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Abstract

This thesis reports the synthesis of an easy, environmentally friendly, and cost effective
polyol method for the synthesis of copper nanoparticles and copper/poly (vinyl chloride-
co-vinyl acetate-co- vinyl alcohol) nanocomposite films using solution casting
technique. Face centered cubic structured nanoparticles, space group Fm-3m (225) with
average crystallite size of 33.5 nm were successfully prepared with characteristics
diffraction peaks at 260= 43.3, 50.5, 73.2° as investigated by XPRD. FTIR also shows
characteristics band of Cu-PVP hybrid evident in nanoparticles at 1089 and 629 cm™

which further confirm the synthesis of copper nanoparticles.

Polymeric nanocomposite thin films of 5, 10, 15, 20 and 25 % wt were prepared.
Polymer show characteristics broad peak ranging from 10-30°. Spherical nanoparticles
were seen to be homogenously dispersed in polymer matrix as investigated by Field
emission electron spectroscopy (FESEM). Dispersed nanoparticles in the film possess
average size of ~68.67 nm. The improved dielectric constants of nanocomposites was as
high as 3.75 at 25 % wt. The insulating effect of PVP, coating the copper nanoparticles
along with interfacial polarization results in very low value of dielectric loss ranging
from 0.08 to 0.16 with tangent loss values at 0.0025 to 0.0054 and range of value of AC
conductivity is 0.4x10°to 1.2x10° S/m at weight percentage from 5 to 25 of polymeric
nanocomposite film which make these nanocomposites films a promising material for

used in charge storage applications.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1. Nanoscience and Nanocomposites

American physicist Richard Feynman gave the first concept about the “Nanoscience”
[1]. “Nanoscience refers to the study of structures with the size range 1 to 100 nm
showing properties different from their bulk counterpart and has large surface area to
volume ratio.” Nanocomposite is a multiphase solid material where one of the phases
has one, two or three dimensions in nanometer (1-100 nm). The solid phase can be
amorphous, semi crystalline, grains or combination [2].

Composite materials should have following characteristics.

e Microscopically it is non-homogenous material and has distinct interface.
e There are big differences in performance of component materials.
e The formed composite materials should have great improvement in performance.
e The volume fractions of component materials are larger than 10 % [3].
1.2. Classification of Nanocomposites
Nanocomposite materials can be classified according to their matrix materials in to three

different categories.

a) Ceramic Matrix Nanocomposites (CMNCs)
b) Metal Matrix Nanocomposites (MMNCSs)
c) Polymer Matrix Nanocomposites (PMNCs) [4]

16
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Ceramic Matrix
Nanocomposite

| Polymer Matrix

Metal Matrix J
Nanocomposite

Nanocomposite

Figure 1.1: Types of nanocomposites.

1.2.1. Ceramic Matrix Nanocomposites
Ceramic Matrix Nanocomposites involve incorporation of ceramics such as chemical
compound from group of nitrides, silicides, oxides and borides in ceramic matrix.

CMNC:s involve the combination of type of fiber/type of matrix e.g. C/C stands for

carbon-fiber-reinforced carbon.

1.2.2. Metal Matrix Nanocomposites
Metal Matrix Nanocomposites consist of low density metal such as aluminum or
magnesium reinforced with particulate or fibers of ceramic material such as silicon

carbide or graphite e.g. carbon fiber used in aluminum matrix.

1.2.3. Polymer Matrix Nanocomposites
Polymeric Matrix Nanocomposites consist of polymer or copolymer having
nanoparticles or nanofillers dispersed in matrix e.g. monodispersed copper nanoparticles

in polyimide resins [5].

17
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Table 1.1: Different types of nanocomposites.

Types Examples
Ceramic Al,03/Si02, Al,O3/SiC, Alb,O3/TiO2, SiO2/Ni
Metal Mg/CNT, Fe-Cr/Al>0O3, Fe/MgO, Co/Cr

Polymer | Thermoplastic/thermoset,  Polymer/layered silicate,
Polymer/CNT, Polyester/TiO>

From the past few decades polymeric hanocomposites have been extensively synthesized
and studied for the various properties such as optical properties, thermal properties and

flame retarding properties [7-9].

1.3. Properties of Polymeric Nanocomposites
The transition of particle dimension from micro scale to nano scale resulted in

enhancement of various properties.

1.3.1. Dielectric Properties

Dielectrics are the materials having permanent electric dipole moment. They are
electrical insulators and can be wused to store electrical energy. Polymeric
nanocomposites having high dielectric constant and low dielectric loss is used in
capacitors and other electronic circuits. Incorporation of noble metal nanoparticles as
nanofillers in polymers enhances the dielectric constant of polymer and reduces the
dielectric loss e.g polyaniline/silver nanocomposites possess dielectric constant and
dielectric loss of 5.8 and 0.023 at 2.5 mol % of silver nanoparticles respectively. The
better dielectric loss makes PANI/Ag nanocomposites as better matrix to store electric
potential energy under the influence of alternative electric field [10]. Copper
nanowires/poly (vinylidenefluoride) nanocomposites also possess lower dielectric loss
with better performance as charge storage applications [11]. Polymer ceramic

nanocomposites also found application in embedded capacitor materials. Combination of

18
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lead magnesium niobate-lead titanate as ceramic filler in epoxy matrix enhances the
dielectric constant to much higher values. TiO2, ZnO and Al>Os at low filler loading in
epoxy matrix also result in low value of dielectric loss. Comparison of values of
dielectric loss of nanocomposite system with microcomposite shows that
microcomposites of respective oxide exhibit higher values than nanocomposites which

limit its use in electronic circuits [12-13].
1.3.2. Mechanical Properties

Addition of nanofillers also improves the mechanical strength, storage modulus, young’s
modulus and flexural modulus of resulting nanocomposite. Polymer clay
nanocomposites are found to exhibit excellent mechanical strength. Caprolactam-nylon
clay hybrid with uniformly dispersed silicate layers of montmorillonite possess higher
tensile modulus and heat distortion temperature at higher montmorillonite content [14].
Homogenous dispersion combined with the interfacial interaction of graphene at low
filler content with polyvinyl alcohol causes increase in modulus up to 212 Nm™
compared with pure polyvinyl alcohol [15].

