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ABSTRACT

A prologue to the field of noble metal nanoparticles is presented with a brief
commentary on the basic synthesis techniques to manufacture these metal
nanoparticles and to exploit the full use of their unique properties. In recent years
scientific interest in embedding the metal nanoparticles in a host polymer has been
increased significantly. A great advancement in the field of conductive polymers by
embedding metal nanoparticles in them has been witnessed because they are likely
to be an alternative to the conventional conductors. There are different available
techniques in use these days to prepare these polymer-metal nanocomposites.
However, photopolymerization is gaining a lot more attention mainly because of
some extra ordinary advantages. This is one of the most effective ways to convert
liquid monomers into polymer materials upon irradiation of UV light. Furthermore,
embedding of nanoscopic metal particles in polymer matrices is with the help of free
radical photopolymerization technique is one of the easiest and fastest ways.
Photocured polymeric films are a promising candidate for the realization of flexible
electronics, due to their easy processability, low cost, and availability. The objective
of this thesis is to synthesize and stabilize two different kinds of noble metal
nanoparticles i.e. silver and copper nanoparticles in an acrylic resin. In order to
carry out this research, the quality of obtained nanoparticles was examined with
respect to the nature of substrates, irradiation time, and monomer/salt ratio.

In the first half of this research, electrically conductive UV-cured films have been
prepared by irradiating an acrylic difunctional monomer in the presence of silver
nitrate, pyrrole, and a photoinitiator. Homogeneously dispersed silver nanoparticles
(size range 50-80nm) embedded by polypyrrole formed throughout the acrylic
matrix. Interestingly, the electrical conductivity of the acrylic films increased a
hundred times after the formation of the Ag polypyrrole nanoparticles. Evaluation of
the irradiation process was conducted by UV-Vis spectroscopy using model systems
where the acrylic monomer was substituted by a solvent. It has been shown that as a

function of composition and irradiation time there is a simultaneous reduction of



silver nitrate and pyrrole polymerization forming silver nanoparticles covered by
the conductive polymer. The effect of PVP concentration on the different properties
of silver nanoparticles was investigated. It was ascertained that there is a significant
influence on the morphology of silver nanoparticles.

The second half of this research is to synthesize copper nanoparticles. Synthesis of
the less stable copper nanoparticles is more difficult and challenging because copper
nanopaticles are easily oxidized. Different stabilizing agents like poly(N-
vinylpyrrolidone) (PVP), pyrrole, sodium L-ascorbate are used as capping agents to
prevent the aggregation and to stabilize the obtained copper nanoparticles against
oxidation. The copper nanoparticles obtained were characterized by UV-vis
absorption spectra, dynamic light scattering, scanning transmission electron
microscopy and FESEM. It has been observed that the particle size and particle size
distribution influenced significantly in the presence of PVP. However, there is no

substantial effect observed by adding pyrrole as a stabilizer.
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1.1 Prologue

Since the last two decades, the world has been fascinated by extraordinary features
of metals. And this credit goes to a lot of scientists who actually dig deep insights in
this particular field i.e. Nanotechnology. Nanotechnology deals with processes that
take place on the nanometer scale, that is, from approximately 1 to 100 nm.! And
because of this special dimensions metal nanoparticles exhibit some special
properties which cannot be exhibited by the same molecules in their bulk form.2 The
reason behind this fact is: with the reduction in the metal size, the surface-volume
ratio increases and due to which one can see an incredible change in the final
properties of the metal particles.3 As particles size decrease, the number of surface
atoms becomes equal to or even exceeds the number of inner-core atoms and
surface of the bulk material is negligibly small in comparison to the total volume.
From the time of their discovery till this date there has been tremendous efforts
being made to synthesize these metals and to tune their properties in a desired way.
Metal nanoparticles specially, gold, silver and copper are the main focus of research
because of their unique optical properties.

