ions with the target material can be occurred by two methods i.e. elastic and inelastic. 

In elastic collision, the energetic ions interact with nuclei of the atoms and in inelastic collision 

the energetic ions interact with electrons of the target atoms depending upon the energy of the 

arriving ion. At higher energy of the order of 10 MeV the inelastic collision dominates and 

responsible for modifications in optical, structural and chemical properties (Kanjilal, 2001). A 

large amount of energy of SHI is lost in process of ionizing atoms and exciting electrons. 

Ionization of atom causes bond cleavages, degradation, free radical formation and cross- linking 

of polymeric chains and formation of unsaturated bonds (Fink et al., 1996; Picq et al., 1998). 

There are various parameters of SHI like mass, charge state, energy and dose of the impinging 

ions which can modify the materials. Linear energy transfer (LET) value of incoming ion can 

defined these parameter (Lee et al., 1999). The alteration in properties also depends upon the type 

(molecular arrangement and stuffing of polymeric chains etc) of target polymers (Singh et al., 

2013, Balanzat et al., 1994). 

   Metal doped PS/CdS followed by irradiation with SHI may give extreme alteration in its 

properties like structural, optical and chemical etc. The small size and strong confinement 

properties make these  metal doped polymer nanocomposites valuable for wide applications such 

as light-emitting diodes (Tesster et al., 2002), lasers (Artemyev et al., 2001) and devices (Zhu et 

al., 2005). Zhu et al, 2005 reported that CdS doped polymers are one of the highly studied 
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polymers due to their size dependent properties. The emission conduct of nanocomposites 

changes with the change in the size, which can be restricted during the synthesis by surface 

capping molecules and by controlling the temperature (Alivisatos et al., 1996). In the literature, it 

has been reported that CdS nanoparticles can be synthesis by various methods (Peng et al., 2001; 

Gorelikov et al., 2004; Peng et al., 1997). There are various methods available for the synthesis 

of nanocomposites such as microemulsion, sol-gel template, chemical aerosol flow synthesis, ion 

beam synthesis, ultrasonic’s irradiation in an aqueous solution, two phase approach and in situ 

micelle-template-interface reaction route. In all these methods, microemulsion is very efficient 

technique for controlling the size of nanoparticles. The synthesis of nanocomposites has been 

done by Micro- emulsion method. The inclusion of CdS nanoparticles in the polymer matrix has 

been reported in literature (Farmer et al., 2001; Wu et al., 2004; Han et al., 2005). The doping of 

nanoparticles in the polymer with varying concentration has been found in the literature (Chen et 

al., 2007; Rong et al., 2003). But, few data is available in the literature for the modification in the 

properties like optical, structural and chemical by swift heavy ions beam irradiation. 

 To control the energy band gap and crystallite size of nanocomposites polymer, SHI 

irradiation is very effective tool. In SHI irradiation the desired beam of ions can be produced by 

controlling the beam parameters like current, energy, fluence etc. Further, the energy band gap 

and crystallite size can also be restricted by doping of nanoparticles with varying concentration. 

The main aim of the present research work in this chapter is to discuss the optical properties for 

the change in optical band gap energy by the two methods: doping with metals (Ni and Cu) and 

ion beam treatment (irradiation). In addition to it the impact of ion beam irradiation on chemical 

and structural properties are also discussed.  
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3.2 Synthesis of CdS/PS Nanocomposites Film 

3.2.1 Materials 

 Polystyrene (PS) is a polymer which is transparent, colour less and used widely for many 

applications. It is less expensive and available commercially in many shapes. Polystyrene (PS) 

(density 1.06 g/mL) of average molecular weight 35,000 and all other chemicals/solvents were 

purchased from Sigma Aldrich. All the chemicals were used as- recieved without any further 

treatment.  

3.2.2 Preparation of CdS/PS Nanocomposites Film  

The nanoparticles of cadmium sulfide (CdS) were synthesized by the reaction of sodium 

sulfide and cadmium nitrate in water-in-oil micro emulsion system. In this synthesis method 

surfactant plays a crucial role so for that purpose cyclohexane was used. The nanoparticles of 

cadmium sulfide (CdS) of the size of 50-60 nm were synthesized. The purpose is to disperse 

semiconducting nanoparticles evenly in polymer and to make nanocomposites film. In this work 

the cadmium sulfide (CdS) nanoparticles were dispersed in polystyrene (PS) matrix. In the 

procedure the first step was that polymer was dissolved in chloroform and in the second step, 3 

ml of synthesized CdS nanoparticles were added to the polymer solution and dispersed by 

ultrasonic agitation to make sure a uniform arrangement. Now after this process uniform mixture 

is obtained, the mixture was poured on to a clean Petri dish. The solvent was evaporated at room 

temperature (25
0
C) to get thin films (thickness ~ 20 µm) of polymer composites which were then 

dried in vacuum oven at 30
° 
C (Rong et al, 2003; Singh et al., 2011). 
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3.3 Scanning Electron Microscope (SEM) 

In scanning electron microscope (SEM), a fine and focused beam of electrons takes the 

picture of a sample by scanning it in a raster scan pattern. The interaction of electrons with the 

atoms gives valuable information about the surface topography. The SEM image of synthesized 

CdS nano particles is shown in Fig. 3.1.The white dots appearing in the image suggesting the 

formation of CdS nanoparticles. The CdS nanoparticles of 50-60 nm size can be seen in this SEM 

image. 

 

 

Figure 3.1:  SEM image of Synthesized CdS nano particles 

3.4 Irradiation 

The nanocomposite films of the size (1.5 cm × 1.5 cm) were prepared for swift ions 

irradiation. These small specimens of nanocomposites were mounted on a vertical vacuum shield 

ladder and irradiated in general purpose scattering chamber (GPSC) with 60 MeV Ni
5+

 ions beam 

from 15 UD Pelletron accelerator at Inter University Accelerator Centre (IUAC), New Delhi, 
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India to the fluences of 10
8

 and 10
11

 ions/ cm
2
. For minimizing thermal decomposition, the beam 

current was kept ~ 0.5 pnA. UV–visible, FTIR and X-ray diffraction were used for the study of 

optical, chemical and structural properties of pristine and irradiated samples. UV–visible 

spectroscopy for find out the band gap energy was carried out in the wavelength range 250–800 

nm using U- 3300 Hitachi system. Preliminary structural studies were carried out by using 

Bruker AXS system with Cu-Kα radiation (1.54 Å) for a wide range of Bragg angles 2θ (5≤ 2θ≤ 

50). Infrared measurements were performed in transmission mode using Nicolet Nexus 670 FTIR 

spectrometer.  

3.5  SRIM (Stopping and Range of ions in Materials) calculations 

 Energy losses can be calculated by SRIM calculations. As we know that two type of 

losses (electronic and nuclear) are found in the interaction of SHI with the materials. The 

electronic energy loss (Se), nuclear energy loss (Sn) and projected range of Ni ions in target 

polymer and polymer nano-composites were calculated by using SRIM- 2008 code (Ziegler, 

2010). All these calculated values are mentioned in Table 3.1.  The Se values for our target 

samples are 100 times larger than those of their Sn values ensuring nuclear energy loss to be 

nearly negligible. In all the samples the nuclear energy losses are very less as compare to 

electronic losses. The values of projected range are almost equal to our sample thickness (20 

µm), hence very little probability is there for ion implantation. 
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Table 3.1. SRIM calculated Se, Sn values and projected range of 60 MeV Ni ion beams for 

Target samples 

Target Material Se (eV/ Å) Sn (eV/ Å) 

Projected range 

(µm) 

Polystyrene (PS) 5.20 × 10
2
 12.1 19.71 

PS\CdS:Cu 5.94 × 10
2
 16.7 17.24 

PS\CdS:Ni 6.03 × 10
2
 16.9 17.56 

 

3.6 Results and discussion 

3.6.1 X-ray diffraction 

XRD characterization had been carried out with the narrow objectives of investigation to 

variation of intensity of the XRD peaks with different ion fluence to see loss of crystallinity with 

irradiation and in this work no effort has been made in a direction to find the whole structure of 

the polymer nanocomposite films. The structural properties were studied by X-ray power 

diffraction (XRD). The analysis of all XRD spectra was carried out with a Philip analytical X-ray 

B.V. Diffractometer, using graphite-monochromatized Cu Kα radiation (λ = 1.54178 A°) at 

IUAC New Delhi. These nanocomposite samples are irradiated by 60 MeV Ni
5+

 ions beam under 

the high vacuum of 4ˣ10
-6

 Torr to the fluence of 10
8
 to 10

11
ions/cm

2
. The properties of the 

nanocomposites materials can be modified in an organize way by controlling the parameter like 

energy and ion fluence of ion beam radiation. When ionizing radiation interact with the material 

it causes degradation and cross linking in polymers. A scanning rate of 2
° 
per minute was applied 

to record the pattern in the 2θ range between 5
°
 and 80

°
. Cu and Ni metal doped polystyrene 

nanocomposite films of 20 microns thick are irradiated by 60 MeV Ni
5+

 ions beam. 
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In Figure 3.2, the XRD spectra of virgin and irradiated samples of polystyrene (PS) are 

shown. The polystyrene (PS) film was irradiated by SHI at fluence of 10
8
 and 10

11
 ions/cm

2
. The 

amorphous nature of polystyrene (PS) can be verified in X-ray diffraction spectra of virgin PS 

sample. The X-ray diffraction pattern of virgin polystyrene (PS) sample conforms to the XRD 

spectra reported by Singh and Samra, 2008. The major diffraction peaks with maximum intensity 

of virgin polystyrene (PS) was found at 2θ = 19.76
°
.  For all irradiated samples no phase change 

has been found (Guzman et al., 1985) as their XRD peak positions do not change. The peak width 

of the X-ray diffraction pattern of polystyrene (PS) increases at a fluence of 10
8
 ions/ cm

2
 where 

as successive irradiation at still higher fluence (10
11

 ions/ cm
2
) causes decrease in peak width. 

This indicates the alignment of the polymeric chains in a regular pattern and hence amorphous 

nature is decreased at higher fluences. Figure 3.3 shows the X-ray diffraction patterns of as- 

prepared Ni doped PS/ CdS and Cu doped PS/ CdS composite films. All the intensity X-ray 

diffraction peaks indicates the cubic structure of CdS crystals by comparing with the literature 

(Wu et al, 2004). 
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Figure 3.2:  X- ray diffraction patterns of pristine and Ni
5+

 irradiated polystyrene polymer 

films 

 

 

Figure 3.3: X- ray diffraction patterns of PS/ CdS: Cu and PS/ CdS: Ni nanocomposites 
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X-ray diffrcation spectra of virgin and irrdaiated Ni doped PS/CdS and Cu doped PS/CdS 

nanocomposite films are shown in Figure 3.4 and 3.5 respectively. The diffraction pattern of 

pristine PS/CdS: Ni and PS/CdS: Cu nanocomposite films peak at 2θ~19.74 and 2θ~19.76 show 

the peak with maximum intensity and shows the amorphus nature.  When these nanocomposite 

films are irradiated with 60 MeV Ni
5+

  ions dose of fluence of 10
8
 to 10

11
 ions/cm

2
 , the intensity 

of the diffracton peak of Cu doped PS/CdS composites increases at a dose of 10
10

 ions/cm
2
 and 

further decraese at the ions dose of 10
11

 ions/cm
2 

led to disordering characters. Broadening of 

XRD peak at higher dose of ions noticed in all nanocomposites polymer films.  
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Figure 3.4: X- ray diffraction patterns of Ni
5+ 

irradiated  PS/ CdS: Ni nanocomposites   
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Figure 3.5: X- ray diffraction patterns of Ni
5+

 irradiated  PS/ CdS: Cu nanocomposite 

 

A noticeable shift in the X-ray diffraction peak by SHI irradiation was found. This changes in X-

ray diffraction peak are due to disorderning of original strcture of Polystyrene. The crystallite size 

of irradited nanocomposite films was found to be increased which may due to cross-linking in 

polymers. 
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Table 3.2: Bragg Angle and Crystal Size of Pristine and Irradiated Nanocomposite Polymer 

Films 

Sample Fluence (ions/cm
2
) 

Bragg angle 

(2θ)  

C.S. L (A
0
) 

PS 

Pristine 19.76 20 

10
8
 19.72 20 

10
11

 19.72 24 

PS/CdS: Cu 

Pristine 19.74 19 

10
8
 19.72 20 

10
11

 19.85 20 

PS/CdS: Ni 

Pristine 19.76 19 

10
10 

19.72 20 

10
11 

19.72 20 

 

3.6.2 UV-visible spectroscopy 

In the prsesnt work, the attention is given on the optical properties of Ni and Cu doped 

PS/CdS nanocomposite films with the idea of possible applications as bio sensors, light emiiting 

diode,s optical data storage. For the biosensors application viewpoint the investigation of the 

optical properties of the synthesized particles is most important feature. Nanocomposites with the 

doping of metals are focus of latest concern because of their extraordinary magnetic, optical, 

electronic properties, which often different from their bulk properties. The reasons for 

modification in these properties are higher surface to volume ratio, confinement of electronic and 

vibrational excitation and quantum size effect [S. J. Ahmadi et al 2004].  
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The optical properties become very important when the particle size is small. At the nnaoscale 

level the energy levels are discrete and band gap changes. Due to that band gap energy the 

colours, wavelength etc change and cause the optical properties. In today’s time, the optical 

properties of these small size dimensions systems have attracted growing interest in both the 

applied science and technology. Similar to various other properties of nanoparticles, interaction 

with electromagnetic radiation depends on the size of the particles and thus allows one, for 

example, to engineer tailor-made materials for new optical applications. 