1.3.3. Thermal Properties

Polymeric nanocomposites possess high dielectric constants but only few reports have
been made on material possessing both high dielectric constant and high thermal
properties. High voltage industries and microelectronics focus the use of material having
increased cooling rate that is brought about by the use of materials with high thermal
conductivity. Poly (vinylidene fluoride) composites filled with silver metal nanoparticles
resulted in improved thermal conductivities. At filler loading of 20 wt % value of
thermal conductivity reported is 6.5 W/mK [16].

1.4. Applications of Polymeric Nanocomposites

19
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Polymeric nanocomposites are extensively synthesized and exhibit much advanced
applications. Few of the common applications are summarized below.

Aerospace

Applications of
Polymeric Biomedical

Nanocomposites

Figure 1.2: Applications of polymeric nanocomposites.

1.4.1. Electronics

Electronic devices have deep embedded design of nanotechnology. The applications of
polymeric nanocomposite in field of electronics is quite diverse and have been proposed
for various application in chemical sensors, batteries , memory devices, photodiode
photoelectric cells LED [17].

1.4.2. Aerospace
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Based on enhanced tensile strength, thermal conductivity, durability and improvement in
various mechanical properties focused the use of polymeric nanocomposite in aerospace
industry. Increased in the modulus of elasticity and improved mechanical properties is
observed by the dispersion of multiwall carbon nanotubes as a nanofillers in epoxy

matrix because of strong adhesion between the polymer and nanofillers [18].
1.4.3. Biomedical

Biomedical researcher focused now day on the use of polymeric nanocomposites as
biomedicine because of their effectiveness. Graphene and carbon nanotubes based
polymeric nanocomposite hydrogels are potential source of applications such as
conductive tapes, actuators, drug delivery system and biomedical devices [19].
Interaction of nanocarriers with the cell membrane resulted in the uptake of drug by
endocytosis. Water soluble PEGylated nanographene oxide is found to be very potent
drug for killing invitro cancer cell line in human colon and exhibits 1000 folds more
potency than other drugs [20]. Increase in permeability of tumor vasculature to
macromolecule is facilitated by passive targeting of tumor cell by polymeric carriers e.g.
Peripheral modification of polylysine based dendrimers is promising vaccine for

antiviral and antibacterial infections [21].
1.4.4. Packaging

No material is completely impermeable to atmospheric gases or water. Nylon-6
nanocomposites are known to have better barrier properties to gas and water and have
excellent transparency [22]. Non-degradable packaging materials are causing serious
global environmental pollution. Homogenous dispersion of montmorillonite
nanoparticles in starch based material resulted in the formation of biodegradable
starch/clay nanocomposite films that are used for packaging and helps in the reduction of

biomass accumulating on the earth [23].
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1.5. Characterization Techniques

The structure, size, composition, morphology and various properties of prepared samples
have been studied by various characterization techniques. The brief description on

instrumentation and principle of these techniques are described in next section.
1.5.1 X-ray Diffraction

X-ray powder diffraction is the analytical technique used to reveal structural information
such as chemical composition, Bravias lattice symmetry, lattice parameter of unit cell,

crystal structure, layered thickness and crystallite size.
1.5.1.1 Fundamental Principle

The fundamental principle lying behind the X-ray diffraction is “Production of
constructive interference at specific angles due to diffraction that occur when light is

scattered by periodic array with long range order.”

The periodic array of atom in crystal causes the light to diffract from various crystalline
planes. The wavelength of X-ray must be similar to the distance between the atoms. The
scattering of X-ray from the atoms produces a diffraction pattern, providing information
about the atomic arrangement within the crystal. An X-ray reflected from the surface of
the crystal has travelled less distance than that reflected from plane of atom inside the
crystal. The penetrating X-ray travels down to the internal layer, reflect, and travel back
over the same distance before coming back at the surface. The distance travelled by the
X-ray depends on the separation of the layers and angle at which the X-ray entered the
material. The position of the diffraction peaks are determined by the distance between
the parallel planes of atom. The diffraction of X-ray by the crystal is described by the
Bragg’s law.

2dSin@ = nAi
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Where d is the spacing between the diffracting planes, 6 is the angle between the
incident ray and layers of crystal, n is whole number integer, A is the wavelength of the

incident X-ray beam.

2dSini = ni j

Figure 1.3: X-ray diffraction.
1.5.1.2 Instrumentation of X-ray Powder Diffraction
The X-ray powder diffractometer consists of

e X-ray tube
e Sample stage
e X-ray detector

e X-ray tube
The most common source of X-ray is the X-ray tube. The tube is evacuated, contains

copper block with metal target anode and a tungsten filament cathode.
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Detector

X-ray tube

Figure 1.4: X-ray diffractometer.

o Sample stage
The sample to be analyzed is placed on the sample stage of X-ray diffractometer and

irradiated with the X-rays.

e X-ray detector
X-ray detector or transducer in the modern equipments, produces electrical signal when

exposed to the radiation. These detectors are often used as photon counters, so intensities
are determined by the number of counts in a certain amount of time. Monochromatic X-
rays helps in the determination of interplanar spacing of unknown materials. Analysis of
sample is done in powder form with grains in the random orientations to insure that all
crystallographic directions are “sampled” by the beam. When the Bragg conditions for
constructive interference are obtained, a "reflection” is produced, and the relative peak

height is generally proportional to the number of grains in a preferred orientation.

1.5.2 Scanning Electron Microscopy
Scanning electron microscope involves the production of image of sample by scanning

the surface with the beam of electron. Interaction of electron with the atoms of sample
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results in producing various signals that contain information about sample’s surface

topography and composition.

1.5.2.1 Working of SEM

Electron gun present at the top of microscope produces a beam of electron. This beam of
electron follows the vertical path through the microscope, held within the vacuum. The
beam travels through electromagnetic fields and lenses that focus the electron beam
toward the sample. Once the beam of electron hits the sample, ejection of electron and

X-rays from the sample takes place.

1.5.2.2 Fundamental Principle of Scanning Electron Microscopy

The significant amount of energy is carried by accelerated electron in SEM. Electron-
sample interaction resulted in dissipation of this energy and produce various signal as
electron are decelerated in solid sample. These signals include secondary electrons,
backscattered electron (BSE), diffracted backscattered electrons, photons, visible light
and heat. Secondary electrons are most valuable for showing morphology and
topography on sample while back scattered electrons are responsible for illustrating
contrasts in composition in multiphase sample. Inelastic collision of electrons with
electrons in the discrete orbital’s of atom in sample results in the generation of X-rays.
As the excited electron returned to the lower energy state they yield X-rays of same
fixed wavelength. Thus characteristics X-rays are produced for each element. SEM
analysis is considered to be nondestructive. So it is possible to analyze the same sample

repeatedly.
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Figure 1.5: Schematic diagram of SEM.