Generally there are two types of synthesis techniques to synthesize metal
nanoparticles i.e. Bottom-up and Top-down to synthesize these metal nanoparticles
(MNPs).# Having their own pros and cons, both techniques are in use depending
upon the application areas of the resulting MNPs. In this research work, we mainly
deal with the bottom up technique and more specifically to the photochemical
reduction of metal nanoparticles with the help of UV-light; details are given in
Section 2.4 of Chapter 2. In-situ radical photoinduced polymerization was carried
out to generate metal nanoparticles embedded in polymer films. This process is
chosen in this work because of different reasons, a few of them are: this process is a
very quick, and there is no need to use solvents, so it is a clean process, can be

carried out at room temperature.
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1.2 The beauty of Photochemistry

Giacomo Ciamician at the beginning of the 20th century laid the foundations for a
large part of present day-used key paths in organic synthesis based on the work
done in the last decades of 19t century >. Addressing the French Chemical Society on
June 8, 19085-2he made the following historic remarks,

‘It has often been a reproach to the great successes of modern organic chemistry that
victory has been obtained with too great a show of strength. Indeed, one has to admit
that such an objection is not deprived of some ground. Using aggressive reagents and
high temperatures is almost always unavoidable when carrying out an organic
synthesis in the laboratory. Deploying energy would, on the other hand, not be so
frustrating for modern organic chemistry, were it not that the living world, in
particular plants, gives us the marvelous example of great results obtained, at least

from what appears, by using minimal means.”

1.3 Aims and Scope

The aims to carry out prospective research can be divided into two major goals:

1. The synthesis and study of colloidal silver and copper metal particles in an
ethanol solution via one step photochemical reduction method.

e The effect of time of irradiation on the kinetics of the reaction will be
carried out.

e After confirming the photochemical reduction of both the metal
particles in solution form, the next step will be to achieve their
stability.

¢ In contrast to silver particles, the synthesis of copper metal particles is
much more challenging. The surface of these particles is extremely
reactive, when exposed to air, surface oxidation occurs immediately.

e Silver particles are stable in air against oxidation, while the problem is

to achieve stability against aggregation. To serve the purpose of
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e stabilization against aggregation, effect of the addition of polymer
capping agent i.e. PVP will be explored in the case of Ag particles

e Copper particles are prone towards oxidation and aggregation. There
is a need to protect them against oxidation as well as against
aggregation. We will determine the effect of different stabilizers on the
stability of obtained Cu particles.

2. The next step will be to in-situ photo reduce silver and copper metal particles
along with the acrylic resin crosslinking with the help of photochemical
reduction technique.

e The main goal in embedding Ag and Cu nanoparticles in a polymer
matrix is to develop a simple yet efficient method to develop
conductive polymer composites.

e In case of silver particles embedded in polymeric films, addition of
conjugated conductive monomer (pyrrole) on the reduction
mechanism of silver salt and on the crosslinking reaction of the
polymer will be studied.

e The effect of the addition of different concentrations of silver salt and
addition of pyrrole on the particle size and conductivity behavior of the
obtained UV-crosslinked films will be studied.

e With addition to conducting monomer, the effect on the particle size of
the Ag particles with the addition of polymeric capping agent i.e. PVP
will also be checked.

e On the other hand, we will try to optimize the dispersion and
stabilization of copper particles embedded in a polymer matrix to

stabilize against oxidation. And to achieve a conductive behavior.

1.4 Organization of thesis

Chapter 2 provides a basic and short historical overview and the importance of the
field nanotechnology. Different techniques which can be employed to synthesize

nanoparticles are given. However, a sound and contingent discussion about the
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photochemical reduction process and the role of different photoinitiators is also

presented.

Some work related to stabilization of the metal NPs and to avoid their aggregation is
discussed. Afterwards, different techniques(in-situ and ex-situ) to prepare polymer-
metal nanocomposites are discussed briefly. At the end of this chapter are stated

different properties and applications of noble metal nanoparticles.

A comprehensive literature review of the work done in the field of the
photochemical synthesis of silver and copper nanoparticles is discussed in Chapter
3. The work done by various scientists to photosynthesize silver and copper
nanoparticles in an ethanol solution and in a polymeric resin is briefly discussed.

And a sound foundation is developed for the work done in this thesis.