UV- visible spectra of virgin and irradiated films of pure polystyrene (PS), Cu doped PS/ 

CdS and Ni doped PS/ CdS are shown in Figs. 3.1, 3.2 and 3.3 respectively. In Fig 3.1-3.3, the 

spectra of pure PS, Cu doped PS/ CdS and Ni doped PS/ CdS composite films reveals the shift of 

absorption peak from ultraviolet to visible wavelength region. This shifting of absorption peak 

towards the visible region is because of the development of extended system of conjugated bonds 

(Singh et al, 2007; El-Badry et al., 2009). The absorption bands are associated with π- π
*
 

electronic transitions (Singh et al, 2007). The values of optical energy band gap of the virgin and 

irradiated nanocomposite films were calculated by using Tauc’s expression (Tauc et al., 1996) as 

per following equation 

(αhν) = B (hν – Eg)
1/2 

          (1) 

Here α is the absorption coefficient, hν is the photon energy, B is band tailing parameter 

(Metwally et al., 1901) and  Eg is the value of energy band gap. The Eg values of the films were 

calculated by the extrapolation of the plot of (αhν) 
2
versus (hν) to the energy axis. The band gap 

plots of pure PS, Cu doped PS/ CdS and Ni doped PS/ CdS are shown in fig 3.4, 3.5 and 3.6 

respectively. The calculated values of Eg are tabulated in Table 2.  
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Table 3.3: Calculated values of band gap energy (Eg) and number of carbon hexagon rings 

per conjugation length (N) for PS, PS/ CdS:Cu and PS/ CdS:Ni nanocomposite films 

Sample Fluence (ions/cm
2
) Eg (eV) Value of N 

PS 

Pristine 4.35 62 

10
8
 2.80 150 

10
11

 2.34 215 

PS\CdS:Cu 

Pristine 3.95 75 

10
8
 3.60 91 

10
11

 2.73 158 

PS\CdS:Ni 

Pristine 3.42 100 

10
8 

2.99 131 

10
11 

2.66 166 

 

 The value of energy band gap of pristine polystyrene (PS) is very close to the value 

reported by Singh and Samra, 2008; Singh et al, 2007. There is fall in the band gap (Eg) value of 

composites with doping of metal ion as well as with ion irradiation. The band gap (Eg) of pure 

polystyrene (PS) is found to be 4.35 eV and further on the doping of Cu and Ni to PS/CdS 

composites, band gap decreases 3.95 and 3.42 eV respectively. Swift heavy irradiation (SHI) 

decreases the band gap value further to quite a drastic level. There is 35%, decrease in band gap 

value from their pristine value for irradiated samples of PS at a fluence of 10
8
 ions/cm

2
, whereas 

this decrease is 46%, at a fluence of 10
11

 ions/cm
2
. There is 9% and 12% decrease in band gap 

from their pristine values for irradiated samples of Cu doped PS/CdS and Ni doped PS/CdS films 

respectively at a fluence of 10
8
 ions/cm

2
, whereas this decrease is 31% and 22% at a fluence of 
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10
11

 ions/ cm
2
. It has been reported in the literature that this fall in band gap energy may be due 

to carbon enriched regions formed in polymers during SHI irradiation (Fink et al., 1996; Phukan 

et al., 2003).  

 

 

Figure 3.6: UV-visible spectra of pristine and Ni
5+

 irradiated polystyrene (PS) polymer films 
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Figure 3.7: UV-visible spectra of pristine and Ni
5+

 irradiated PS/ CdS: Cu films 

 

Figure 3.8: UV-visible spectra of pristine and Ni
5+

 irradiated PS/ CdS: Ni films 
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Figure 3.9: Band gap spectra of pristine and Ni
5+

 irradiated polystyrene (PS) polymer films 

 

 

Figure 3.10:  Band gap spectra of pristine and Ni
5+

 irradiated PS/ CdS: Cu films 
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Figure 3.11: Band gap spectra of pristine and Ni
5+ 

irradiated PS/ CdS: Ni films 

 

No. of carbon hexagon rings per conjugation length (N) were calculated from the 

modified Robertson relation (Kumar et al., 2011) using following equation 

Eg ≈ (34.3/N
1/2

)          (2) 

 The calculated values of N are tabulated in Table 3.3. The values of N are increasing with 

doping and ion irradiation as well as with higher ion fluence.   

3.6.2 FTIR spectroscopy 

The FTIR spectra of pristine polystyrene (PS) in Fig. 3.12 conforms to the spectra 

reported by Evelyn et al, 1999. The FTIR spectrum shows the lines due to aromatic ring C-H 

stretching vibrations at 3081, 3060 and 3026 cm
-1

, C-H stretch vibrations in CH2 group at 2922 

and 2851 cm
-1

, the aromatic ring vibrations at 1602 and 1493 cm
-1

 and the lines due to the CH2 
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deformation vibrations at 1452 cm
-1 

(Kondyurin et al, 2008; 2006). The fall in the intensity has 

been found in all lines after SHI irradiation. Additionally it has been found that C-H bending 

vibrations (675-950 cm
-1

 region) reduced in deeper layers at the fluence of 10
11

 ions/cm
2
. Some 

of the frequency bands in the range 1755-2000 cm
-1

 vanished entirely at the higher fluence of 

10
11

 ions/cm
2
. In all swift heavy ions irradiated PS samples, no new absorption lines were noticed 

in spectrum.  

 

 

 

 

Figure 3.12: FTIR spectra of pristine and Ni
5+

 irradiated polystyrene (PS) films 
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Figure 3.13: FTIR spectra of of pristine and Ni
5+

 irradiated PS/ CdS: Cu films 

 

Figure 3.14: FTIR spectra of pristine and Ni
5+

 irradiated PS/ CdS: Ni films 

The FTIR spectra of pristine and irradiated samples of Cu doped PS/CdS and Ni doped 

PS/CdS nanocomposites are shown in Figs. 3.13 and 3.14 respectively. The vibrational 

absorption peak of the Cd-S bond has been observed at 405 cm
-1

 in both figures (Wu et al, 2004).  
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There is a dip in the intensity of styrene absorption lines (3081, 3060, 3026, 2922, 2851, 1602, 

1493 and 1452 cm
-1

) in all SHI irradiated nanocomposite films of both the figures. In all swift 

heavy ions irradiated films no new peak could be observed in the FTIR spectra in above figures. 

3.6.3 Conclusion 

Swift heavy ion (SHI) beam irradiation is an efficient tool to modify the optical, structural 

and chemical properties of materials. The nanoparticles of cadmium sulfide (CdS) of average size 

50-60 nm were prepared by micro-emulsion method. Ni and Cu metals were doped with PS/CdS 

nanocomposites and irradiated by 60 MeV Ni
5+

 radiations. The result of doping of Ni and Cu 

metals in polymer matrix (PS) and SHI irradiation were carried out for modification of optical, 

structural, and chemical properties. The inclusion of Ni and Cu metals in polymer matrix reduced 

the band gap energy. When the doped films of PS/CdS were irradiated by Ni
5+

 ions, the band gap 

energy was decreased. This fall in optical band gap energy by 60 MeV Ni
5+

irradiation was further                                                          

approved by the formation of conjugated bonds. The amorphous nature of polystyrene (PS) was 

also found to be decreased after SHI irradiation at fluence of 10
11

 ions/cm
2
. In all irradiated 

sample, it has been found that the intensity of styrene absorption lines diminished in FTIR 

spectra. No new band formation was noticed after Ni
5+

 ion beam irradiation in FTIR spectra of 

PS, Ni metal doped PS/CdS and Cu metal doped PS/CdS samples. So it can be concluded that 

SHI irradiation is an effective tool for controlling the optical band gap energy of polymer 

nanocomposites. The optical band gap energy of nanocomposites can be engineered for various 

applications by monitoring the SHI irradiation beam line and its parameters such as beam current, 

ion mass, charge and energy. 
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CHAPTER 4 

SHI Irradiation of Metal Doped Zinc Sulphide Polymer 

Nanocomposites Synthesized Using Micro Emulsion Method  

 
 

4.1  Introduction 

 The nanoparticles of zinc sulfide (ZnS) of the size in the range of 50-60 nm were 

synthesized by micro emulsion method. A ZnS/PS nanocomposite film in which ZnS 

nanoparticles were embedded in to polystyrene, doped by metal (Ni, Cu) using solution cast 

method. Conformation of ZnS nanoparticles is done by SEM image. Ion beam irradiation is 

effective tool which have huge potential for modifying the optical, structural and chemical 

properties. The films of Ni doped PS/  ZnS and Cu doped PS/ ZnS were irradiated with Ni
5+

 ions 

of energy 60 MeV to different fluences of 10
10 

and 10
11

 ions/cm
2

.Modification due to heavy ions 

in optical, chemical and structural modifications were studied by UV- Visible Spectroscopy 

(UV- Vis), Fourier Transform Infrared spectroscopy (FTIR) and X- Ray Diffraction 

Spectroscopy (XRD). The peak width of XRD spectra at higher fluence (10
11

 ions/cm
2
) of the 

nanocomposites film decrease after SHI irradtion as evidenced the decrease in the amorphous 

nature. The UV-Vis spectra of SHI irradiated sample shift from ultraviolet to visible region. The 

value of band gap in Ni doped PS/ZnS decrease more to the Cu doped PS/ZnS nanocomposites 

after irradiation by SHI. In the FTIR spectra of Ni and Cu metal doped PS/ZnS the absorption 

peak of Zn-S was observed at 465 cm
-1

.The intensity of all vibrational absorption peak of all 

irradiated metal doped composites decrease with higher fluence of ions. 
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 The polymer and nanoparticles intermixing to form nanocomposites has been widely 

practiced because of their large number of applications; such as those in optoelectronics, sensors, 

medical devices, drug delivery and membrane industry etc (Kumari et al 2010). The control over 

the shape, size and functional properties of nanoparticles may be used for the improvement in 

mechanical, thermal, tribological, optical, electrical, magnetic and chemical properties of the 

polymer nanocomposites (Carrion et al 2007). There is wide range of literature available upon 

the different type of polymer nanocomposites, their synthesis and applications; but our focus is 

upon the ZnS nanoparticles intermixed with polystyrene polymer. ZnS is an important II-VI 

group semiconductor material. Zinc blende and wurtzite are the two different crystal strcture of 

ZnS and both the strcture have the same band gap energy (3.68 eV). It is widely used as 

phosphor in photoluminescence, electroluminescence and optical sensor (Bodo et al 2012, Borah 

et al 2008). The large amount of work has been carried out upon the Zn based polystyrene 

nanocomposites synthesized by different methods in the last decade (Chae et al 2005,Chen et al 

2006,Manzi et al 2009,Tu et al 2010, Cheng et al 2010,Awad et al 2011). In addition to it, some 

recent reports are published upon the Zn based polymer nanocomposites, other than polystyrene 

(Awad et al 2011, Kole et al 2014). The above cited reports have been focused upon the studies 

of polymer nanocomposites by changing the doping concentration of the nanoparticles in 

polymer matrix. The other idea to modify the material properties is by the way of controlled 

swift heavy ions (SHI) beam irradiation and ions implantation. There are some recent reports 

available on the ion beam modification of metal doped polymer nanocomposites (Fernandez et al 

2005, Mishra et al 2008, Ray et al 2010). There is no data available upon the ion beam treatment 

of ZnS doped polystyrene nanocomposites to the best of information available to us. In this 

chapter, study is based upon the synthesis of ZnS nanoparticles by micro emulsion method; the 
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synthesized ZnS nanoparticles were intermixed with polystyrene by solution cast method to form 

nano composite thin films. The synthesized films were irradiated with 60 MeV nickel ions for 

studying the modification in optical, structural and chemical properties.  

4.2 Experimental 

4.2.1 Materials and methods 

 Polystyrene (density 1.06 g/mL) of average molecular weight 35,000 and all other 

chemicals/solvents were purchased from Sigma Aldrich. All the chemicals were used as-received 

without any further treatment.  

 The structural, optical and chemical studies of pristine and irradiated samples were 

carried out at Inter University Accelerator Centre (IUAC), New Delhi, India. X- ray diffraction 

studies were carried out by using Bruker AXS system with Cu-Kα radiation (1.54 Å) for a wide 

range of Bragg angles 2θ (5≤2θ≤80). UV–visible studies were carried out in the wavelength 

range 250–800 nm using U-3300 Hitachi system. Infrared measurements were performed in 

transmission mode using Nicolet Nexus 670 FTIR spectrometer. 

The synthesis of ZnS nanoparticles was carried out by the reaction of Zinc chloride 

(ZnCl2) and sodium sulfide (Na2S) in water-in-oil micro emulsion system (Kulkarni et al 2001). 

Micro- emlusion of ZnCl2 and Na2S have 0.46 g of n-pentanol, 3.37 g of Triton X-100, 7.64 g of 

cyclohexane and 1 g of water. Molar ratio of water and surfactant was maintained at 11 while for 

sulfide and zinc ions was constant (=1). Concentration of sulfide and zinc were estimated per 

aqueous phase (Jovanovic et al 2007). 