1.5.2.3 Instrumentation of SEM

Instrumentation of scanning electron microscope includes

26
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e Electron gun

e Electron lenses

e Sample stage

e Detectors

e Display / Data output devices.

e Electron gun
Electron gun produce steady beam of electron. Electrons are produced either by
Thermionic emission i.e. apply thermal energy to coax electron from tungsten filament

or by Field emission i.e. apply strong field to pull electron away from atom.

e Electron lenses

The electron lenses in SEM produces convergent electron beam with desired crossover
diameter. These metallic lenses have cylindrical hole, which operate in vacuum.
Magnetic field is generated inside these lenses, which in turn is varied to focus or

defocus the electron beam passing through the hole of the lens.

e Sample stage
The place where sample is placed is called sample stage.

e Detector

a) Secondary electron detector
Inelastic interaction of primary electrons with the electrons in the K shell of atom of
sample material resulted in the emission of secondary electron. Secondary electron
imaging produced by secondary electron detector (SED) has greater resolution and
provides topographical information of sample. The image of SED exhibits resolution

independent of material. The construction of SED is shown in the diagram below
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Figurel.6: Secondary electron detector.

A supplementary electrode called the collector applies high voltage of 10 kV to
scintillator (fluorescent substance) causing the emission and attraction of secondary
electron from the sample material towards the scintillator. The light is generated upon
the collision of electrons with the scintillator. The light then is converted into electrons

which are amplified as an electric signal.

b) Backscattered electron detector
A backscattered electron detector (BSD) detects elastically scattered electron. Heavier
atoms produced more backscattered electrons (BSE) and results in higher signal as
compared to lighter atoms. This dependence of BSE on atomic number “Z” helps us to
differentiate between different phases. A BSE image provides valuable information
related to sample’s composition, topography, crystallography and magnetic field of

sample material.

e Display/Output devices
The output signal from secondary electron detector is sent to the liquid crystal display
(LCD) unit after amplifying it. The electron probe changes its scan speed in several
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steps; Fast scan rate is used for observation while slow scan speed helps in acquisition to

save various images.

1.5.3 Infrared Spectroscopy

Infrared spectroscopy involves the interaction of infrared radiations with matter. The
infrared portion of electromagnetic portion is divided in to three regions the near-, mid-,
and far infrared region. The mid-infrared, approximately 4000-400 cm™! is used to study

the fundamental vibrations and associated rotational-vibrational structure.
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Figure 1.7: Electromagnetic radiation spectrum.

1.5.3.1 Principle

Infrared spectroscopy is based on the absorption of radiation and then vibration of
molecule and by utilizing this technique various functional groups present within the
molecule is determined. Absorption of radiation by molecule involves increase in the
energy that in turns is directly proportional to light absorbed. In IR spectroscopy
polychromatic light is passed through a sample and intensity of transmitted light is
measured at each frequency. Absorption of IR radiation leads to the transition of

molecule from ground vibrational state to excited vibrational state as shown in figure.
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Figure 1.8: Energy levels in IR.

When IR radiations are absorbed, IR active molecules undergo change in the dipole
moment. The dipole moment changes as bond contract and expand. The vibrational
frequency of molecule can be calculated by the formula

1
5= — K
v 27rc\/_/‘u

Where “c” is the speed of light, “k” is the force constant and “u” is the reduced mass.

1.5.3.2 Instrumentation

An infrared spectrophotometer is an instrument that produces infrared spectrum of a
molecule by passing infrared light and spectrum is plot of amount of radiations
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transmitted (y-axis) against wavelength of infrared radiations (x-axis). IR spectra
provide considerable amount of data about the structure of compound. The main parts of
IR spectrophotometer are

¢ Radiation source
e Sample cell

e Monochromator
e Detectors

e Recorder

e Radiation source
Radiation source emit IR radiations intense enough for detection and extend over desired
wavelength. IR radiation sources are Nernst glower, Nichrome wire, Mercury arc,

Glober source, tungsten lamp and incandescent lamp.

e Sample cell
Sample cell contain sample which may be either solid in the form of pellet, solid film or

in liquid form dissolved in chloroform or in gas form.

e Monochromator
Monochromator disperses IR beam. Most commonly used monochromator are prism,

gratings and prism.

e Detectors
Detectors are used to measure the intensity of transmitted infrared radiations. Detectors

like thermocouples, thermisters and pyro-electric detectors are used.

e Recorder
Recorders are used to record the spectra of compound.
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Figure 1.9: Instrumentation of IR spectrometer.

154 LCR Meter

An instrument usually employed to find inductance (L), capacitance (C), and resistance
(R) of electric devices is called LCR meter.

» Inductance
Inductance is the property of electric circuit defined as “variation in current flowing in
circuit itself or the neighboring circuit causes the generation of electromotive force”.
Inductance is measured in henry (H) equals to kilogram meter square per second square

per ampere square (Kgm?2s2A2)

» Capacitance
Capacitance is ability of system to store electric charge, defined as “ratio of change in
electric charge to corresponding electric potential change”. Unit of capacitance is farad

(F) i.e. one coulomb per volt (CV™Y).
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> Resistance
Resistance is defined as “opposition to the flow of electric current” and it is measured in

ohms that is equal to volt per ampere (VA™)

1.5.4.1 Fundamental Principle and Working of LCR Meter
Two commonly used technique for LCR meter is Bridge method and Current-voltage

method.

a) Wheatstone bridge method

This method uses balanced bridge. Positions of bridge component at the balance point
can the value of test component. Lower frequency measurement, frequencies up to 100
kHz is used for this method. Its construction consist of four resistors, two resistors with
known impedance Z2 and Z4, one variable resistor Z1 while unknown resistor (DUT) is
also placed in the bridge is represented by Zu. Z1 is changed until current flow through
M becomes zero. At this point ratio of known resistors Z4 and Z2 becomes exactly equal
to ratio of adjusted value of variable resistor Z1 and unknown resistor Zu. This balance
position of bridge shows that four resistor in the circuit obeys equation given below.