Chapter 4 devotes to the experimental setup and materials needed to prepare silver
and copper nanoparticles both in a solvent as well as in the polymer matrix.
Materials and synthesis technique for silver NPs and for Cu NPs are given separately.
Also, the details about the setup required for the stabilization to achieve for these
MNPs is also given. After that, details of the equipments used for characterization of
obtained metal nanoparticles in solvent and in polymer matrix are stated at the end

of this chapter.

The kinetics of the reaction is studied with the help of UV-vis spectra The
morphology and structure of the obtained metal nanoparticles are characterized
with the help of, DLS, XRD, TEM, FESEM, while the thermal properties are taken
under consideration by employing TGA and DSC analysis. The electrical conductivity
of the polymer matrix containing silver particles is also found out. Results of all the

experiments done are presented in Chap. 5.

In the last Chapter, brief conclusion and remarks of the work done is stated. Also the

future perspectives are listed down.

A comprehensive glossary is given at the beginning of this document, containing a
list of all important symbols, acronyms, figures and tables. The reference cited in this

work are given at the end of this thesis.
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2.1 Introduction

Electrically conductive polymer composites fabricated by employing an insulating
polymer and conductive filler is one of the most important discovery of the 20t
century.b

Nanomaterials can be defined in principle materials of having at least one dimension
within a nanometer range, i.e. in a range between 1nm to several hundred
nanometers’. The mounting interest in the study of metal nanoparticles is attributed
mainly to the potential technological applications that differ a lot from their own
bulk properties 819. A lot of research is being carried out from the last two decades
because of the potential advantages like ease of fabrication, low cost and proficient
stability offered by these nanomaterials.29 Esumi et al. 21 stated that nano particles
own remarkable chemical and physical properties as compared to bulk metals
because of their high surface area to volume ratio and size dependant properties.
Metal nanoparticles, particularly silver, gold and copper have been the focus of
vigorous research from the last few decades because of the vast potential they
possess to be employed in different application areas. They exhibit unique optical
properties?2, and may be employed in different fields like biomedical23, electronic?4,

and in catalytic materials.25

In this chapter, we will briefly discuss the history and origination of the metal
nanoparticles. The nano-objects in general are not new; the new thing is that the
properties of these materials can be characterized easily on a very small scale, which
not only helps in their handling but also replacing conventional materials in
different applications. The discussion extends to the different photochemical
methodologies to synthesis metal nanoparticles particularly noble metal
nanoparticles. Metal nanoparticles embedded in a host polymer have gained
significant interest in recent years. There are a variety of attempts available in
literature carried out to disperse these metal nanoparticles in polymer matrix.
Generally, two different approaches used to serve the purpose of fabricating
polymer-metal nanocomposites i.e. ex-situ and in-situ. A brief overview of the work

done in the past to fabricate polymer-metal
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nanocomposites is given in the end of this chapter. The discussion on the use of
these metal nanoparticles in different applications because of their interesting

properties will conclude the discussion.

2.2 A brief History

From the ancient times gold nanoparticles (gold colloids) are in use to color glass
(ruby glass) but there was no scientific understanding behind the use of it. Romans
were using colloidal gold and silver to color glass of intense colors depending on the
concentrations of metals being used. One of the earliest examples of the use of
colloidal metal particles to make beautiful colored glass is the famous Lycurgus cup
26 of the 4t century (shown in Figure 1).

However, Michael Faraday?® was the first person who scientifically investigated gold
colloid formation in the middle of nineteenth century. He reduced a solution of
HAuCls with elemental phosphorus resulting in the formation of ruby-red gold sols.
Barber et al 27-28 investigated the reason for the color of these glasses with the help
of transmission electron microscopy and explains the reason for this color, he
explained in his findings that the color change is due to the interaction of visible
light with surface electrons of the gold nanoparticles. As we know today, the color
depends on size, shape and surrounding medium. Faraday’s original gold solution

contained sub-30 nm gold particles with a rather broad size distribution.2°
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Figure 1 Lycurgus Cup (British Museum AD 4th century) 2é