ZnS nanopaticles were sucessfully doped through chemical method reported in lietrature 

(Ramasamy et al 2012, Murgadoss et al 2012). The 20- 60 nm sized nanoparticles were obtained 
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and confirmed in the SEM image (Fig. 4.1). The nanocomposites of ZnS and polystyrene were 

synthesized by solution cast method. Polystyrene (PS) polymer was dissolved in chloroform and 

ZnS nanoparticles were added to this solution followed by ultrasonic agitation for uniform 

arrangement. The obtained combination of solution was poured on to a fresh glass petri disc 

floating on Hg to maintain unvarying thickness of prepared sample. The solvent is then 

evaporated under normal room temperature (25ºC) condition and finally thin films of polymer 

composites were obtained. In the final step these films were then dried in vacuum oven at 30
° 
C 

to remove the solvent content (Singh et al 2011).  Average thickness of prepared thin films have 

been found 18µm (±2) and calculated as per weight, area and density relation. 
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Figure 4.1: SEM image of ZnS nanoparticles synthesized by micro emulsion method 
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4.2.2 Irradiation 

 Polymer composites films were cut into small pieces of the size (1.5 × 1.5 cm
2
) and these 

samples were mounted on a vertical vacuum shield ladder and irradiated in General Purpose 

Scattering Chamber (GPSC) by 60 MeV Ni ion beam from 15 UD Pelletron accelerators at Inter 

University Accelerator Centre (IUAC), New Delhi, India to the fluences of 10
10

 and10
11

 ions/ 

cm
2
. The beam current was kept ~ 0.5 pnA to suppress thermal decomposition.  

4.2.3 Preliminary calculations and ions irradiation 

 The preliminary calculations were carried out using SRIM-2010 code for ions range and 

energy loss inside the material (Ziegler et al 2010). The calculated values of electronic energy 

loss (Se), nuclear energy loss (Sn) and projected range values are tabulated in Table 4.1. Our 

sample thickness of 18 µm is compatible with the SRIM calculated projected range for ions to 

pass through the sample; ensuring negligibly small ions implantation. The Sn values are also 

quite small, so the nuclear energy loss was least probable.  

The irradiation experiment was carried out at Material Science chamber in IUAC, New 

Delhi, India. The composite samples of size 1.5 cm × 1.5 cm were mounted on the vertical 

ladder. The ladder was mounted in general purpose scattering chamber and the vacuum of the 

order of 6×10
-6

 Torr was done in the chamber. The 60 MeV Ni
5+

 beam was selected for 

irradiation; the beam current was 0.5 pnA. Two fluences, 10
10

 and 10
11

 ions/cm
2
 were selected 

for irradiation.  
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Table 4.1: SRIM calculated Se, Sn values and projected range of 60 MeV Ni ion beams for 

target samples 

Target material Se (eV/Å)
 

Sn (eV/Å) 

Projected 

range (μm) 

PS  5.20*10
2
                                  1.213 19.71 

PS/ZnS  5.68*10
2
                                  1.490 18.16 

PS/ZnS: Cu  6.36*10
2
                                  1.746 16.48 

PS/ZnS: Ni 

 6.47*10
2
         

                 

         1.781 16.14 

 

4.3  Characterization techniques 

Optical, structural and chemical properties have been studied by UV–Visible, X-ray 

diffraction analyses and FTIR respectively. UV–Visible spectroscopy results were studied in the 

wavelength range 200–800 nm using U- 3300 Hitachi system. Preliminary structural studies 

were carried out by using Bruker AXS system with Cu- Kα radiation (1.54 Å) for a wide range of 

Bragg angles 2θ (5≤ 2θ≤ 50). Infrared measurements on unirradiated and irradiated samples were 

carried out in transmission mode using Nicolet Nexus 670 FT- IR spectrometer.  

4.4. Optical studies by UV-visible spectroscopy 

UV-visible spectroscopy results were discussed in the wavelength range of 200-800 nm at 

normal room temperature for pristine and SHI irradiated nanocomposite polymer films. Figs. 4.2 

(a), 4.2 (b) and 4.2 (c) reveal the UV- visible absorption spectra of PS/ZnS, Cu doped PS/ ZnS 

and Ni doped PS/ZnS nanocomposites respectively. The shifting of the absorption peak towards 

the visible region ( i.e longer wavelength) was observed. This shifting are due to the formation of 
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conjugated system of bonds after ion irradiation (Singh et al 2014, Dhillon et al 2014, Singh et al 

2010). The shifting of absorption edge towards the longer wavelength is due to ion irradiation 

bond rupturing which leads to cross linking, free radical formation and resulting formation of the 

new bonds.The shift became more pronounced as the ion fluence was increased.  

Some broadening of the absorption peak has been noticed in PS,  PS/ZnS, Cu doped 

PS/ZnS and Ni doped PS/ZnS after irradiation. The reason of this broadening is beacuse of 

formation of conjugated system of bonds i.e formation of defects after SHI irrdation. The cause 

of maximum absorption is π–π
*
 electronic transition. These electronic transitions need an 

unsaturated group in the molecule to provide the π electrons. 

 The main aim of optical UV-vis spectra is to find out energy band gap (Eg) for 

nanocomposite polymer films.The band gap energy was observed to be decreased due to the 

formation of conjugated system of bonds. The energy band gap (Eg)  was calculated using Tauc’s 

relation as following (Reddeppa et al 2014, Singh et al 2014, Kumar et al 2015). 

(αhν) = B (hν – Eg)
2          

(1) 

Here α is the absorption coefficient, hν is the photon energy, B is band tailing parameter 

and Eg is the value of energy band gap for indirect transition (Singh et al 2015). The band gap of 

the nanocomposites films were calculated by the extrapolation of the plot of (αhν)
1/2

 versus (hν) 

(Singh et al 2015). The calculated values are tabulated in Table 4.2. There is quite observable 

decrease in the value of Eg after ion exposure, also the band gap energy was decreased with the 

doping of Cu and Ni as compared to the pure polystyrene (4.35 eV) as per our previous data 

reported in last chapter. On the similar grounds, the number of carbon hexagon rings (N) was 

observed to be increased in number with the increase of ion fluence as per the values given in 



98 
 

Table 2. The value of N was calculated using following equation (Singh et al 2014,Kumar et al 

2013). 

         Eg ≈ 34.3/N
1/2

   

It can be seen in Table 4.2 that band gap energy of PS, PS/ZnS, PS/ZnS:Cu and PS/ZnS:Ni 

nanocomposite polymer films suffers a decrease with increase in the fluence. Carbon enriched at 

domains formed in nanocopmositess during swift heavy ions irrdation. The variation in the 

optical bad gap energy is due to the strctural deformation phenomenon in nanocomposite 

polymer films.    



99 
 

 

Figure 4.2: UV- visible absorption spectra of (a) PS/ZnS, (b) Cu doped PS/ ZnS and (c) Ni 

doped PS/ZnS nanocomposite 
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Fig 4.3 show the UV-vis spectra of Polystyrene, after irradiation of 60 Mev Ni
5+

 ions, the 

absorption edge is shifting towards the higher wavelength. This shifting of absorption edge may 

be due to the formation system of conjugate system of bonds. The band gap energy of pure PS 

was found to be  reduced after irrdaiation due to formation of cojugate system of bonds. 

 

 

Figure 4.3. UV-Visible spectra of Polystyrene (PS) irradiated with 60 MeV Ni ion beam 

         No. of carbon hexagon rings per cluster (N) were calculated from the modified Robertson 

relation (Kumar et al., 2014) using eq. (2) 

Eg ≈ (34.3/N
1/2

).…………......…. (2) 
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 The calculated values of N are tabulated in Table 4.2. The values are increasing with 

increase of ion fluence.   

Table 4.2: Variation of absorption edge, band gap energy and number of carbon atoms for 

PS, PS/ZnS:Cu and PS/ZnS:Ni nanocomposite films. 

 

 

4.5 Structural studies by X- ray diffraction 

The X- ray diffraction (XRD) was performed to determine the crystallographic 

orientation of ZnS nanoparticles. The Fig. 4.4 shows the diffraction patterns of Cu doped and Ni 

doped polystyrene ZnS (PS/ZnS) nanocomposites in 2θ mode. In general it has been found that 

polymers have both crystalline and amorphous region. When these polymers are doped with 

nanoparticles, change in the crystalline and amorphous region has been observed. The 

polystyrene broad peak was observed at 19.38° in both cases. The intensity of this peak increased 

Sample 

Fluence 

(ions/cm
2
) 

Band gap Eg (eV) Value of N 

PS Pristine 4.35 62 

 10
10

 2.73 158 

 10
11

 2.34 215 (Kumar et al 2014) 

PS/ZnS:Cu Pristine 4.20 67 

 10
10

 3.50 96 

 10
11

 3.06 126 

PS/ZnS:Ni Pristine 3.92 77 

 10
10 

2.81 149 

 10
11 

2.65 168 
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slightly after ion irradiation, which was insignificant for structural modifications. The prominent 

peaks observed at 35.35°, 39.44° and 53.73° are attributed to (002), (100) and (103) respectively, 

these peaks attribute the formation of ZnS nanoparticles and Zn blende structure (Bodo et al 

2012, Ali et al 2006) 

Increase in crystalline nature suggests cross- linking where as decrease in crystalline 

nature suggests scissoring of polymeric chains at higher fluences. Cross- linking and chain 

scissoring in nanocomposite films occurred, when high energy beam of swift heavy ions (SHI) 

interact with the films. The cross- linking and scissoring further depends upon LET values 

(Singh et al., 2012) and mechanism of ion- solid. 

  

 

Figure 4.4: X-ray diffraction patterns of PS/ZnS: Cu and PS/ZnS: Ni nanocomposites 
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The broadening of XRD peaks are observed because of the small crystallite size. In the XRD 

pattern of Cu and Ni doped PS/ZnS composites the existence of cubic ZnS structure with some 

similarity of hexagonal ZnS structure observed. The diffraction peak in the figure can be indexed 

cubic zinc blend ZnS crystal by comparing with the literature but hexagonal type ZnS crystal 

cannot be excluded. So some of the diffraction peak indexed in XRD pattern which evidenced 

the hexagonal ZnS structure (Yu Bacherikov et al 2014, Lei Wang et al 2013, Yuwen Zhao et al 

2004).  

X-ray diffrcation patterns of pristine and irrdaiated PS/ZnS: Ni and PS/ZnS: Cu 

nanocomposites are shown in Figure 4.5 and 4.6 respectively. The diffraction spectra of pristine 

PS/ZnS: Ni and PS/ZnS: Cu nanocomposite films peak at 2θ~19.38 show the peak with 

maximum intensity and indicates the amorphus nature.  After the irrdaition of 60 MeV Ni
5+

 with 

the fluence of 10
10

 and 10
11

 ions/cm
2
 , the intensity of the diffracton peak of PS/ZnS: Cu  

increases at a flunce of 10
10

 ions/cm
2
 and further decraese at the fluence of 10

11
 ions/cm

2 
led to 

disordering characters. Broadening of XRD peak at higher fluence observed in all 

nanocomposites polymer films. A noticeable shift in the XRD peak towards the higher Bragg 

angle after irradiation by SHI was found. This changes in X-ray diffraction peak are due to 

disorderning of original strcture of material. The crystallite size of irradited nanocomposite films 

was found to be increased which may due to cross-linking in polymers. 
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Table 4.3: Bragg Angle and Crystal Size of Pristine and Irradiated Nanocomposite 

(PS/ZnS: Cu & PS/ZnS: Ni) Polymer Films 

Sample Fluence (ions/cm
2
) 

Bragg angle 

(2θ)  

C.S. L (nm) 

PS/ZnS: Cu 

Pristine 19.38 3.6 

10
10

 19.72 1.8 

10
11

 19.72 1.4 

PS/ZnS: Ni 

Pristine 19.38 3.7 

10
10 

19.72 0.8 

10
11 

19.72 1.8 

 

Crystallite size for the diffrent nanocomposite films has been shown in Table 4.3. In case of Cu 

doped PS/ZnS composites, it decreases with increase in fluence. This decrease in crystallite size 

may be becausue of disorderness in composite films at higher fluence. In Ni doped PS/ZnS 

coposites, the crystallite size decrease after irrdation at intial dose and then it increase at higher 

fluence. This increase in crystallite size may be due to the formation of some crystallite in the 

amorphus region of nanocomposite films.  
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Figure 4.5: X-ray diffraction patterns of  Ni
5+ 

irradiated  PS/ZnS: Ni nanocomposites 
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Figure 4.6: X-ray diffraction patterns of  Ni
5+

 irradiated  PS/ZnS: Cu nanocomposite 

4.6 FTIR Spectroscopy 

The FTIR spectra (in the wave number range of 400-4000 cm 
-1

) of pristine and irradiated 

samples of Cu doped PS/ ZnS and Ni doped PS/ ZnS are shown in Fig. 4.5 and Fig. 4.6 

respectively. There is some decrease in intensity of typical bands associated with the funcional 

group present in the polymers. These nanocpmosite polymers have C and H group can be 

expected to infra red active.In FTIR spectra of Cu and Ni doped PS/ ZnS sample, the peak at 465 

cm
-1

 is due to Zn-S bonding and  the band at 1734 cm
-1 

correspond to the C=O stretching (Kole 

et al 2014). The peak at 1495 cm
-1

 are responsible for aromatic stretches and the bands in the 

range 1700 to 1950 cm
-1 

are responsible for aromatic overtone (Cheng et al 2010).  The broad 

absorption band at 2915 cm 
-1 

is assigned to C-H bond of PS (Arabi et al 2011). The peaks of 

frequency range 2850-3000 cm
-1

 are observed which indicate the presence of CH stretch bonds 
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which would confirm the functional group of alkanes. A small decrease in intesity may be due to 

degrdation of a chain. 