Z4
Zu = (—)Zl

@ Oscillator

Figure 1.10: Circuit diagram for Wheatstone bridge method.
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b) Current-voltage measurement

Highly accurate measurements used for higher frequency application and over wide
range of values are determined by current-voltage approach. This approach measure
current as well as voltage. The frequencies involved are high so it uses impedance
matched measurement circuit. Low impedance and high impedance current-voltage LCR
meter have two types of voltmeter and current meter, one for each arrangement. Using
voltage and current values from the measurement, impedance can be calculated. Relative
phase of current and voltage by the use of phase sensitive detector can be used to

measure resistance, conductance and inductance of the sample under examination.

Current Detection
Measurement

"‘;.'1:‘}:32‘.";“:'
SECAE

Figure 1.11: Circuit diagram for LCR meter at low voltage.

Current Detection
Measurement

Figure 1.12: Circuit diagram for LCR meter at high voltage.
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Literature Survey

2.1. Copper Nanoparticles
Copper is d-block transition metal having atomic mass 63.5, atomic number 29 and
possess electronic configuration of 3d'® 4s'. It is soft, malleable and ductile with high

electrical and thermal conductivity.

2.1.1. Synthesis of Copper Nanoparticles

Copper nanoparticles have tendency to undergo agglomeration and oxidation when
exposed to air. These problems are avoided either by carrying out synthesis in organic
phase [24], in an inert gas atmosphere [25], by the use of protective polymer [26] or
carrying out synthesis in the presence of surfactant [27]. Copper nanoparticles are
synthesized by various methods. The most commonly used methods are chemical
reduction [28-29], sonochemical reduction [30], gamma radiations [31], laser ablation
[32], microwave assisted [33-34], green synthesis [35-36], reverse micelles [37] and
polyol method [38-40].

Copper nanoparticles was first synthesized by Pileni et al. in 1993 by reverse micelles
method using copper dioctyl sulfosuccinate (Cu(AOT).) and reducing agent hydrazine
(N2H4) and sodium borohydride (NaBH4) [41]. Polyol method was first developed by
Fernand et al. in 1993 but the synthesis includes the particle size in micrometer range
[42]. Synthesis of copper nanoparticles by using polyol solvent along with microwave
radiations was introduced in 2004 by Zhu et al. typical procedure for the synthesis
includes dissolution of copper sulphate pentahydrate (CuSO4.5H20) in ethylene glycol
(EG), addition of Polyvinylpyrrolidone (PVP) as protecting agent in above solution and
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then placing it on magnetic stirring, reducing agent sodium phosphinate monohydrate
(NaH2P0..H20) dissolved in EG is added to the above solution, after that mixture is
placed in microwave oven for 5 min. The change in the color of mixture from light blue
to dark black results in the formation of copper nanoparticles [43]. In 2006 Cha et al.
synthesized copper nanocrystals by polyol method using copper acetylacetonate (Cu
(acac).) as copper source, 1, 2-hexadecandiol as polyol reducing agent, octyl ether as
solvent and in the presence of surfactants oleylamine, trioctylphosphine oxide and oleic
acid [44]. In next year polyol method was also used by Park et al. NaH2PO2.H20 is
added to the solution of PVP in diethylene glycol (DEG) and solution is heated at 200
°C. Aqueous solution of CuSO4.5H,0 is prepared and added to the reaction mixture by
syringe pump. The use of nonaqueous solvent as a reaction medium minimizes the
surface oxidation [40]. Tooba et al. in 2008 synthesized nanosized copper powder by
polyol method using copper acetate monohydrate (Cu(acetate)2.H.O) as precursor salt
taken in three necked flask having magnetic stirrer, adding EG that act both as solvent as
well as reducing agent and heating reaction mixture to 200 °C [45]. In 2011 Caroll et al.
used hydrated metal precursor salt with polyol liquid along with sodium hydroxide
(NaOH). Refluxing and distilling the reaction mixture for two hour leads to the
formation of copper nanoparticles of different morphologies [46]. EG based copper
nitrate trihydrate (Cu(NO3)2.3H20) and PVP solutions were prepared. Equal volume of
both solutions were stirred together and heated in autoclave for 30 h. Reddish brown

precipitate obtained were washed with DI water and centrifuged [39].

2.1.2. Application of Copper Nanoparticles

Copper nanoparticles exhibit various useful applications. Copper nanoparticles are found
to be very effective catalyst showing yield up to 88 % in condensation of iodobenzene to
biphenyl i.e. Ullmann Reaction [30]. Recyclable PVP protected nanoparticles are
subjected as catalyst for cycloaddition reaction between several azides and terminal
alkynes [47]. Copper also exhibits antimicrobial performances. Copper nanoparticles
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interact with the microbial cell membranes and exert the promising antibacterial activity
against Gram positive and Gram negative bacteria [48]. Copper nanoparticle cationized
empty fruit bunch fiber shows sterilization of E.coli and S. aureus bacteria hence copper
nanoparticles are considered to be the potential biocide [49]. 2, 3-bis-[(3-ethoxy-2-
hydroxybenzylidene) amino] but-2-enedinitrile copper complex shows activity against
cancer cell lines. This cytotoxic activity would help the research for the future use of
copper nanoparticles as a cytotoxic drug [50]. Copper nanoparticles show resistance in
triboelectric charging i.e. ability to dissipate electrostatic charges. This antistatic
property is basically measure of electrical resistance. This property makes the use of
copper nanoparticles in capacitors [48]. The conductive nature of copper makes the use
of copper nanoparticles in printed electronics thus are potential for replacing expensive
silver ink that were previously used. The conductive copper nanoparticle ink has long

term oxidative stability and dispersive stability [51- 53].

2.1.3. Synthesis and Properties of Copper based Polymeric

Nanocomposites
Karkov in 2001 prepared the copper-polyethylene nanocomposites involving synthesis
of copper nanoparticles by decomposing Cu(acetate),.H.O and adding the solution of it
in high-temperature solution of polyethylene matrix dissolved in vacuum oil [54].
Akamatsu et al. demonstrated a new methodology of preparing monodispersed copper
nanoparticles in polyimide resins. Synthesis includes the immersion of films of
pyromellitic dianhydride-oxydianiline (PMDA-ODA) in aqueous KOH and then
washing with the distilled water. In next step, films are then immersed in aqueous copper
sulphate solution for the exchange of potassium ion with copper ion, washed with
distilled water then dried. Annealing of films was done under nitrogen at various
temperatures [5, 55]. Cioffi et al. electrosynthesized the copper nanoparticle in the
presence of tetraoctyl ammonium salt dissolved in acetonitrile/tetranydrofuran (THF).