2.3 Importance of Nanotechnology

A lot of attention has been received by the nano sized materials during the last two
decades. The fundamentals of nanotechnology rest on the fact that the properties of
resulting substance change dramatically when the size is reduced to the nanometer
range. Figure 2 shows the amount of publications in this field, 2> where it is shown a
profound increase in the number of publications due to their widespread potential
applications in different fields such as Medicine, Chemistry, Physics and so on.
Moreover, not only scientific publications have been growing, but also a huge
number of patents have been issued since the last decade. This attraction by
scientific community is not only because of their special properties but also because
of the great technological applications which they can offer. So, a new field has been
stimulated in order to better understand and to make the best possible use of these
nano scale materials, which is now known as Nanoscience. Another term for this
field is also in use i.e. nanotechnology which relates to the ability of developing
functional devices by exploiting the full use of these nanometer ranged materials for

different technological
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applications. This term nanotechnology was not always used so broadly. Norio
Taniguchi was the first person who introduced this term “Nanotechnology” dates

back in 1974.30

The size dependant affects on the properties of these materials stems the interest in
this field; as the radical property changes with the reduction in particle size from
micro to nano scale is observed. An increase in the surface area to volume ratio gives
an increase in the total surface area; which alters the physical and chemical
properties of these materials. Changes in the electronic structure of these
nanoparticles make it possible to change the associations of the entities forming the

nanoparticles and presence of defects.

Publications containing“nanoparnticles”

1990 1992 1994 1986 1998 2000 2002 2004 2008 2008 2010 201
Year

Figure 2 Bibliographic analysis based on the search of “nanoparticles” in Scifinder Scholar.
Blue represents scientific publications (e.g. books, articles, reviews) and green represents

patents. 25
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Nanoparticles have lower melting point compared to their bulk materials because of
their higher surface-volume ratio, due to which bonds between neighboring
particles form at lower temperature3l. In 2004, European commission (EC)31-b
reported in their study that when the particles’ size get very small, there are more
atoms present on the surface than in the inside of the particles, and those atoms on

the surface may exhibit different properties than the atoms inside the particles.

Similarly, in 2006 Berger, 32 demonstrated in his findings that the chemical reaction
can take place on the surface of the particles as they possess a higher surface area, in
contrast to the macro particles of the same material. Nass et al. 33 stated that a
particle with a 10nm diameter has approximately 20% of its atoms forming the
surface, whereas a particle of 1 nm diameter has 90% of atoms present on its
surface. The dependence of the number of particles on its diameter is tremendous
(shown in Table 2.1)34 This is the reason that these nano materials differ
fundamentally from the particles of same matter but larger in size. And numerous
applications and benefits have been revealed till now and still a vigorous research is

going on.

Table 2.1 Dependence of No. of particles per given mass on its diameter

Particle diameter No. of particles Particle surface area
(nm) (per cm3) (m3/cm?3)
5 153,000,000 12,000
20 2,400,000 3,016
250 1,200 240
5,000 0.15 12

Furthermore, there are some physical phenomenon that do not exist in materials
with larger grain sizes. The general quantum-size effect for optical transitions in
semiconductor nanocrystals which occurs in very small nanoparticles (<10 nm) due

to the quantum confinement effects inherent in particles of that size3>. A typical
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example of size dependant properties of these metal particles can be illustrated as

shown in Figure 3.

Research in his field has a vast spectrum of areas to be covered because
nanotechnology has the potential to revolutionize almost all the industries ranging

from health, biomedical, information technology, semi conductors etc

EER 200nm (same for all the images)

Figure 3 Sizes, shapes and composition of metal nanoparticles can be systematically varied

to produce materials with distinct light-scattering properties?’.

Several breakthroughs and advances are expected in this field in the coming years
(shown in Figure 4) which will impact a lot of advantages in material sciences,
optical communications, self assembling products and systems and reaching the size
barrier of microprocessor. An innovation is expected in the self-adapting fabrics, in
medical treatments and in exploration of space which would be much cheaper as

well.31-b



14 | Literature Survey
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Figure 4 Evolution of Nanotechnology with the span of time (years).