The intensity of the bands changed after SHI irradiation. The intensity of some of the 

bands decreased very fast with increase of the ion fluence. The strong absorption band in the 

frequency range of 900-675 cm
-1

 showed the presence of aromatic group. FTIR spectra in of Cu 

doped PS/ZnS in Fig. 4.6 show sharp fall in intensity of the bands at 1450 cm
-1

 and 1500 cm 
-1 

representing C-H stretch attributed to chain scission which may be taking place at the carbonate 

site with the formation of new hydroxyl group. FTIR spectra of Ni doped PS/ZnS in fig. 4.7 also 

show sharp fall in intensity of bands at 1450 cm
-1

 and 1500 cm 
-1 

 The intensity of the absorption 

band of C-C stretch at the frequency range of 1585 - 1600 cm
-1

 decreased after irradiation. It 

explains that chain scissoring took place in metal doped nanocomposites after ion irradiation.  

However, the intensity of all the bands decreased after SHI irradiation. It is noticable decrease in 

the intensity of all peak as compare to pristine at all fluence. The decraese in intensity is due to 

the clevage of carbonate linkage. 
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Figure 4.7: FTIR spectra of PS/ ZnS: Cu film irradiated with 60 MeV Ni ion beam        

 

Figure 4.8: FTIR spectra of PS/ ZnS: Ni film irradiated with 60 MeV Ni ion beam 
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4.7 Conclusion  

 ZnS nanoparticles of average size 20-60 nm were synthesized, which was confirming by 

SEM image. The PS/ZnS nanocomposites were doped with Cu and Ni metal nanoparticles. 

These nanoparticles were confirmed by SEM image. The optical, structural, chemical and SHI 

irradiation study of doped PS/ZnS nanocomposites was done. The obtained Zn blende structure 

was confirmed by the (002), (100) and (103) peaks in the XRD results. The band gap energy was 

decreased in metal doped nanocomposites. This band gap energy of Cu and Ni doped 

nanocomposites was further decreased after SHI irradtion of 60 MeV Ni
5+

 ions. There was minor 

increase in the polymer broad X- ray peak at 19.38° after ion irradiation.This may be because of 

defects and creation of new energy states after irradiation. The amorphous nature of Cu and Ni 

doped PS/ZnS decrease at higher fluence. The shift of the absorption peak of UV-vis spectra 

towards the higher wavelength was observed due to the formation of conjugated system of bonds 

after ion irradiation. The shift became more pronounced at higher ion fluence. The optical band 

gap energy was observed to be decreased due to the formation of conjugated system of bonds. 

There was 27% and 32% decrease in the otical band gap energy of the PS/ZnS:Cu and 

PS/ZnS:Ni composites after swift heavy ion (SHI) irradiation at fluence of 10
11

 ions/cm
2

. The 

intensity of absorption band in FTIR spectra decrease after irradtion. In FTIR spectra of Cu and 

Ni doped PS/ZnS no new band formation was observed. The Zn-S bonding was confirmed in the 

FTIR band at 465 cm
-1

.Ion beam irradiation is a technique which can control the band gap 

energy of polymer nanocomposites. 
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CHAPTER 5  

Conclusion and Future Scope of Research 

5.1 Conclusion 

This chapter sum up and concludes the thesis work. The directions and possible scope 

for further research in this area are also suggested. 

In the process of interaction of ionizing radiation with the material, it liberated an 

electron from atom or molecule, generating ions which are atoms or molecules with net 

electric charge. The degree of ionization depends on energy and nature of particle. In the 

interaction of ionizing radiation to the nanocomposite polymer films, incident energy is 

transported to the medium as an effect of ionization and excitation of the target molecules. 

Swift heavy ions are valuable resources for nanocomposite polymers by improving 

their properties over non-irradiated nanocomposites and offering significant advantages over 

other methods of modification. The swift heavy ions (SHI) irradiation in a controlled way has 

been used to modify the optical, structural, chemical, magnetic, electrical and other properties 

of the polymers and polymer nanocomposites. Drastic modifications in structural, optical and 

chemical properties of Ni and Cu metal doped PS/CdS and PS/ZnS composites film followed 

by irradiation with SHI have been found. In this work, we have synthesis the nanocomposites 

and made systematic characterization of nanocomposites polymer films before and after 

irradiation. The outcomes and findings of thesis can be divided into the following parts: 

First part (Chapter-2) covers the synthesis of CdS and ZnS nanoparticles by micro 

emulsion procedure and Cu and Ni doped PS/CdS, PS/ZnS composite films by the solution 

cast methods. For the synthesis of nanoparticles, micro- emulsion method is very valuable 

and impressive for controlling the size of nano- particles among the other methods available 

such as chemical aerosol flow synthesis, sol-gel template, ion beam synthesis, ultrasonic’s 
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irradiation in an aqueous solution, two phase approach and in situ micelle-template-interface 

reaction route. 

In the second part (Chapter-3) the nanoparticles of cadmium sulphide (CdS) of size 

of 50-60 nm were prepared by one of the best chemical method i.e. micro- emulsion method. 

Ni and Cu metals are doped in the polystyrene/CdS (PS/CdS) nanocomposites. The pristine 

and metal doped nanocomposite films were irradiated with 60 MeV Ni
5+

 ions. The result of 

doping of Cu and Ni metals and swift heavy ion irradiation at different fluence was discussed 

for observing the change in the optical, structural and chemical properties of PS/CdS 

nanocomposite films. In XRD spectra, the decrease in the amorphous nature of SHI irradiated 

polystyrene (PS) has been observed. In the UV-visible studies, shifting of the absorption 

peaks of all irradiated and doped samples from ultraviolet to the visible region was found. 

The absorption peak shift in UV-visible spectra of Cu and Ni metal doped composites was 

more prominent than those of pure polystyrene (PS) and PS/CdS nanocomposite films. The 

cause for increase in absorption was due to the production of a conjugated system of bonds. 

The fall in optical band gap energy value in case of Ni metal doped PS/CdS composite was 

larger that of Cu doped PS/CdS composites and the SHI irradiation further reduced the 

optical band gap energy. In FTIR pattern of Cu and Ni metal doped PS/CdS composites film 

the absorption peak of Cd-S bond was noticed at 405 cm
-1

. In all SHI irradiated samples of 

polystyrene (PS), a dip in the intensity of absorption lines has been found. The band gap 

energy (Eg) of metal doped nanocomposite polymer films can be controlled by swift heavy 

ions (SHI) with highly focused and controlled ion beam. Thus band gap energy (Eg) of 

nanocomposite polymer films can be engineered as per requirements by taking care of the 

beam parameters such as ion mass, current, charge and energy. 

In the third part (Chapter-4) ZnS nanoparticles of average size 50-60 nm were 

synthesized, which was confirm by SEM image. The PS/ZnS nanocomposites were doped 
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with Cu and Ni metal nanoparticles. The optical, structural, chemical and SHI irradiation 

study of doped PS/ZnS nanocomposites was done. The band gap energy was decreased in 

metal doped nanocomposites. This band gap energy of Cu and Ni doped nanocomposites was 

further decreased after SHI irradtion of 60 MeV beams of Ni
5+

 ions. This may be because of 

defects and formation of new energy states after irradiation. The amorphous nature of Cu and 

Ni metal doped PS/ZnS composites decrease at higher fluence. In FTIR pattern, the intensity 

of all absorption bands decreased in all SHI irradiated nanocomposite films. In FTIR spectra 

of Cu and Ni doped PS/ZnS no new band formation was noticed. Swift Heavy Ion (SHI) 

beam irradiation is a technique which can control the band gap energy, can also do the 

modification in the structural and chemical properties of nanocomposites polymer. 

The research work presented in this thesis is the unique approach to study the effect of swift 

heavy ions on the properties of Ni and Cu doped nanocomposites (PS/CdS:Cu, PS/CdS:Ni, 

PS/ZnS, PS/ ZnS: Cu and PS/ ZnS: Ni) at various fluence. Significant changes have been 

found with the increase of fluence. The irradiation parameters like energy, ion, mass, fluence, 

charge etc and type of the target material itself appears to be responsible for the differences 

that have been observed in the studied properties of the nanocomposite polymer films. It can 

be concluded that changes in band gap are dominant at higher fluence. These studies show a 

straightforward demonstration of the prospective applications of nanocomposite polymers in 

optoelectronics and sensors. 

5.2 Future Scope 

The research work presented in this thesis opens up a wide area for the future work in the 

field of nanocomposite polymers. In the continuation of this experimental work, the research 

can be elongated in several new directions.  The future scope for this research work that falls 

in the range of same field can be considered in the following area: 
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 Synthesis of polymer nanocomposites with doping of metals by varying the 

concentration. 

 It can modify the properties of nanocomposites and further the properties can be 

modified with Swift Heavy Ions (SHI). 

 The effect of Swift Heavy Ions (SHI) with different energy range and with different 

ions on the optical, structural, chemical properties of these nanocomposites can be 

explored. 

 Also the synthesized nanocomposites can be employed as part of sensors, devices etc.  
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Appendix-A:  Samples Details for Heavy Ions Irradiation 

S. No. 

 

No. 

 

 

Target 

 

Fluence 

(ions/cm
2

) 

 

Current          

(pnA) 

 

(pnA) 

 

Range 

 

(μm) 

 

Se    

(eV/A
0
) 

 

Sn 

(eV/A
0
) 

 

(eV/A
0

) 

 

Energy and 

Ions 

Ions 

 

 

 

1. 

 

 

 

PS 

 

1×10
8
 

 

 

 

0.5 

 

 

 

19.71 

 

 

 5.2×10
2
 

 

 

 

1.21 

 

 

 

60 MeV Ni
5+

 

 

1×10
11

 

 

 

2. 

 

 

 

PS/CdS: Cu 

1×10
8
 

 
 

0.5 

 

 

17.56 

 

 

  5.94×10
2
 

 

 

 

1.67 

 

 

60 MeV Ni
5
 1×10

11 

 

 

3. 

 

 

 

PS/CdS: Ni 

 

1×10
8
 

 

 

 

0.5 

 

 

 

17.24 

 

 

  

 6.03×10
2
 

 

 

   

    1.69 

 

 

 

 60 MeV Ni
5+

 

 

 

1×10
11

 

 

 

4. 

 

 

  PS/ZnS 

 

1×10
10

 

 

 

0.5 

 

 

  18.16 

 

 

 5.68×10
2
 

 

 

 1.49 

 

 

60 MeV Ni
5+

 

 
1×10

11
 

  

5. 

 

 

 PS/ZnS: Cu  

1×10
10

 

 

 

0.5 

 

 

16.48 

 

 

 6.36×10
2
 

 

 

 1.74 

 

 

 

60 MeV Ni
5+

 

 

1×10
11

 

  

6. 

 

 

PS/ZnS: Ni 

 

1×10
10

 

 

 

0.5 

 

 

16.14 

 

 

 6.47×10
2
 

 

 

 1.78 

 

 

60 MeV Ni
5+

 

 
1×10

11
 

  

 

Appendix B: FTIR Bands of PS, Cu and Ni doped PS/CdS composite films 

Band Position (cm
-1

) Assignments 

3081,3060 and 3026  C-H stretching vibrations 

2851 and 2922 C-H stretch vibrations in CH2 group 

1602 and 1493 Aromatic ring vibrations 

405 Vibrational absorption peak of the Cd-S bond 
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Appendix C: FTIR Bands of Cu and Ni doped PS/ZnS composite films 

Band Position (cm
-1

) Assignments 

2915 C-H bond of PS 

2850 - 3000 Presence of CH stretch bonds 

1700 - 1950 Aromatic overtone 

1734 C=O stretching 

465 Zn-S bonding 
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H I G H L I G H T S
� Synthesis and irradiation of metal doped nano-composites with swift heavy ions (SHI) at different fluences.

� Structural, optical and chemical changes after irradiation were examined by XRD, UV–visible and FTIR spectroscopy respectively.
� Change in crystalline nature and decrease in band gap are observed with increase in fluence.
� The modifications caused by SHI in various chemical bonds are also discussed.
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The cadmium sulfide (CdS) nanoparticles of size in the range 50–60 nm were synthesized by micro-
emulsion method. The polystyrene/CdS (PS/CdS) nanocomposites were doped with Ni and Cu metals. The
pristine and doped samples were irradiated with 60 MeV Ni ions. The effect of doping of metals and ion
irradiation was studied for modifications in structural, optical and chemical properties of PS/CdS
nanocomposites. The decrease in peak width of XRD spectra of irradiated PS indicated the decrease in
the amorphous nature at higher fluences. The optical absorption peaks of the irradiated and doped
samples shifted towards visible region. The shift in case of metal doped samples was more pronounced
than those of pure polystyrene and PS/CdS matrix samples. The increase in absorption was attributed to
the generation of a conjugated system of bonds. The decrease in band gap energy value in case of Ni
doped PS/CdS was greater than that of Cu doped PS/CdS and the ion irradiation further decreased the
band gap energy value. The vibrational absorption peak of the Cd–S bond was observed at 405 cm−1 in
FTIR spectra of metal doped PS/CdS composites. The intensity of styrene absorption lines decreased in all
irradiated samples.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites represent a new field in nano-
science. The smaller size of nano-particles than the wavelength
of visible light makes the polymer nanocomposites a new per-
spective for optical materials. The optical properties of nano-
composites can be modified by doping the polymer matrix with
suitable dopant as well as by ion beam irradiation. The controlled
swift heavy ions (SHI) irradiation may be used to modify the
optical, structural, chemical, magnetic, electrical and other proper-
ties of the polymers and polymer nanocomposites (Tombrello,
ll rights reserved.

mar).
1994; Steckenreiter et al., 1997; Kulshrestha et al., 2006; Kumar
et al., 2006; Vijay et al., 2006; Awasthi et al., 2010). The incoming
energetic ions interact with the target material by two ways; with
nuclei of the target atoms (elastic collision) and with electrons of
the target atoms (inelastic collision) depending upon the energy of
the incoming ion. The inelastic collision dominates at high
energies (greater than 10 MeV) and responsible for modifications
of above said properties (Kanjilal, 2001). The most of the energy of
SHI is lost in exciting electrons and ionizing atoms. Target ioniza-
tion causes bond cleavages, free radical formation, degradation
and cross-linking of polymeric chains and formation of unsatu-
rated bonds (Fink et al., 1996; Picq et al., 1998). The extent of
modifications (excitation, ionization etc.) by SHI depends upon
mass, charge state, energy and fluence of the impinging ions.
These parameters are defined by linear energy transfer (LET) value
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Fig. 1. SEM image of synthesized CdS nanoparticles.
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of incoming ion (Lee et al., 1999). The modifications also depend
upon the nature (molecular structure and packing of polymeric
chains etc.) of target polymers (Singh et al., 2013; Balanzat et al.,
1994).