The composite was prepared by mixing colloids of copper with the solution of poly-
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vinyl-methyl- ketone [56]. The synthesis of copper-polypropylene and their antibacterial
properties was reported by Plaza et al. High content nanoparticles bearing composites
were found to be very effective against the strains of bacteria showing reduction in
killing time [57]. Copper-polystyrene nanocomposite was ex-situ synthesized by
Kamrupi et al. in 2009 and also studied the antimicrobial properties of prepared
nanocomposite. Copper nanoparticles are prepared by reducing CuCl, with the NaBHa.
Styrene monomer is dissolved in doubled-distilled water solution of PDMS-AIBN with
vigorous stirring to achieve pre emulsion. Addition of varied concentration of copper
nanoparticles in prepared monomer solution and allowing the polymerization resulted in
formation of nanocomposite. Among the four bacterial strains on which antimicrobial
activity was tested Bacillus circulens was very sensitive toward the Cu-encapsulated
polystyrene nanocomposite particles [58]. Tian in-situ synthesized copper nanoparticles
in polystyrene matrix. Copper nanoparticles were synthesized by the reduction of cupric
sulfate with the hydrazine hydrate in the presence of PVP and cetyltrimethyl ammonium
bromide (CTAB) which are then introduced in the matrix of polystyrene by in-situ
emulsion polymerization [59]. In next year well dispersed copper nanoparticle in
polyacrylonitrile (PAN) nanofibers was prepared by Xu et al. by electrospinnig and high
pressure hydrogenation technique. Dimethyl formamide (DMF) is used to dissolve the
polyacrylonitrile, Cu(NO3)2.3H.O is added to the solution and solution have to
undergone the electrospinning procedure at room temperature. The obtained Cu*?/PAN
nanofibers undergo high pressure hydrogenation [60]. A Guzman et al. used the two
methods i.e. in-situ and ex-situ synthesis of copper nanoparticles in the polyvinyl
chloride (PVC). Ex-situ synthesis of copper nanoparticles is carried out by using polyol
method involving use of anhydrous Cu(acetate), as a precursor salt, ascorbic acid and
PVP both are separately dissolved in the ethylene glycol and mixed, solution formed is
stirred, heated at constant reflux undergo microwave heating then Cu(acetate), dissolved

in EG is added, Cu*? undergo reduction, copper nanoparticles formed are centrifuged
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and washed. In-situ synthesis of copper nanoparticles is carried out by adding the salt
copper acetate, reducing agent ascorbic acid (AA) and PVP in the stabilizing solvent
DOP, heating the reaction mixture and then adding PVC resin to get fine dispersion of
formed nanoparticles within the polymeric matrix [61]. Safiullah et al. in the same year
in-situ synthesized the copper nanoparticles within the matrix of poly (Glycidyl
methacrylate) (PGMA). For the synthesis of PGMA, in the solution of surfactant
polyvinyl alcohol (PVA), monomer glycidyl methacrylate, initiator benzoyl peroxide,
disodium hydrogen phosphate is added and placed for stirring under nitrogen. The
solution was filtered; solid product was washed and dried to obtain spherical beads of
PGMA. Cu-PGMA nanocomposite was in-situ synthesized via suspension
polymerization. The sol is prepared by dissolving the CuSO4.5H.0, AA and
polyethylene glycol in water and then adding this sol along with NaBH4 in PGMA
matrix [62]. In a very next year composite membrane of poly (vinylidene fluoride)
(PVDF) with organoclay stabilized copper nanoparticles was prepared and characterized.
Ex-situ synthesis of organoclays stabilized copper nanoparticles is carried out in the
presence of organoclays and N2 atmosphere, and by reducing CuSO4.5H.0 with NaBHa.
Synthesis of composite membrane involves dissolution of PVDF in dimethyl acetamide
(DMAC) under continuous stirring and addition of copper nanoparticles in solution.
Phase inversion method then helped in the casting of composite membrane [63]. Nathiya
et al. synthesized and studied the anticancerous, antimicrobial and photocatalytic activity
of the chitosan-copper (CS-Cu) nanocomposite. Synthesis includes the addition of 1 %
chitosan in solution of acetic acid (CH3COOH) and sodium chloride (NaCl) which is
stirrer overnight to dissolve the chitosan. Add CuS04.5H20 to above viscous solution
and continue stirring for 24 h. The mixture is centrifuged, residue is filtered, washed and
dried in oven at 80 °C for 5 h. CS-Cu nanocomposite was found effective against the five

strains i.e. two gram positive bacteria, two gram negative bacteria and one fungal. The
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CS-Cu nanocomposite is seemed to exhibit 50 % inhibition in biological activity of

cancer cell [64].

2.1.4. Synthesis of Poly (vinyl chloride-co-vinyl acetate-co-vinyl alcohol)

based Nanocomposites
Nadeem et al. in 2010 by using sol gel technique synthesized the co-poly (vinyl chloride-
vinyl acetate-vinyl alcohol) silica nanocomposites and have studied the optical,
mechanical and thermal properties. Synthetic process includes the preparation of stock
solution of copolymer in dried THF. Mixing of appropriates amounts of copolymer
along with the various concentrations of tetraethyl orthosilicate results in hybrid
formation. Hydrolysis and condensation is carried out by adding aqueous solution of
THF and triethylamine as a catalyst in hybrid solution. Transparency of thin films
decreases and films become opaque as silica content reaches up to 10 %. Mechanical
properties revealed that modulus is increased only for the system containing 2.5 % silica
relative to the pure polymer while decrease in the stress strain ratio is seen for the rest of
the systems [65]. Benounis et al. synthesized the phosphate selective poly (vinyl
chloride-co-vinyl acetate-co-vinyl alcohol) membranes of different composition.
Chromoionophore 4, 5-dibromo-fluorecein-octadecylester CssH4sBr2Os and ionophores
trioctyl-tin chloride and methylenebis [dibromo (phenyl) stannane] are used as
plasticizers and added to copolymer poly (vinyl chloride-co-vinyl acetate-co-vinyl
alcohol in 1:2 ratios. The solution in THF is prepared to get the membranes. The
application of these membranes as a phosphate sensor is conducted on real water and
result showed that membranes having low plasticizers are highly selective toward

hydrophilic phosphate anion [66].
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Experimentation

3.1 Experimental Work
The experimental work includes synthesis of copper nanoparticle by modified polyol
method and preparation of thin films of poly (vinyl chloride-co-vinyl acetate-co-vinyl

alcohol)/copper nanoparticles by solution casting method.