2.4 Synthesis Techniques

The synthesis techniques of metal nanoparticles are gaining more and more
attention and have become the subject of many studies in recent years.3¢ Despite the
fact that this special branch of materials devotes different technological advantages,
their synthesis is also a very sensitive issue. Over recent years, a whole bunch of
synthesis techniques of metal nanoparticles have been developed. And a lot of
research is going on in this field till up to this date. Among the various methods
developed for the synthesis of these metal nanoparticles (MNPs) they can be
generally classified into Top-down37 and Bottom-up3® strategies. The term “top-
down” refers to the mechanical crushing of source material using a milling process
and reducing those source materials to the desired size and shape. In the “bottom-

up” strategy, molecular or atomic structures are



2.4 Synthesis techniques | 15

built up by into more complex nanoscale assemblies by using different chemical
processes (Figure5). The selection of the respective process depends on the
chemical composition and the desired features specified for the nanoparticles.3® Top
down approaches generally include Pattern transfer (lithography), Deposition (or
film growth), Etching (removal of material) and Physical vapor deposition
(sputtering) etc. While there is still an important role to be played by top-down
methods, there are some underlying limitations associated with this technique.
These techniques are slow, requiring prohibitively expensive equipment to produce

small scale and, often uniquely, two-dimensional structures.

4 Macroscopic earth
nm A
eg. '
10 000 ¥ Microtechnology > nanolithographyic
.5 milling process
S g £
2 1000f E£E Submicro- BOTTOM UP
8 S > technology
=2 = 8
£ 1004+ =5 I
o c O e.g.
g £ = S § | aerosol-
i B I-gel-
2 10+ B Supra- A L
g TOP DOWN 32 | molecular | PETCRE
s & |\ structures P
O e )
. Atoms, Molecules
| Atomic level

Figure5 Schematic view of Top-Down and Bottom-up technique

None of these disadvantages, on the other hand, are suffered by the more novel and
versatile bottom-up techniques which are increasingly being employed to produce

structures of even smaller scale and more complex architecture than has previously
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been achievable. Despite the fact that it allows large-scale synthesis of the
nanoparticles, but an obvious disadvantage is that the nanoparticles are usually of
non-uniform size and shape compared to those produced by a top-down method.
Bottom-up approach involves the fabrication of structures from smaller units, using
the properties that they possess to induce their self-assembly in the desired manner.
This approach includes chemical vapor growth. Compared to top-down lithographic
methods, the bottom-up self-assembly approach is cheaper and enables the
fabrication of large area two-dimensional or three-dimensional samples, making it
attractive for different applications.* Evidence for the efficacy of these techniques
can be gathered through the observation of nature, which is also seen to follow a
bottom-up approach. The organization of molecules to form progressively larger
structures, from cells and DNA, and including, meter scale biological organisms, in a
hierarchical manner show the effectiveness that such approaches can provide.
Indeed the entire field of biomimetics seeks to take advantage of structures found in
nature which have evolved over a long period of time and, as the name suggests, use
them as models or blue-prints which can then be reproduced using innovative
chemical methods.

Different bottom-up techniques have been developed and reported in the literature
such as sol-gel process#0-44, chemical reduction and electrochemical reduction of
metal salts 4546, photochemical reduction*7-5¢ etc

In this research we synthesize polymer-metal nanocomposite with the help of free
radical photopolymerization. So a brief overview of the use of different

photochemical strategies is presented here.

2.4.1 Photochemical strategies

The beginning of the photochemistry of metal nanoparticles goes back to the
discovery made by a German physicist and a medical professor Johann Heinrich
Schulze>7 in 1700s when he observed the change in color of the silver solution upon
the application of light. Whereas in 1857, Faraday described the synthesis of deep-
red solutions of colloidal gold and also investigated the optical properties of gold

nanoparticles®s.
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Giacomo Ciamicians-2 at the beginning of the 20th century laid the foundations for a
large part of present day used key work in organic synthesis, based on the work

done in the last decades of 19th century.