Polystyrene/CdS doped with metals followed by irradiated with
SHI may give drastic modifications in its structural, optical and
chemical properties. The unique size and quantum confinement
properties make these polymer nanocomposites useful for appli-
cations such as light-emitting diodes (Tesster et al., 2002), lasers
(Artemyev et al., 2001) and devices (Zhu et al., 2005). CdS
nanocomposites have been highly studied because of their size
dependent properties (Zhu et al., 2005). Their emission behavior
varies with respect to the size, which can be controlled by the
temperature and surface capping molecules during their synthesis
(Alivisatos, 1996). Various reports on the synthesis of CdS nano-
crystals have been presented using different methods (Peng and
Peng, 2001; Gorelikov and Kumacheva, 2004; Peng et al., 1997).
Micro-emulsion method used for the synthesis of nanocomposites
is very effective for the size control of nano-particles among the
other techniques present such as sol–gel template, chemical
aerosol flow synthesis, ion beam synthesis, ultrasonic's irradiation
in an aqueous solution, two phase approach and in situ micelle-
template-interface reaction route. The literature has been reported
to embed CdS nanoparticles in the polymer matrix (Farmer and
Pattern, 2001; Wu et al., 2004; Han et al., 2005). In the literature
some reports have been found on the use of varying concentration
of nanoparticles in the polymer (Chen et al., 2007; Rong et al.,
2003). However, a very limited data is available for the modifica-
tion of optical, structural and chemical properties by ion beam
irradiation.

The optical energy band gap and the crystallite size of polymer
nanocomposites can be controlled by doping and ion beam
treatment by controlling the doping concentration as well as beam
parameters (current, energy, fluence etc.) respectively. The main
objective of this work is to study the optical properties for the
modification of band gap energy by the way of two modes: doping
with metals (Ni and Cu) and ion beam treatment (irradiation). In
addition to it the effects of ion beam on structural and chemical
properties are also discussed.
2. Experimental

2.1. Materials

Polystyrene of average molecular weight 35,000 having density
1.06 g/mL and all other chemicals/solvents were purchased from
Sigma Aldrich. All the chemicals were used as-received without
any further treatment.
2.2. Prepration of CdS/PS nanocomposites film

CdS nanoparticles were synthesized by the reaction of sodium
sulfide and cadmium nitrate in water-in-oil micro-emulsion sys-
tem in which cyclohexane was used as a surfactant. The size of
synthesized CdS nanoparticles was found to be in the range
50–60 nm. The SEM image of synthesized nanoparticles is shown
in Fig. 1. For fabricating nanocomposite film with homogeneously
dispersed cadmium sulfide CdS nanoparticles in polystyrene (PS)
matrix, the polymer was firstly dissolved in chloroform and then
3 ml of synthesized CdS nanoparticles were added to the polymer
solution and dispersed by ultrasonic agitation to ensure an even
arrangement. After obtaining a uniform mixture, the mixture was
poured on to a clean Petridish. The solvent was evaporated at
room temperature (25 1C) to get thin films (thickness∼20 mm) of
polymer composites which were then dried in vacuum oven at
30 1C (Rong et al., 2003; Singh et al., 2011).

2.3. Irradiation

The specimens of the size (1.5 cm�1.5 cm) were prepared for
irradiation. Samples were mounted on a vertical vacuum shield
ladder and irradiated in general purpose scattering chamber (GPSC)
with 60 MeV Ni5+ ions beam from 15 UD pelletron accelerator at
Inter University Accelerator Centre (IUAC), New Delhi, India to the
fluences of 108 and 1011 ions/cm2. The beam current was kept
∼0.5 pnA to suppress thermal decomposition. The pristine and
irradiated samples were characterized by UV–visible, FTIR and
X-ray diffraction for the study of optical, chemical and structural
properties. UV–visible spectroscopy was carried out in the wave-
length range 250–800 nm using U-3300 Hitachi system. Preliminary
structural studies were carried out by using Bruker AXS systemwith
Cu-Kα radiation (1.54 Å) for a wide range of Bragg angles 2θ
(5≤2θ≤80). Infrared measurements were performed in transmission
mode using Nicolet Nexus 670 FTIR spectrometer.

2.4. SRIM (stopping and range of ions in materials) calculations

SRIM calculations were made to find electronic energy loss (Se),
nuclear energy loss (Sn) and projected range of Ni ions in target
polymer and polymer nano-composites using SRIM-2008 code
(Ziegler, 2010). The calculated values are given in Table 1. The Se
values for our target samples are 100 times larger than those of
their Sn values ensuring nuclear energy loss to be nearly negligible.
The projected range values are nearly equal to our sample
thickness (20 mm), hence probability for ion implantation is
quite low.
3. Results and discussion

3.1. X-ray diffraction

The XRD patterns of pristine and irradiated samples of poly-
styrene (PS) are shown in Fig. 2. The XRD pattern of pristine PS
sample conforms to the XRD pattern reported by Singh and Samra,
2008. The main diffraction peaks of pristine sample of PS occurs at
2θ¼19.761. There is no phase change for the irradiated samples
(Guzman et al., 1985) as their peak positions remain undisturbed.
There is increase in peak width of the XRD spectra of pure PS at a



Fig. 2. X-ray diffraction patterns of pristine and Ni5+ irradiated polystyrene
polymer films.

Fig. 3. X-ray diffraction patterns of PS/CdS: Cu and PS/CdS: Ni nanocomposites.

Fig. 4. UV–visible spectra of pristine and Ni5+ irradiated polystyrene (PS) polymer films.

Fig. 5. UV–visible spectra of pristine and Ni5+ irradiated PS/CdS: Cu films.

Fig. 6. UV–visible spectra of pristine and Ni5+ irradiated PS/CdS: Ni films.

Table 1
SRIM calculated Se, Sn values and projected range of 60 MeV Ni ion beams for target
samples.

Target material Se (eV/Å) Sn (eV/Å) Projected range (mm)

Polystyrene (PS) 5.20�102 1.21 19.71
PS\CdS: Cu 5.94�102 1.67 17.56
PS\CdS: Ni 6.03�102 1.69 17.24
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fluence of 108 ions/cm2 whereas subsequent irradiation at still
higher fluence (1011 ions/cm2) causes decrease in peak width. This
shows the alignment of the polymeric chains in a regular pattern
and hence there is decrease in the amorphous nature at higher
fluences. Fig. 3 shows the XRD patterns of as-prepared Cu doped
PS/CdS and Ni doped PS/CdS films. All the diffraction peaks can be
indexed as the cubic CdS crystals by comparing with the literature
(Wu et al., 2004).

3.2. UV–visible spectroscopy

UV–visible spectra of pristine and irradiated samples of pure
PS, Cu doped PS/CdS and Ni doped PS/CdS are shown in Figs. 4–6
respectively. The spectra of pure PS, Cu doped PS/CdS and Ni
doped PS/CdS (Figs. 4–6) reveals the shift of absorption peak
towards higher wavelength regime. This may be due to the
formation of extended system of conjugated bonds Singh et al.,
2007; El-Badry et al., 2009). The absorption bands are associated
with π–π* electronic transitions (Singh et al., 2007). The energy
band gap values of the pristine and irradiated sample films were
calculated by using Tauc's expression (Tauc et al., 1996) as per



Fig. 7. FTIR spectra of pristine and Ni5+ irradiated polystyrene films.

Fig. 8. FTIR spectra of pristine and Ni5+ irradiated PS/CdS: Cu films.

Fig. 9. FTIR spectra of pristine and Ni5+ irradiated PS/CdS: Ni films.
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following equation:

ðαhνÞ ¼ Bðhν–EgÞ1=2 ð1Þ
Here α is the absorption coefficient, hν is the photon energy, B is

band tailing parameter (Metwally, 1901) and Eg is the value of
energy band gap. The Eg values of the films were calculated by the
extrapolation of the plot of (αhν)1/2 versus (hν) to the energy axis.
The calculated values of Eg are tabulated in Table 2. The band gap
value of pristine polystyrene is in close agreement with the value
calculated by Singh and Samra, 2008; Singh et al., 2007. The table
values clearly indicate the decrease in Eg value with doping of metal
ion as well as with ion irradiation. The doping of Cu and Ni to
PS/CdS decreases the band gap from pure polystyrene polymer from
4.35 eV to 3.95 and 3.42 eV respectively. Irradiation decreases the
band gap further to quite a drastic level. There is 35%, 9% and 12%
decrease in band gap from their pristine values for irradiated
samples of PS, Cu doped PS/CdS and Ni doped PS/CdS films
respectively at a fluence of 108 ions/cm2. Whereas this decrease is
46%, 31% and 22% from their pristine values of PS, Cu doped PS/CdS
and Ni doped PS/CdS films at a fluence of 1011 ions/cm2. In the
literature (Fink et al., 1996; Phukan et al., 2003) it has been shown
that carbon enriched domains created in polymers during irradia-
tions may be the reason for the decrease in band gap energy.

No. of carbon hexagon rings per conjugation length (N) were
calculated from the modified Robertson relation (Kumar et al.,
2011) using following equation:

Eg≈ð34:3=N1=2Þ ð2Þ
The calculated values of N are tabulated in Table 2. The values

are increasing with doping and ion irradiation as well as with
increase of ion fluence.

3.3. FTIR spectroscopy

The FTIR spectrum of pristine polystyrene in Fig. 7 conforms to
the spectrum reported by Evelyn et al., 1999. The spectrum shows
the lines due to aromatic ring C–H stretching vibrations at 3081,
3060 and 3026 cm−1, C–H stretch vibrations in CH2 group at 2922
and 2851 cm−1, the aromatic ring vibrations at 1602 and 1493 cm−1

and the lines due to the CH2 deformation vibrations at 1452 cm−1

(Kondyurin et al., 2008; 2006). The intensity of all of these lines
decreased after irradiation. In addition to it the C–H bending
vibrations (675–950 cm−1 region) reduced in deeper layers at the
fluence of 1011 ions/cm2. The bands in the range 1755–2000 cm−1

disappeared completely at the fluence of 1011 ions/cm2. No new
absorption lines were observed in spectra of irradiated PS samples.

The FTIR spectra of pristine and irradiated samples of PS/CdS:
Cu and PS/CdS: Ni nanocomposites are shown in Figs. 8 and 9
respectively. The vibrational absorption peak of the Cd–S bond can
be observed at 405 cm−1 in both figures (Wu et al., 2004). The
intensity of styrene absorption lines (3081, 3060, 3026, 2922, 2851,
1602, 1493 and 1452 cm−1) decreased in irradiated samples of both
Table 2
Calculated values of band gap energy (Eg) and number of carbon hexagon rings per
conjugation length (N) for PS, PS/CdS: Cu and PS/CdS: Ni nanocomposite films.