3.1.1 Polyol method for Copper Nanoparticle Synthesis

e Modified Polyol Method
A polyol is an alcohol having two or more hydroxyl groups. Polyol are considered to be
water equivalent showing solubility of compounds similar to water. Polyol are excellent
reducing agent for noble metal precursor without need of additional reducing agent [67].
The metal precursor salts such as sulfate, acetate, nitrate, chloride or hydroxide is
suspended in polyol liquid such as ethylene glycol (EG), diethylene glycol (DEG) or
tetraethylene glycol (TEG) etc. After dissolution and adding capping or dispersing agent,
solution is heated between 180-200 °C. Reduction and nucleation result in fine
nanoparticles. In modified polyol method polyol liquid such as ethylene glycol is used
not only as a solvent but also as a reducing agent [68]. Polyvinylpyrrolidone is used as
capping, dispersing or protecting agent prevents the surface oxidation of copper
nanoparticles. The reduction proceed via a solution rather than solid phase so metal
particles are formed by nucleation and growth from the solution [69].
The polyol method is

e Simple and effective

e Have low cost and high yield
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3.1.2 Synthesis of Copper Nanoparticles

A very simple and environmentally friendly method is used for the synthesis of copper
nanoparticle. The details of chemicals utilized in the synthesis of nanoparticles are given
in the table below.

Table 3.1: List of chemicals used in the synthesis.

_ Chemical Molecular Purity
S.No Chemicals ) Company
Formula Weight %
1 Copper hydroxide Cu(OH): 97.56 Aldrich 99
Polyvinylpyrrolidone
2 vInyey (CsH9NO)N 40,000 CalbioChem 99
(PVP)
Ethylene Glycol Merck
3 OH(CH2)20H | 62.07g/mol . 99
(EG) Millipore

In synthesis of copper nanoparticles 4 g of copper hydroxide (Cu(OH).) is dissolved in
80 mL of ethylene glycol in a beaker, 4 g polyvinylpyrrolidone is added in the solution
above and keep the solution on stirring at room temperature to get a homogenous
mixture. After getting the homogenous blue coloured mixture, the solution is heated at
200 °C with continuous stirring for 2 h. The ethylene glycol evaporates resulting in the
formation of reddish brown color precipitates that are crushed to get fine powder of

copper nanoparticle.
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+ Copper hydroxide Cu(OH), as a salt precursor.

« Suspended in ethylene glycol.

+ Add polyvinylpyrrolidone as capping agent.

« Stirr to get the homogenous mixture.

» Heat the reaction medium at 200 °C for 2 h.

« Evaporate the solvent to get reddish brown precipitates of nanoparticles.

Figure 3.1: Graphical representation of synthesis of Copper nanoparticles.

3.1.3 Mechanism of Reaction
The mechanism of described procedure is as under

HO— (CH»),— OH &5 CH;CHO + H,0 1
Cu(OH); D Cu*? + 20H"
Cu*? + 2CHsCHO + 20H™ 2 Cu® + CH3COCOCH5 1 +2H,0 1

Overall reaction is
Cu(OH), + 2HO— (CH3),— OH L5 Cu® + CH;COCOCH3 T +4H,0 1

High temperature results in the decomposition of ethylene glycol into acetaldehyde and
provides electrons for the reduction of Cu*? to Cu® and cause oxidation of acetaldehyde
into diones. Copper nanoparticles synthesis by using Cu(OH). as precursor salt avoids

impurities like SO42and CI- that are produced by using other salt precursors. Reducing

43



Chapter 3 Experimentation

agents like hydrazine and sodium borohydride are toxic to environment unlike the
ethylene glycol that is environmentally friendly. The function of PVP is to protect the

surface oxidation of nanoparticles and disperse them [70].
3.1.4 Synthesis of PNCs Thin Films
Chemicals used for the synthesis of polymer films are given below in the table.

Table 3.2: List of Chemicals used in the synthesis of thin films.

_ Molecular Purity
S. No Chemicals _ Tg Company
weight %

Polyvinyl Chloride-co-
1 Polyvinyl Acetate-co- 27,000 76 °C Aldrich 99
Polyvinyl Alcohol

2 Tetrahydrofuran 72 g/mol Aldrich 99

Poly (vinyl chloride-co-vinyl acetate-co- vinyl alcohol) has average molecular weight of
27,000. The composition of polymer is polyvinyl chloride 90 wt %, polyvinyl acetate 4
wt % and polyvinyl alcohol 6 wt %. The polymer is dried at 50-60 °C in vacuum oven
before use. THF is 99 % pure and cannot be used without distillation. The assembly for
the distillation of THF consists of three neck flask having collecting funnel and
condenser attached to it at the top. THF is distilled at constant boiling point, anhydrous
calcium oxide is added and solution is left overnight. After distillation, it was refluxed
over sodium wire. The color of solution turned blue after the addition of benzophenone
indicator, which after distillation is converted into colorless liquid and collected in

collecting funnel placed above the three neck flask in assembly.
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The polymer based nanocomposite thin films have been successfully prepared by
utilizing prepared copper nanoparticles. Thin films of uniform thickness of compositions
(5, 10, 15, 20, 25 wt % of synthesized nanoparticles) were prepared in poly (vinyl
chloride-co-vinyl acetate-co- vinyl alcohol) by solution casting method.

A 5 wt % solution is prepared by dissolving 0.95 g of polymer in 20 mL THF by placing
the solution on continuous magnetic stirring at room temperature. When the polymer is
completely dissolved then adds 0.05 g of copper nanoparticles in above solution and
kept the solution on stirring for 24 h. After stirring the solution was place in the
ultrasonic bath for 30 mins at room temperature. The solution was poured in Teflon petri
dish and placed on leveled surface at room temperature for 24 h to evaporate the solvent.
Then uniform film was peeled off from the petri dish. The film was placed in vacuum
oven for drying at 50-55 °C for 24 h. The general process of synthesis of films is as
follows

PVC-co-PVAc-co-PVA dissolved in THF, followed by the
addition of prepared copper nanoparticles.

Solution was stirred for 24 h, sonicated at room
temperature for 2 h .

Solution was poured in the petridish that placed on
leveled surface.