Although the photochemical method comes under the category of bottom up
approach, but the advantages and its centering applications are critically different
from other available bottom up techniques. For example, photochemical synthesis
has been applied to photography (photographically sensitive materials say silver
salt) and lithography, mainly because of the reason that photochemical synthesis is
suitable for the selective fabrication of metal NPs with high spatial resolution 33.59-62,
However most of the other bottoms up techniques for the synthesis of the metal NPs

do not have this feature.

The basic principle of photochemical synthetic method lies in the generation of
metal atom (M?) through the direct photoreduction of a metal source (metal salt or
complex), or the reduction of metal ions using photochemically generated

intermediates such as excited molecules and radicals (photosensitization) as shown

in Figure 6.
1. direct photoreduction
o hv
degradation :
metal source or metal stom nm‘oMM:n
recuction v
2. photosensitized reduction
F hy
oty
O ©
metalsource 0UCHON  metalatom  UCI008ON
rowth

Figure 6 Schematic system of photo-induced synthesis of metal nanoparticlesé3
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Metal nanoparticles can be formed by direct excitation of a metal precursor by light.
The advantage in this technique lies in the fact that it does not require a chemical
reducing agent and because of this reason, it can be employed in different mediums
including oxides, glasses, polymer films, cells, etc Hada et al.®* reported the
mechanism of photochemical formation of silver nanoparticles in aqueous and
alcoholic medium.

In their study, they proposed that the electron transference to silver ion from

solvent molecule is the main reaction of photolysis.

Ag* +H,0 - Ag® + H* +- OH (2.1)
Agt + RCH,0H — Ag°+ H* + RCHOH (2.2)
nAg® - (Ag®n (2.3)

As shown in the above first two reactions that Ag* goes to Ag? state by transferring
an electron from the solvent molecule when UV light is subjected to them. And then
that Ag? associates with other silver atoms to form silver nanoparticles.

Another approach for the photochemical synthesis is photosensitization. In this
technique photoactive agents are in use mainly because of their property that they
generate intermediates, when light is being incident on them. These intermediates

reduce the existing metal to form the M0 state®3

The oxidative radical formation by photochemical process is the most widely used
technique. This is more beneficial in terms of speed and efficiency of the reaction as
compared to direct photoreduction to produce metal particles. Flexibility of the
excitation wavelength is an additional benefit because it depends not only on the

metal source, but also on the sensitizer.6!

Based on their formation mechanism, radical precursors can be divided into two
categories hydrogen bond cleavage (I) and abstraction (II). As the name suggests,
the first one is due to the abstraction of hydrogen by excited organic molecules from

co-existing hydrogen donors. A typical radical precursor/hydrogen donor couple is
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the ketone derivatives/a-alcohol system such as acetone Kketyl reduction®s,
acetone*8, acetophenone 65, benzophenone>6 66, The significant point of the ketone
derivatives/a-alcohol system is the role of the a-alcohol. The singlet excited state

decays to the triplet excited state through intersystem crossing.

The ketone derivatives in the triplet excited state abstract hydrogen from the
hydrogen donor to generate the ketyl radical and radicals derived from the alcohol.

These radicals reduce metal ions to generate the metal NPs.67

A: Photoreduction

R' R3 R’ Hf‘f
=0" + )—OH »-OH +  »-OH (1)
R’ R* R? R*

B: Norrish Type | cleavage

R O : R>
Ho>—4  —— {79 + on @
R® R R?
C: Pinacol Photocleavage
HE HE My HE-
HO——-OH 2 )Y-OH (3)
R R’ R

Figure 7 Photochemical strategies for the generation of ketyl radicals from organic
precursors. The asterisk (*) denotes the excited state of a molecule, frequently a triplet state
in the examples used in this contribution, while “hv” indicates exposure to light®7.