Sample Fluence (ions/cm2) Eg (eV) Value of N

PS Pristine 4.35 62
108 2.80 150
1011 2.34 215

PS\CdS: Cu Pristine 3.95 75
108 3.60 91
1011 2.73 158

PS\CdS: Ni Pristine 3.42 100
108 2.99 131
1011 2.66 166
the figures. No new peak could be observed in the spectra of
irradiated samples of these figures also.
4. Conclusion

Ion beam irradiation is an effective tool to modify the material's
properties. CdS nanoparticles of average size 50–60 nm were
synthesized by micro-emulsion method. The polystyrene/CdS nano-
composites were doped with Ni and Cu metals followed by Ni ion
irradiation. The effect of doping of metals and ion irradiation was
studied for structural, optical and chemical modifications. The
doping of metals decreased the optical energy band gap. The band



S. Kumar et al. / Radiation Physics and Chemistry 94 (2014) 49–53 53
gap was further decreased when the doped samples of PS/CdS were
irradiated with Ni ions. The decrease in band gap energy by ion
irradiation was attributed to conjugated bonds formation. In addi-
tion to it, the amorphous nature of polystyrene decreased after ion
irradiation at a fluence of 1011 ions/cm2. The intensity of styrene
absorption lines in FTIR spectra decreased in all irradiated samples.
No new band formation was observed after ion beam irradiation in
PS, PS/CdS: Ni and PS/CdS: Cu. The optical band gap energy of
polymer nanocomposites can be controlled by irradiation with
controlled ion beam. This can be engineered by controlling the
ion beam parameters such as beam current, ion mass, charge and
energy.
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The metal doped ZnS nanoparticles dispersed in polystyrene were synthesized using micro emulsion
method. The synthesized free standing nanocomposites films of 18 lm thickness were irradiated with
60 MeV nickel ions at two different fluences for the modification of structural, optical and chemical prop-
erties. The pristine and irradiated samples were characterized by X-ray diffraction, UV–visible and FTIR
spectrophotometer. The SEM and XRD results confirmed the synthesis of nanoparticles. The ion irradia-
tion shifted the optical absorption towards higher wavelength and decreased the band gap energy to sig-
nificant levels. The infrared band at 465 cm�1 confirmed the Zn–S bonding. The intensity of other
absorption bands was modified after ion irradiation.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The polymer and nanoparticles intermixing to form nanocom-
posites has been widely practiced because of their large number
of applications; such as those in optoelectronics, sensors, medical
devices, drug delivery and membrane industry etc [1]. The control
over the shape, size and functional properties of nanoparticles may
be used to modify the mechanical, thermal, tribological, optical,
electrical, magnetic, chemical and many other properties of the
polymer nanocomposites [2]. There is wide range of literature
available upon the different type of polymer nanocomposites, their
synthesis and applications; but our focus is upon the ZnS nanopar-
ticles intermixed with polystyrene polymer. ZnS is an important
II–VI group semiconductor material. ZnS can have two different
crystal structures (zinc blende and wurtzite), both of which have
the same band gap energy (3.68 eV) and the direct band structure.
It is widely used as phosphor in photoluminescence, electrolumi-
nescence and optical sensor [3,4]. The large amount of work has
been carried out upon the Zn based polystyrene nanocomposites
synthesized by different methods in the last decade [5–10]. In
addition to it, some recent reports are published upon the Zn based
polymer nanocomposites, other than polystyrene [10,11]. The
above cited reports have been focused upon the studies of polymer
nanocomposites by varying the concentration of the nanoparticles
in the polymer matrix. The other idea to modify the material prop-
erties is by the way of controlled swift heavy ions (SHI) beam irra-
diation and ions implantation. There are some recent reports
available on the ion beam modification of metal doped polymer
nanocomposites [12–14]. There is no data available upon the ion
beam treatment of ZnS doped polystyrene nanocomposites to the
best of our knowledge. The present study is based upon the synthe-
sis of ZnS nanoparticles by micro emulsion method; the synthe-
sized ZnS nanoparticles were intermixed with polystyrene by
solution cast method to form nano composite thin films. The syn-
thesized films were irradiated with 60 MeV nickel ions for the
study of structural, optical and chemical modifications.
2. Experimental

2.1. Materials and methods

Polystyrene (density 1.06 g/mL) of average molecular weight
35,000 and all other chemicals/solvents were purchased from
Sigma Aldrich. All the chemicals were used as-received without
any further treatment.

The structural, optical and chemical studies of pristine and irra-
diated samples were carried out at Inter University Accelerator
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Centre (IUAC), New Delhi, India. X-ray diffraction studies were car-
ried out by using Bruker AXS system with Cu-Ka radiation (1.54 Å)
for a wide range of Bragg angles 2h (5 6 2h 6 80). UV–visible stud-
ies were carried out in the wavelength range 250–800 nm using
U-3300 Hitachi system. Infrared measurements were performed
in transmission mode using Nicolet Nexus 670 FTIR spectrometer.
2.2. Preparation of ZnS nanoparticles and nanocomposites films

The synthesis of ZnS nanoparticles was carried out by the reac-
tion of zinc chloride (ZnCl2) and sodium sulfide (Na2S) in
water-in-oil micro emulsion system [15]. Micro-emlusion of
ZnCl2 and Na2S have 0.46 g of n-pentanol, 3.37 g of Triton X-100,
7.64 g of cyclohexane and 1 g of water. Molar ratio of water and
surfactant was maintained at 1:1 while for sulfide and zinc ions
was constant (=1). Concentration of sulfide and zinc were esti-
mated per aqueous phase [16]. ZnS nanoparticles were successfully
doped through chemical method reported in literature [17,18].

The 20–60 nm sized nanoparticles were obtained and con-
firmed in the SEM image (Fig. 1). The nanocomposites of ZnS and
polystyrene were synthesized by solution cast method. The poly-
styrene (PS) polymer was dissolved in chloroform and ZnS
nanoparticles were added to this solution followed by ultrasonic
agitation for uniform arrangement. The obtained mixture was
poured on to a clean glass petri disc floating on Hg to maintain uni-
form thickness of prepared sample. The solvent was allowed to
Fig. 1. SEM image of ZnS nanoparticles synthesized by micro emulsion method.
evaporate at room temperature (25 �C) to get thin films of polymer
composites and finally films were then dried in vacuum oven at
30 �C to remove the solvent content [19]. Average thickness of pre-
pared thin films have been found 18 ± 2 lm and calculated as per
weight, area and density relation.
2.3. Preliminary calculations and ions irradiation

The preliminary calculations were carried out using SRIM-2010
code for ions range and energy loss inside the material [20]. The
calculated values of electronic energy loss (Se), nuclear energy loss
(Sn) and projected range values are tabulated in Table 1. Our sam-
ple thickness of 18 lm is compatible with the SRIM calculated pro-
jected range for ions to pass through the sample; ensuring
negligibly small ions implantation. The Sn values are also quite
small, so the nuclear energy loss was least probable.

The irradiation experiment was carried out at Material Science
chamber in IUAC, New Delhi, India. The composite samples of size
1.5 cm � 1.5 cm were mounted on the vertical ladder. The ladder
was mounted in general purpose scattering chamber and the
chamber was evacuated to �6 � 10�6 Torr. The 60 MeV Ni5+ beam
was selected for irradiation; the beam current was 0.5 pnA (parti-
cle nano-ampere). Two fluences, 1010 and 1011 ions/cm2 were
selected for irradiation.
3. Results and discussion

3.1. Structural studies by X-ray diffraction

The X-ray diffraction (XRD) was performed to determine the
crystallographic orientation of ZnS nanoparticles. The Fig. 2 shows
the diffraction patterns of Cu doped and Ni doped polystyrene ZnS
(PS/ZnS) nanocomposites in 2h mode. The polystyrene broad peak
was observed at 19.38� in both cases. The intensity of this peak
increased slightly after ion irradiation, which was insignificant
for structural modifications. The prominent peaks observed at
35.35�, 39.44� and 53.73� are attributed to (002), (100) and
(103) respectively, these peaks attribute the formation of ZnS
nanoparticles and Zn blende structure [3,21].
3.2. Optical studies by UV–visible spectroscopy

Fig. 3(a)–(c) reveal the UV–visible absorption spectra of PS/ZnS,
Cu doped PS/ZnS and Ni doped PS/ZnS nanocomposites respec-
tively. The shift of the absorption peak towards longer wavelength
was observed due to the formation of conjugated system of bonds
after ion irradiation [22–24]. The shift became more pronounced as
the ion fluence was increased. The band gap energy was observed
to be decreased due to the formation of conjugated system of
bonds. The band gap energy was calculated using Tauc’s relation
as following [25–27].

ðahmÞ ¼ Bðhm� EgÞ2 ð1Þ
Table 1
SRIM calculated Se, Sn values and projected range of 60 MeV Ni ion beams for target
samples.

Target material Se (eV/Å) Sn (eV/Å) Projected range (lm)

PS 5.20 � 102 1.21 19.71
PS/ZnS 5.68 � 102 1.49 18.16
PS/ZnS: Cu 6.36 � 102 1.74 16.48
PS/ZnS: Ni 6.47 � 102 1.78 16.14



Fig. 2. X-ray diffraction patterns of PS/ZnS: Cu and PS/ZnS: Ni nanocomposites.
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Here a is the absorption coefficient, hm is the photon energy, B is
band tailing parameter and Eg is the value of energy band gap for
indirect transition [28]. The band gap of the nanocomposites films
were calculated by the extrapolation of the plot of (ahm)1/2 versus
(hm) [29]. The calculated values are tabulated in Table 2. There is
quite observable decrease in the value of Eg after ion exposure, also
the band gap energy was decreased with the doping of Cu and Ni as
compared to the pure polystyrene (4.35 eV) as per our previous
reported data [30]. On the similar grounds, the number of carbon
hexagon rings (N) was observed to be increased in number with
the increase of ion fluence as per the values given in Table 2. The
value of N was calculated using following equation [31,32].

Eg � ð34:3=N1=2Þ ð2Þ
3.3. Chemical studies via FTIR spectrophotometry

The FTIR spectra (in the wave number range of 400–4000 cm�1)
of pristine and irradiated samples of Cu doped PS/ZnS and Ni doped
PS/ZnS are shown in Figs. 4 and 5 respectively. In FTIR spectra of Cu
and Ni doped PS/ZnS sample, the peak at 465 cm�1 is due to Zn–S
bonding and the band at 1734 cm�1 correspond to the C@O
stretching [11]. The peak at 1495 cm�1 is responsible for aromatic
stretches and the bands in the range 1700–1950 cm�1 are respon-
sible for aromatic overtone [9]. The broad absorption band at
2915 cm�1 is assigned to C–H bond of PS [33]. The peaks of fre-
quency range 2850–3000 cm�1 are observed which indicate the
presence of CH stretch bonds which would confirm the functional
group of alkanes.

The intensity of the bands changed after SHI irradiation. The
intensity of some of the bands decreased very fast with increase
Fig. 3. UV–visible absorption spectra of (a) PS/ZnS, (b) Cu doped PS/ZnS and (c) Ni
doped PS/ZnS nanocomposites.

Table 2
Variation of band gap energy (Eg) and number of carbon atoms per conjugation length
(N) for Cu doped PS/Zn and Ni doped PS/ZnS nanocomposite films.

Sample Fluence (ions/cm2) Eg (eV) N

PS/ZnS:Cu Pristine 4.20 67
1010 3.50 96
1011 3.06 126

PS/ZnS:Ni Pristine 3.92 77
1010 2.81 149
1011 2.65 168
of the ion fluence. The strong absorption band in the frequency
range of 900–675 cm�1 showed the presence of aromatic group.
FTIR spectra of Cu doped PS/ZnS in Fig. 4 show sharp fall in inten-
sity of the bands at 1450 cm�1 and 1500 cm�1 representing C–H
stretch attributed to chain scission which may be taking place at
the carbonate site with the formation of new hydroxyl group.
The intensity of the absorption band of C–C stretch at the fre-
quency range of 1585–1600 cm�1 decreased after irradiation. It



Fig. 4. FTIR spectra of PS/ZnS: Cu film irradiated with 60 MeV Ni ion beam.

Fig. 5. FTIR spectra of PS/ZnS: Ni film irradiated with 60 MeV Ni ion beam.
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explains that chain scissoring took place in metal doped nanocom-
posites after ion irradiation. There were significant decreases in
absorption with ion irradiation for the Cu doped samples (Fig. 4),
but this effect was not true for the Ni doped samples (Fig. 5).
This may be attributed to reduction in particle size as a result of
incorporation of Cu2+ ions with comparable radius to that of Zn2+

ions. Considering the Bohr exciton radius of ZnS (2.5 nm), our sam-
ple had a strong confinement regime and attributed to decrease in
the absorbance shoulder.
4. Conclusion

The 20–60 nm sized ZnS nanoparticles were synthesized by
micro emulsion method and dispersed in polystyrene polymer.
The polymer nanocomposites were doped with Ni and Cu metals
to obtain Ni doped and Cu doped PS/ZnS nanocomposites. The size
of nanoparticles was verified by SEM results. The obtained Zn
blende structure was confirmed by the (002), (100) and (103)
peaks in the XRD results. The composites were irradiated with
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60 MeV Ni5+ ions to further modify the structural, optical and
chemical properties. There was minor increase in the polymer
broad X-ray peak at 19.38� after ion irradiation. The shift of the
absorption peak towards longer wavelength was observed due to
the formation of conjugated system of bonds after ion irradiation
in the UV–visible studies. The shift became more pronounced as
the ion fluence was increased. The band gap energy was observed
to be decreased due to the formation of conjugated system of
bonds. There was 27% and 32% decrease in the band gap energy
of the PS/ZnS:Cu and PS/ZnS:Ni composites after ion irradiation
at fluence of 1011 ions/cm2. The Zn–S bonding was confirmed in
the FTIR band at 465 cm�1.
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� We irradiated the industrial polymers with Swift Heavy Ions at different fluences.

� Structural effects, optical and chemical changes after irradiation were examined by XRD, UV–Visible and FTIR spectroscopy respectively.
� Increase in crystalline nature and decrease in band gap is observed with increase in fluence.
� Increase in particle size and variation in the Urback′s energy is observed with increase of fluence.
� The modifications caused by SHI in various chemical bonds are also discussed.
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Polyether-sulphone and polyamide-nylone-6 polymers were irradiated by 50 MeV Li3+ ions for
modifications in structural, optical and chemical properties. The decrease in peak width and increase
in peak intensity of XRD spectra indicated alignment of polymeric chains in a regular pattern and hence
there was decrease in the amorphous character of the irradiated polymers. The gradual increase in the
optical absorption and shift towards visible region was observed in optical absorption spectra of
irradiated polymers. The increase in absorption was attributed to the generation of a conjugated system
of bonds which lowered the band gap of irradiated polymers to significant values. The thermal
fluctuations in the band gap energy due to temperature dependent self energies of the electrons were
observed from the calculated values of the Urbach′s energy. The FTIR spectra obtained after irradiation
exhibited decrease in absorbance for various bands in case of PN-6 whereas opposite behavior was
observed in case of PES polymer.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The polymer modifications by ion beam irradiation has been
established for industrial and research applications. The polymers
under study are polyether-sulphone (PES) and polyamide-nylone-
6 (PN-6). Some important results of ion beam modifications on
these polymers during last decade are summarized below.