Solvent was evaporated at room temperature, thin films
was peeled off .

Drying the films in the vacuum oven at 50-55 °C for 24
h.

Figure 3.2: Flow sheet for the synthesis of films.
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Similar procedure was employed to prepare the thin films of poly (vinyl chloride-co-
vinyl acetate-co- vinyl alcohol)/Cu nanoparticles of four different compositions i.e. 10,
15, 20, and 25 wt %. Weight of polymer and nanoparticles required to synthesize films
of different weight percentages are shown in Table 3.3.

Table 3.3: Weight percentages of PVC-co-PVAc-PVA and Copper nanoparticles used in
the preparation of films.

S. ] Weight of Weight of CuNPs | Volume of
No Weight % polymer (g) (9) THF (mL)
1 0 1 0 20

2 5 0.95 0.05 20

3 10 0.90 0.1 20

4 15 0.85 0.15 20

5 20 0.80 0.2 20

6 25 0.75 0.25 20
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Chapter 4
Results and Discussion

This chapter includes the structural, morphological and chemical characterization of
prepared copper nanoparticles and thin films of copper nanocomposites along with their

dielectric properties.
4.1 X-ray Powder Diffraction (XPRD)

Crystal structure, phase and crystallite size was measured by the X-ray diffraction
technique. The XRD pattern of copper nanoparticles is shown in Fig 4.1. The crystals of
copper nanoparticles are spherical in shape possessing cubic structure, space group Fm-
3m (225) and the diffraction peaks are indexed to face centered cubic copper with lattice
parameter a=b=c=3.6150 A, a=B=y=90° showing characteristics diffraction peaks at 26
= 43.2°, 50.5° and 74.1° with corresponding planes at (111), (200), and (220)
respectively. The crystallite size is found to be 33.5 nm. These results indicate the
complete reduction of Cu*? to Cu®. There is no peak corresponding to cupric oxide

(CuO) at 26=36° indicates that pure copper nanoparticles without oxides are formed.
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Figure 4.1: XPRD pattern of Copper nanoparticles.

The most quick and easy method to calculate the crystallite size is Debye-Scherrer’s

formula

D KA
"~ BCosb

Where
D=Crystallite size

K=Shape factor (0.94)

A=Wavelength of Cu-Ka (0.154 nm)

B=Full width half maxima (FWHM)

0=Bragg’s diffraction angle
The XRD of thin films containing 5, 10, 15, 20 and 25 wt % copper nanoparticles is
shown in the Fig 4.2. The presence of broad peak or hump ranging from 10° to 30°

centered at 22.7° corresponds to the polymer PVC-co-PVAc-co-PVA presenting the

amorphous matrix of polymer. No crystallinity is produced in the polymer after the
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addition of copper nanoparticles. The characteristics intense diffraction peak at 26=
43.2°, 50.5° and 74.1° that corresponds to Bragg’s reflection of (111), (200), and (220)
respectively are due to face centered cubic crystal of Cu®. The presence of extra peak at
260=36.5 corresponds to cupric oxide (CuO) reflects that some copper may oxidize
during thin films casting due to intimate contact with atmospheric oxygen. The
intensities of peak due to copper nanoparticles continue to increase with the increase in

concentration of copper nanoparticles in thin films.

e Cu NPs — Cu 5%

* CuO —— Cu 10%0

o Polymer — Cu 1596
—— Cu 20%0
—— Cu 25%0

Intensity (a.u)
g}
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Figure 4.2: XPRD of PVC-co-PVAc-PVA/Copper nanocomposite films of various

concentrations.

4.2 Field Emission Scanning Electron Microscopy (FESEM)

The surface topography and morphology of the samples were determined by SEM. The
SEM micrographs and EDX spectra of copper nanoparticles is shown in Fig 4.3. The
EDX spectra show that copper nanoparticles possess composition Cugie3 O1644 and
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Clyospercent and particle size lies in the nano range. Copper nanoparticles are spherical

in shape and well dispersed.
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Figure 4.3: FESEM images and EDX spectra of Copper nanoparticles.

SEM investigates the size and dispersion of copper nanoparticles in composite films.
The SEM micrographs showing nanoparticle particle distribution in thin films of
different composition is shown in Fig 4.4(a-e). Copper nanoparticles are distributed in
the polymer matrix but this distribution is not uniform. Ultrasonication helps to avoid
agglomeration but still at some points particles agglomerates. In SEM micrograph 4.4a
containing 5 % nanoparticles, particles clump at some points. While 10 % film shown in

fig 4.4b particles are nonhomogenously distributed. In Fig 4.4c having 15 %
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nanoparticles, also show agglomeration of particles but at few points. The particles are

homogenously distributed in films containing 20 and 25 % nanoparticles shown in Fig

4d and 4e respectively.

Figure 4.4(a-e): SEM micrographs of nanoparticles distribution in polymeric
nanocomposite films.

The SEM micrographs showing particle size is shown in Fig 4.6(a-e). The average
particle size of film containing 5, 10, 15, 20 and 25 wt % copper nanoparticles is 74.53,
57.93, 94.70, 72.63 and 47.53 nm respectively.

Figure 4.5(a-e): SEM micrographs showing particle size in polymeric nanocomposite
films.

The EDX spectra of thin films containing 5, 10, 15, 20 and 25 wt % nanoparticles are
shown in Fig 4.5(a-e). The EDX spectra indicate the composition of polymeric
nanocomposite films having chlorine oxygen and copper nanoparticles. Carbon does not

appear in spectra due to graphite coating whose peak is removed after analysis. The
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composition of copper nanoparticles in EDX spectra corresponds to amount of copper

nanoparticles actually added during synthesis of polymeric nanocomposite thin films.
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Figure 4.6(a-e) EDX spectra of nanocomposite films of various concentrations.
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4.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis has been employed to analyze the vibrational bands of copper
nanoparticles and poly (vinyl chloride-co-vinyl acetate-co- vinyl alcohol)/Copper
nanocomposites. The IR spectrum of copper nanoparticles is shown in Fig 4.7. The IR
band at 2990 cm™* corresponds to C-H stretch in pyrrolidone ring. Sharp C=0 stretching
bands present in pyrrolidone is observed at 1645 cm™. Pyrrolidone ring stretch of
medium and small intensity is observed at 1421 and 1367 cm™ respectively. The band at
1271 cm® corresponds to C-N stretch in pyrrolidone ring. The bands at 1089 and 629
cmt is due to copper nanoparticles-poly (vinyl-pyrrolidone) hybrid [63].
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Figure 4.7: Infrared Spectra of Copper nanoparticles.