The effect of 150 keV argon ions on PES had been studied by
Kurmaev et al., (1999) with fluorescent X-ray emission spectro-
scopy. They studied the electronic structure and chemical bonding
of pristine and irradiated samples using deMon density function
theory (DFT) and compared the calculated results with experi-
mentally obtained X-ray fluorescence spectra. The change in
polymer structure induced by 6 MeV electrons irradiation on PES
was studied by Dudra and Wysocki, (2005). They predicted that
ll rights reserved.

mar).
the probabilities of cross-linking and chain-scission depend on
irradiation dose and obtained the correlation between degree of
cross-linking and fluorescence. The PN-6 sheets irradiated with
electron beam were investigated in relation to their thermal
stability in various environments (air, distilled water and NaCl
solution) at 70 1C by Zaharescu et al., (2010). They predicted that
the durability of irradiated samples in air is longer than in water
and salt solutions. The grafting of monomers (acrylic, methacrylic
acids and acrylamide) onto PN-6 was studied by Timus et al.,
(2000). They predicted the dependence of degree of grafting upon
radiation dose and extent of monomer dilution. The early work on
the above discussed polymers was mainly related to chemical and
compositional study by low energy ions and electrons irradiation.
Very limited data (Samra et al., 2011; Kulshrestha et al., 2010) is
available on the study of optical and structural properties of these
polymers by high energy ions irradiation.

The objective of this work is to study the structural and optical
properties for the modifications of average crystallite size and
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band gap energy by 50 MeV Li3+ ions irradiation. In addition to it,
ion induced chemical modifications are also discussed.
2. Experimental methods

250 mm thick PES and PN-6 polymer flat sheets were procured
from Goodfellow, Cambridge Ltd. (UK). The samples of size
(1.5 cm�1.5 cm) were cut from the sheets and used as-received
form without any further treatment. The samples were exposed to
50 MeV Li3+ beam in material science beam line at inter university
accelerator center (IUAC), New Delhi, India under high vacuum
(∼7�10�6 Torr). Fluences were taken ranging from 1010 to 1013

ions/cm2. The beam was scanned in the x–y plane to irradiate the
whole target sample area. The beam current (∼1 pnA) was kept
low to suppress thermal decomposition. X-ray diffraction (XRD)
studies were carried out using Bruker AXS system by Cu-Kα

radiation (1.54 Å). UV–visible (UV–vis) studies were carried out
using U-3300, Hitachi system. The chemical modifications were
studied by a Fourier transform infrared spectrometer using
Thermo Nicolet Nexus 670 FTIR.

The projected range and electronic energy loss (Se) of 50 MeV Li
ions in both polymers were calculated by SRIM code (Ziegler,
2010). The Se values are 6.81 and 6.29 eV/Å and the projected
range values are 418.8 and 449.2 mm for PES and PN-6 respectively.
Since projected range values are more than the thicknesses of our
polymers so the probability of ion implantation was almost
negligible.
3. Results and discussion

3.1. XRD studies

The diffraction patterns of pristine and irradiated PES and PN-6
films are shown in Figs. 1 and 2 respectively. The broad peaks
occur at 2θ ∼19.091 for PES, whereas two broad peaks occur at 2θ
∼20.21 and 23.31 in case of PN-6 polymer. No significance shift of
peak position is observed in any diffraction pattern indicating that
there is no change in lattice parameters. It is observed that the
peak intensity increases and peak width decreases with increase of
ion fluence; which suggests the alignment of polymeric chains in a
regular pattern and decrease in amorphouse character of irra-
diated polymers. Samra et al., (2011) had mentioned in their study
on oxygen ion irradiated PES polymer that increase in peak
intensity was related to cross-linking in polymeric chains. Cross-
linking or alignment of polymeric chains depends upon chemical
nature and geometrical structure of the polymer (Gowariker et al.,
Fig. 1. XRD spectra of pristine and Li3+ ion irradiated PES polymer.
2002) as well as ion beam parameters (mass, charge, energy etc.).
However, in case of solid polymeric materials, the exact nature of
the interrelation between spacing, crystallite size and the degree
of disorder is yet to the ascertained in proper perspective (Virk
et al., 2001).

The average crystallite size (L) was calculated by using the
Scherrer formula reported in literature (Sharma et al., 2007). The
calculated values are given in Table 1. The values are increasing at
higher fluences.
3.2. UV–vis studies

UV–vis spectra of pristine and irradiated samples of PES and
PN-6 are shown in Figs. 3 and 4 respectively. The optical absorp-
tion edges of the irradiated polymer samples shift towards the
visible region of the spectrum with the increase of ion fluence.
This shift may be attributed to formation of conjugated system of
bonds (Mackova et al., 2005) and increase in conjugation length
(Mackova et al., 2009). Similar results were observed by
Kulshrestha et al., (2010) and Samra et al., (2011) in ion irradiated
PES. Kumar et al., (2006b) reported the shift in absorbance spectra
of proton and carbon ion irradiated PES polymer to the formation
of carbonaceous clusters.

Few absorption peaks at ∼260 nm and ∼330 nm are seen in
case of irradiated samples of PN-6. These peaks are assigned for
π-πn inter band transition (Kumar et al., 2008). The optical band
gap energy (Eg) was calculated from the absorption spectra by
extra plotting the linear portion of the graph between (αhν)1/2 and
(hν) to the energy axis using the Tauc′s relation (Tauc et al., 1966)
and values are calculated using following equation:

ðαhνÞ ¼ Bðhν–EgÞn ð1Þ
Fig. 2. XRD spectra of pristine and Li3+ ion irradiated PN-6 polymer.

Table 1
Calculated values of average crystallite size (L), indirect band gap (Eg) and the
Urback′s energy (Eu) for pristine and irradiated samples of PES and PN-6 polymers.

Fluence (ions/cm2) PES PN-6

L (Å) Eg (eV) Eu (eV) L (Å) Eg (eV) Eu (eV)

Pristine 10.53 3.03 0.13 15.72 3.62 0.52
1010 10.91 3.01 0.11 15.73 3.25 0.51
1011 10.92 2.99 0.11 15.89 2.87 0.53
1012 11.01 2.95 0.11 15.93 2.77 0.52
1013 11.01 2.92 0.10 15.98 2.65 0.50
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Fig. 3. UV–vis spectra of pristine and Li3+ ion irradiated PES polymer.

Fig. 4. UV–vis spectra of pristine and Li3+ ion irradiated PN-6 polymer.

Fig. 5. FTIR spectra of pristine and Li3+ ion irradiated PES polymer. Here a, b, c, d
and e stand for pristine, 1010, 1011, 1012 and 1013 ions/cm2 respectively.

Fig. 6. FTIR spectra of pristine and Li3+ ion irradiated PN-6 polymer. Here a, b, c, d
and e stand for pristine, 1010, 1011, 1012 and 1013 ions/cm2 respectively.

P. Singh et al. / Radiation Physics and Chemistry 94 (2014) 54–5756
here B is band tailing parameter (Metwally, 1901). Its value
depends on transition probability and can be assumed to be
constant within the optical frequency range. α is optical absorption
coefficient, its value is calculated from the absorbance (A) after
correction for reflection losses using following equation:

αðνÞ ¼ 2:303 A=l ð2Þ
here l is the sample thickness in centimeters. The value of n
characterizes the transition processes in K-space. Its value is 1/2,
3/2, 2 and 3 for direct allowed, direct forbidden, indirect allowed
and indirect forbidden transitions respectively (Migahed and
Zidan, 2006). The value of n is taken to be equal to 2 for indirect
allowed transitions (indirect band gap calculation). For amorphous
materials the Bloch functions can be described by a linear combi-
nation of the crystalline wave functions of the respective bands
and hence the momentum (ћk) is not conserved even in a direct
transition. Therefore in amorphous materials, a plot of (αhν)1/2 vs
hν could be used to determine the band gap even for a direct
transition (Buchholz et al., 2009). The values of indirect band gap
are tabulated in Table 1. The calculated values show that the band
gap of polymers is decreasing with increase of ion fluence. There
are 3.63% and 26.79% decrease in band gap value of PES and PN-6
respectively. The decrease in band gap is attributed to the forma-
tion of lower energy states due high electronic LET (linear energy
transfer) by ion in polymer which results in carbon-enriched
cluster formation (Gupta et al., 2000), free radical (Sinha et al.,
2001) and conjugated bond formation (Farenzena et al., 1995). The
main reason for decrease in band gap energy is attributed to
formation of conjugated system of bonds.

The thermal fluctuations in the band gap energy were esti-
mated by calculating the Urbach′s energy (Eu) (Skettrup, 1978)
using following equation:

αðνÞ ¼ αoexpðhν=EuÞ ð3Þ
The reciprocal of the slopes of the linear portion in the lower

photon energy region of the plot of ln (α) as a function of photon
energy (hν) gives the value of Eu (Migahed and Zidan, 2006). The
calculated values of Eu for pristine and irradiated samples of PES
and PN-6 are given in Table 1. The value decreases at higher
fluences in both cases. The main reason for the change in value of
Eu at higher fluences is shift of the band gap energy which is due
to temperature-dependent self energies of the electrons and holes
interacting with the phonons (Dow and Redfield, 1978).

3.3. FTIR studies

The infrared spectra corresponding to pristin and irradiated
samples of PES and PN- 6 are shown in Figs. 5 and 6 respectively.
FTIR spectra of pristine sample of PES conforms with the spectra
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reported by Samra et al., 2011. The spectra show increase in
absorbance (decrease in percentage transmittance) for irradiated
samples. Similar effects are seen in our previous measurement on
carbon ion irradiated PES polymer (Kumar et al., 2006a). The FTIR
spectra of PN-6 show decrease in absorbance bands for irradiated
samples. The intensity of characteristic peak at position 945 cm�1

corresponding to C–N stretching vibration of –CH2–N– group
(Vasanthan and Salem, 2001) is increased towards larger values
of percentage transmittance. No new band formation was
observed in irradiated samples of both the polymers.
4. Conclusions

The structural, optical and chemical properties of polyether-
sulphone (PES) and polyamide nylone-6 (PN-6) polymers were
modified by 50 MeV Li3+ ion beam irradiation. The increase in
intensity of XRD peaks confirmed the alignment of polymeric
chains in a regular pattern as a result of which there was decrease
in the amorphouse character of irradiated polymers. The shift of
the UV–vis spectra towards higher wavelength decreased the band
gap energy of irradiated polymers. There was 3.63% and 26.79%
decrease of band gap in PES and PN-6 polymers respectively. The
FTIR spectra showed decrease in absorbance (increase in percen-
tage transmittance) for irradiated samples of PN-6, whereas PES
polymer samples showed opposite behavior.
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ABSTRACT: Makrofol (KG and N) polycarbonates (PCs) are the most versatile solid-state nuclear track detectors. These
polymers were exposed to gamma radiation of doses ranging from 250 to 1000 kGy. The pristine and exposed samples were
characterized by X-ray diffraction (XRD), UV–vis spectrophotometry, and Fourier transform infrared spectrophotometry for the
structural, optical, and chemical studies, respectively. The XRD studies showed that crystallite size for exposed samples of
makrofol-KG PC decreased from 64.7 to 57.9 Å and for makrofol-N PC it increased from 19.1 to 21.1 Å. The band gap energy
decreased from 4.40 to 4.07 eV for makrofol-KG and from 4.26 to 3.83 eV for makrofol-N after the gamma exposure. The number of
carbon atoms per conjugation length as obtained from UV–vis studies was increased in both cases. The activation energy showed
fluctuations for exposed samples of both polymers. The intensity of various absorption bands of the infrared spectra decreased at
some doses for both the PCs, indicating the change in the chemical properties of the exposed samples. C© 2015 Wiley Periodicals, Inc.
Adv Polym Technol 2015, 0, 21510; View this article online at wileyonlinelibrary.com. DOI 10.1002/adv.21510
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Introduction

P olycarbonates (PCs) made from bisphenol-A are crystal
clear and colorless amorphous engineering thermoplastics

notable for their high impact resistance. PC, being a versatile ma-
terial with attractive processing and physical properties, finds
many applications that include glazing, safety shields, lenses,
casings and housings, light fittings, kitchenware (microwave-
able), medical apparatus (sterilizable), CDs, and many more. Ir-
radiation of PCs by ionizing radiations modifies their structural,
optical, and chemical properties. Effects of neutron doses on
the structural properties of makrofol PC were studied by Nouh
et al.1 They found an increase in the amorphous phase and av-
erage molecular mass due to cross-linking, which enhanced the
quality of the polymer. Jaleh et al.2 evaluated the physicochem-
ical properties of electron beam (25–250 kGy) irradiated PC film
showing the degradation of the polymer at higher doses. Sim-
ilarly, physicochemical properties of various polymers can also
be modified by gamma exposure. This technique is widely used
in medical device sterilization.3 Effects of gamma irradiation on
different polymers have been reported in the literature.4–6 In the

present study, we have taken two polymers makrofol-KG and
makrofol-N. Both are PCs having same chemical composition
(C16H14O3), but makrofol-KG (MF-KG) is colorless, monoaxially
oriented, and crystallized, whereas makrofol-N is cast isotropic
and is of light yellow color.