The IR spectra of thin films containing 5, 10, 15, 20 and 25 % copper nanoparticles are
shown in the Fig 4.8. A broad O-H band centered at 3395 cm™ corresponds to alcohol
group in polymer. C-H stretch is observed at 2915 cm™. C=0 group of acetate show
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stretching band at 1740 cm™. C-O-C anti symmetric stretch is observed at 1250 cm™
while C-ClI stretch is seen at 615 cm™. C=0 group in pyrrolidone ring show stretch at
1655 cm™. Pyrrolidone ring stretch is observed at 1427 cm™. The C-N stretch of
pyrrolidone ring is overlapped with C-O-C stretch of acetate at 1250 cm™ with slight
increase in band intensity. The hybrid of copper nanoparticles-poly (vinyl-pyrrolidone)
shows two stretching bands at 1089 and 675 cm™ [63]. IR spectrum of polymeric
nanocomposite of different concentrations shows individual bands for copper
nanoparticle and poly (vinyl chloride-co-vinyl acetate-co- vinyl alcohol) that shows that
no chemical interactions take place during the synthesis of polymeric nanocomposites.
The intensity of bands decreases successively with increase in weight % of
nanoparticles.
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Figure 4.8: IR spectra of Copper nanocomposite films of various concentrations.
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4.4 Properties

4.4.1 Dielectric Properties:

Dielectrics are the material having electrical dipoles permanently. They are insulators
having no effect of applied electrical field and hence are used to store electrical energy.
Four important parameters of dielectric properties are dielectric constant, dielectric loss,
tangent loss and AC conductivity. Dielectric constant is the ratio of permittivity of a
substance to the permittivity of free space. Dielectric constant (&) is calculated by the

expression given below [71].

Cxd
e x A

Where

C= Capacitance

d= Thickness of sample

&, = Permittivity of free space having value 8.85x10*2Fm?
A= Area of sample

Dielectric loss quantifies a dielectric material’s inherent dissipation of electromagnetic
energy due to the alignment of particles along the applied field. Dielectric loss (¢°) is
the imaginary part for the determination of electromagnetic energy. Dielectric loss is

calculated by formula [71].
¢" = & x Dissipationfactor

The real part to calculate the energy loss is tangent loss (8) calculated by the formula
[71].

tand = ¢'/¢
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AC conductivity (cac) is ability of material to pass electric current and can be calculated
by the formula [72].

Ouc = 2mfe.e"tand

Figure 4.9 indicates the frequency dependent behavior of dielectric constant of prepared
films of different compositions and unfilled polymer matrix. It can be seen that in 5 %
and 10 % filler loading the dielectric constants are lower than unfilled polymer at all
frequencies. This reduction in dielectric constant is either because of entanglement of
polymeric chains due to the dispersion of nanoparticles in polymer matrix or dispersion
of nanoparticles in polymer matrix causes the formation of thin immobile polymer
nanolayers around nanoparticles surface due to strong bonding of nanoparticles with
polymer [73]. These two interaction dynamics operate simultaneously and it is difficult
to understand properly and need further studies. With the increase in filler loading
interfacial polarization increase that causes increase in the value of dielectric constants
for films having 15 %, 20 % and 25 % of copper nanoparticles. The dielectric constant
for film having 25 % copper loading reaches at its maximum value of 3.75 which then
decrease linearly with value of 3.25 and 3.12 for 20 % and 15 % loadings respectively.
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Figure 4.9: Dielectric constant of Copper nanocomposite films of various

concentrations.

Dielectric loss as a function of frequency and filler loading is shown in Fig 4.10. The
dielectric loss increases with the increase in the filler loading. Lowest dielectric loss is
seen for the film having 5 % copper nanoparticles which then continues to increase up to
the maximum value of 0.16 for the films containing 20 % and 25 % copper loadings both
films possess comparable dielectric loss. This continual increase in dielectric loss is
consistent with above mentioned reason of interfacial polarization that is effectively
operating in nanocomposite films as well as interfacial interaction between copper

nanoparticles and polymer matrix [70].
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Figure 4.10: Dielectric loss of Copper nanocomposite films of various concentrations.

The variation of tan delta with respect to frequency is shown in Fig 4.11. Tan delta
depends on conductivity which is related to the number of charge carriers in composite
films. Dielectric materials having less dissipation factor shows better performance for
the charge storage application and can be used in super capacitors. High dielectric
constant combined with low dielectric loss leads to reduced dissipation factor and

enhanced dielectric properties.
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Figure 4.11: Tan loss of Copper nanocomposite films of various concentrations.

AC conductivity of composite film increases with increase in copper loading. Maximum
conductivity of value 1.2x10° S/m is recorded for sample containing 25 % copper
nanoparticles. This gradual increase in the conductivity is due to larger dielectric
dispersion originating from development of interfacial polarization. There is no drastic
increase in conductivity with increase in filler loading. This shows that there is no proper
conductive pathway formed because of presence of small amount of cuprous oxide along
with copper nanoparticle. Presence of small amount of cuprous oxide along with copper
nanoparticles in films prevents the direct contact between copper nanoparticles thus
averting the formation of well-established conducting network. Secondly percolation
threshold is reached when filler loading is increased but increased loading up to certain
extent by ex-situ method would leads to agglomeration. Therefore electric dispersion
plays an important role in contributing to AC conductivity at higher frequencies [11, 70].
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Figure 4.12: AC conductivity of Copper nanocomposite films of various concentrations.

4.5 Conclusion and Future Prospects:

Copper nanoparticles have been successfully prepared by environmentally friendly
method and polymeric nanocomposite films of various concentrations by solution
casting method. The composition, morphology, particle size and crystallite size has been
investigated by SEM, XRD and FTIR analysis. Dielectric properties are measured which
shows that polymeric nanocomposite films posses higher dielectric constant as compared
to the polymer and very low dielectric loss of 0.08 has been reported which make such
type of nanocomposite films a better material to be used in electronic circuit and super
capacitors. Adding ceramics along with the copper nanoparticles in the films would

results in further increase in value of dielectric constant and lowers the dielectric loss
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and this enhancement in properties would lead to use of these types of polymeric

nanocomposite films in sensitive electronic circuits.
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