Being the most versatile solid-state nuclear track detectors
many researchers have studied the modifications in various
properties of makrofol (KG and N) polymers by the irradiation
with gamma radiations and ions. In the literature, the structural
changes in makrofol-KG PC by irradiation with O5+ ions were
studied by way of dielectric constant and loss factor measure-
ments by Mujahid et al.7 Soares et al.8 reported the possibility
of using makrofol as an Alpha spectrometer by measuring their
alpha track-etch pit diameters. It has been shown by Tayel et al.9

that the properties of makrofol DE 7-2 polymer can be effec-
tively modified by gamma irradiation so as to use the polymer
as a sensor and for bioengineering applications. Thermal and
optical behaviors of makrofol-N due to irradiation by a proton
beam of different doses from 10 to 80 kGy were studied10 and re-
ported the 19% decrease in thermal stability of makrofol-N. The
etching and structural response of makrofol (KG and N) from
low dose (0.5 kGy) to high dose (1000 kGy) of gamma irradiation
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was studied by Singh and Prasher11 and it was predicted that
both polymers remain insensitive to low doses, but they were
influenced at higher doses. It has been shown by Delgado et al.12

that the probability for the single-bond scissoring was higher
than that for double-bond scissoring when makrofol-KG was ir-
radiated with 350 MeV Au26+ ions. The modifications induced
by 100 MeV silicon ions in makrofol-KG were studied and it
was found that the carbonization of the polymer takes place at
higher fluence and there is an improvement in the orientational
behavior of the molecules.13 There is no new literature available
on the effects of gamma radiations on physicochemical proper-
ties of makrofol-KG and makrofol-N at higher doses to the best
of our knowledge. The present work provides an opportunity
to probe inside the polymer material by modifying its various
physico-chemical properties by exposing it with gamma radia-
tion and applying it to produce new polymers with enhanced
structural and optical properties. The objective of the present
study is to find the modification induced in the structural, op-
tical, and chemical properties of makrofol-KG and makrofol-N
PCs due to gamma irradiations in the range of 250–1000 kGy
dose. The parameters such as band gap energy (Eg), number of
carbon atoms per conjugated length (N), activation energy (Eu),
and crystallite size (L) are calculated from the data obtained from
UV–vis and X-ray diffraction (XRD) results. The chemical modi-
fications have been studied by Fourier transform infrared (FTIR)
spectrophotometry.

Experimental

MATERIALS

Thin sheets of makrofol (KG and N) PCs of thickness 20
μm each having density in the range of 1.20–1.22 g/cm3 were
commercially purchased from Goodfellow, UK. The melting
temperature (Tm) of both the polymers is 155°C and their glass
transition temperature (Tg) is 147°C.

METHODS

The samples of size 1 cm × 1 cm were cut from the sheets
and irradiated by gamma radiation emitted from Co60 source
of dose rate varying from 5.416 to 5.409 kGy/h at Inter Uni-
versity Accelerator Centre (IUAC), New Delhi, India. The dif-
ferent samples were exposed at the doses of 250, 500, 750, and
1000 kGy. XRD studies were carried out using a Bruker AXS
system (Cu-Kα radiation, 1.54 Å) for a wide range of Bragg’s an-
gle 2θ (5° < θ < 50°). The chemical modifications were studied
by using a Thermo Nicolet Nexus 670 FTIR spectrophotometer
in the range of 4000–400 cm−1. XRD and FTIR facilities were
availed from National Physical Laboratory, New Delhi, India.
UV–vis studies (in 200–800 nm range using a U-3300 Hitachi
system) were carried out at IUAC, New Delhi, India.

Results and Discussion

UV–VIS STUDIES

The optical properties of the polymers are studied by UV–
vis spectroscopy. The UV–vis spectra of pristine- and gamma-
irradiated makrofol-KG and makrofol-N PC samples are shown
in Figs. 1a and 2a, respectively. The spectra shows a shift in the
optical absorption edge of irradiated samples toward red end
of the spectrum, which increases with the increase in gamma
dose, indicating a growing concentration of conjugated system
of bonds.6 Owing to this shift, the optical band gap energy (Eg)
of the polymers decreased, which was calculated by applying
Tauc’s relation14,15 for direct transitions as per the following
equation:

(αhν) = B
(
hν − Eg

)n (1)

where α is the optical absorption coefficient and B is the
band tailing parameter and its value depends on the transition

FIGURE 1. (a) UV–vis spectra of pristine and gamma rays irradiated makrofol-KG polycarbonate. (b) The dependence of (αhν)2 on photon energy
(hν) for pristine and gamma rays irradiated makrofol-KG polycarbonate.
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FIGURE 2. (a) UV–vis spectra of pristine and gamma rays irradiated makrofol-N polycarbonate. (b) The dependence of (αhν)2 on photon energy
(hν) for pristine and gamma rays irradiated makrofol-N polycarbonate.

probability. The value of n is taken to be equal to 1/2 for direct
allowed transition (direct band gap calculation). The plots for
band gap energy calculation are shown in Figs. 1b and 2b for
makrofol-KG and makrofol-N PCs, respectively, and the values
of direct band gap energy are presented in Tables I and II. The ta-
ble values clearly indicate that with the increase in gamma dose,
the band gap energy decreased from 4.40 to 4.07 eV for makrofol-
KG and from 4.26 to 3.83 eV for makrofol-N PC. The decrease

TABLE I
Calculated Values of Band Gap Energy (Eg), Number of Carbon
Atoms per Conjugation Length (N), and Activation Energy (Eu) for
Pristine and Gamma Rays Irradiated Samples of Makrofol-KG Poly-
carbonate

Dose (kGy) Eg(eV) N Eu

Pristine 4.40 �61 0.09
250 4.30 �64 0.24
500 4.19 �67 0.22
750 4.11 �69 0.22
1000 4.07 �71 0.20

The typical error in the band gap energy is ±2%.

TABLE II
Calculated Values of Band Gap Energy (Eg), Number of Carbon
Atoms per Conjugation Length (N), and Activation Energy (Eu) for
Pristine and Gamma Rays Irradiated Samples of Makrofol-N Poly-
carbonate

Dose (kGy) Eg(eV) N Eu

Pristine 4.26 �65 0.17
250 4.15 �68 0.30
500 4.07 �71 0.26
750 3.99 �74 0.24
1000 3.83 �93 0.23

The typical error in the band gap energy is ±2%.

in the band gap energy is quite significant within the calculated
errors (�2%). The interaction of gamma radiations with poly-
mers results in the formation of free radicals, which may further
induce chain scissoring, unsaturated bond formation, and conju-
gated bond formation. With the increase in gamma dose, the rate
of formation and concentration of free radicals increase, which
results in the increase in unsaturated and conjugated bonds and
hence a decrease in the band gap energy takes place.

Another effect of shift of absorption edge toward longer
wavelength is the increase in number of carbon atoms per con-
jugation length (N) and is calculated with the help of following
equation given by Fink et al.16,17:

N ≈ (34.3/Eg)2 (2)

The calculated values of N for makrofol-KG and makrofol-N are
shown in Tables I and II, respectively, which shows that with the
increase in gamma dose, the value of N increased from 61 to 71
for makrofol-KG polymer and from 65 to 93 for makrofol-N.

Another parameter that defines the irregularities in the chem-
ical structure of a polymer is called activation energy or Urbach’s
energy (Eu) defined by the following equation as:

Eu ≈ hv

ln(α/β)
(3)

where hν is the energy of photon, β is a constant, and α is
the absorption coefficient. The value of activation energy (Eu)
is determined by taking the reciprocal of the slope of the lin-
ear portion of the curves between the ln (α) and hν. The calcu-
lated values of Eu for pristine and gamma irradiated samples of
makrofol-KG and makrofol-N PCs for various doses are shown
in Tables I and II, respectively. The value of Eu increased from
0.09 to 0.24 and from 0.17 to 0.30 for the irradiated polymer
samples of makrofol-KG and makrofol-N, respectively. This in-
crease in values of Eu for both polymers shows a degradation
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FIGURE 3. X-ray diffraction patterns of pristine and gamma rays
irradiated makrofol-KG polycarbonate.

of the optical and structural properties of the polymers,18 which
may be either due to the formation of carbon-rich clusters or due
to the increase in defects in the polymer samples after gamma
exposure.

X-RAY DIFFRACTION STUDIES

X-ray diffraction patterns of pristine and gamma radiation
irradiated samples of makrofol-KG and makrofol-N PCs are
shown in Figs. 3 and 4, respectively. XRD pattern of pristine
makrofol-KG and makrofol-N sample conforms to the XRD pat-
tern reported by Kumar et al.19 The diffraction peaks occurred at
15.83° and 15.68° for makrofol-KG and makrofol-N, respectively,
and their positions remained unchanged after the polymer sam-
ples were irradiated with gamma rays; it indicates that the lattice
parameters of the polymers remain intact. The peak width (in the
form of full width at half maximum, FWHM) increased and the
peak intensity decreased in the case of makrofol-KG PC with the
increase in gamma dose, indicating the increase in amorphous
nature; but the opposite effect (a decrease in the value of FWHM
and an increase in peak intensity) was observed in the case of
makrofol-N polymer.

The variation in peak width due to gamma irradiation indi-
cates the modification in the crystallite size (L) of the polymers,
which is calculated by using the following equation given by
Scherrer20,21:

L = Kλ/ (bcosθ ) (4)

where K is a constant of proportionality (called the Scherrer con-
stant), b is the FWHM of the peak (in radian), λ is the wavelength
of the X-rays used (1.54 Å), and θ is the angle, which is calcu-
lated by taking ½ of 2θ value. The calculated values are shown
in Tables III and IV. The variation in the values of “L” may be
attributed to the processes such as free radical formation, chain
scission, and cross-linking of polymeric chains in the polymers

FIGURE 4. X-ray diffraction patterns of pristine and gamma rays
irradiated makrofol-N polycarbonate.

upon irradiation followed by the modifications in the properties.
The variation of crystallite size with respect to gamma dose is
shown in Figs. 5a and 5b for makrofol-KG and makrofol-N PCs,
respectively.

FTIR STUDIES

The chemical modifications in the gamma rays irradiated
samples of makrofol (KG and N) PCs were studied by FTIR spec-
troscopy in the range of 4000–400 cm−1, and the corresponding
spectra of pristine and gamma rays irradiated samples are
shown in Figs. 6 and 7, respectively. By the analyses of FTIR
spectra, the absorption bands for makrofol-KG corresponding to
following groups are identified: CH (765, 1408, 2865–2968 cm−1),

TABLE III
Calculated Values of Crystallite Size (L) for Pristine and Gamma
Rays Irradiated Samples of Makrofol-KG Polycarbonate

Dose (kGy) L (Å)

Pristine 64.7
250 57.5
500 57.9
1000 57.9

The typical errors in the quantities are ±2%.

TABLE IV
Calculated Values of Crystallite Size (L) for Pristine and Gamma
Rays Irradiated Samples of Makrofol-N Polycarbonate

Dose (kGy) L (Å)

Pristine 19.1
500 19.2
750 21.2
1000 21.1

The typical errors in the quantities are ±2%.
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FIGURE 5. Variation of crystallite size with respect to gamma dose for (a) makrofol -KG and (b) makrofol-N polycarbonate. The typical errors in both
the plotted graphs are ±2%.

C�C (2030–2165 cm−1), C=O (1763 cm−1), CO (885 cm−1),
C=C (553, 1010, 1078, 1502, 1596 cm−1), C–O (1220 cm−1), CC
(1361 cm−1), CH (1408 cm−1), and C=CH (830 cm−1).12,22 Simi-
larly for makrofol-N, the absorption bands corresponding to the
same groups as in makrofol-KG are identified but with a slight
difference in wave numbers. The position of the bands for the
irradiated samples is same as that of pristine sample for both
polymers, but the intensity of the bands is decreased in the irra-
diated samples of makrofol-KG polymer at all doses; whereas for
makrofol-N polymer samples, the intensity of band decreased
at doses 250 and 750 kGy and showed no change at doses of
500 and 1000 kGy as compared with the pristine. Also, no new
bands are noticed in the irradiated samples of both polymers.

FIGURE 6. FTIR spectra of pristine and gamma rays irradiated
makrofol-KG polycarbonate.

FIGURE 7. FTIR spectra of pristine and gamma rays irradiated
makrofol-N polycarbonate.

Conclusions

Modifications in physicochemical properties of makrofol (KG
and N) PCs due to gamma radiation exposure have been stud-
ied with the help of XRD, UV–vis, and FTIR spectroscopy.
The XRD spectra of exposed samples showed amorphization of
makrofol-KG PC with an increase in the gamma doses, whereas
in makrofol-N PC, a decrease in the amorphization of the ex-
posed samples was observed. The absorption edges of UV–vis
shifted toward a visible region gradually, thereby decreasing the
band gap energy for both the polymers. The carbon-enriched
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cluster formation, free radicals formation, and formation of con-
jugated system of bonds caused shift of the spectrum toward
visible region and hence the band gap energy decreased. The
increase in activation energy showed an overall degradation of
both polymers. The FTIR studies showed a decrease in intensity
of the infrared absorption bands for almost all irradiated sam-
ples of makrofol-KG, whereas for makrofol-N the intensity of
the bands decreased for some doses of gamma radiations. The
modification observed in optical properties of both polymers
particularly in makrofol-N opens up new prospects of develop-
ing new material with enhanced conductivity.
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