The a-alcohol works as a solvent, hydrogen donor and oxidative radical precursor.
Bond cleavage is one of the important fundamental photochemical processes. To
generate radicals for the photochemical synthesis of metal NPs a number of photo-
induced bond cleavages are there. Figure 7 shows three of those photoreactions that

can be employed for the generation of ketyl radicals from the organic molecules.t?
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The Norrish type I reaction can occur from both singlet and triplet excited state, but
according to Encina et al. %8 aromatic ketones is dominated by triplet state
reactions.2-Hydroxy-2-methyl-1-phenyl propanone and its derivatives have been
used widely as photo-initiators for free radical polymerization®. Eichler et al. 7° in
1980 described that upon irradiation, it undergoes classical type 1 cleavage to
produce a benzoyl ketyl radical pair with a high rate constant and good efficiency as

shown in Figure 8.

@’E\%OH hv Qj- . .>_DH

Figure 8 Photolysis to produce benzoyl ketyl radical”?

Unfortunately, this structure has a low absorption above 300 nm. A bathochromic
shifted absorption can be achieved through modification by using different
substituents. S. Jockusch et. al®8 carried out a detailed study on this matter, and
according to them a biggest bathochromic shift was observed by substituting
dimethylamino group. If we take into account the case of benzophenone, its triplet
state has n,n* character, and due to this property it is an excellent hydrogen
abstractor from appropriate donors (such as alcohols, some hydrocarbons, benzylic
and allylic hydrogens, among others) ¢7, as illustrated in Figure 9. It is to emphasize
the catalytic nature of this process; benzophenone is regenerated in contrast to the
systems containing Benzoin where the starting ketone is not regenerated in the

process.
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—_— +—0OH + R-

Figure 9 Photoreduction of Benzophenone followed by electron transfer to the metal ion Mn+
67

The photochemical synthesis differs from other methods solely because of the
character of light, which controls photochemical reactions and hence it is a clean
process.

The main advantages of photochemical synthesis are grouped as:

[.  As observed in photography and lithography, light induced processing has
high spatial resolution>%-62. And due to this advantage one can fabricate metal
NPs in a selective region. And also the direct 3-D writing of metal NPs in a
transparent matrix or free standing metal structures has been accomplished
by using multiphoton absorption with an ultrashort-pulse laser, or through
stepwise excitation using two laser beams of different wavelengths71-77,

II. The first law of photochemistry states that light must be absorbed by a
chemical substance in order for a photochemical reaction to take place. Due to
this law, light can simulate an objective reaction without affecting the
external circumstances#?. This advantage is useful for the in-situ fabrication
of metal NPs in transparent matrices, as well as the template synthesis of

metal NPs using micelles, zeolites, dendrimers etc 21, 78-79,
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III. Light is the exclusive trigger of a photochemical reaction and this
characteristic allows us to start the formation of metal NPs through

photochemical reaction at any given point in time.

2.4.1.1 Radical Photopolymerization
Photopolymerization involves the conversion of liquid monomers into a glassy or
rubbery polymer structure with the help of irradiation of UV-light at room
temperature; it also implies an increase of molecular weight by light8°. The scheme

of the process is shown in Figure 10.
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Figure 10 Schematic illustration of photopolymerization process

Monomers employed in this technique can be mono or multifunctional molecules
depending on the number of reactive groups. The photoinitiators absorbs UV-light
being incident on them, and results into the fragmentation into reactive species. As a
result of this fragmentation, species generated can be free radical or cationic in

nature as shown in Figure 11.

In case of free radical polymerization, photoinitiator after being subjected to UV-

irradiation spontaneously decompose itself into free radicals
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and hence initiates a chain reaction for the polymerization.8! Photoinitiators for
radical polymerization are classified as cleavage (type I) and H-abstraction type
(type II) initiators. These radicals react with the double bond of monomer (which is
mostly acrylic) which results in the further growth of radicals. Then a quickly
growing chain is produced with the addition of radical to the carbon-carbon double
bond generating a new radical at the end of the polymer chain. This fast growing
chain is stopped by a chain breaking reaction, which is basically a bimolecular
reaction. On the other hand, initiator used in cationic polymerization is either Lewis
acid or Bronsted acid. The strong acid releases H* which adds to the monomer. This
cationic species then reacts with the functional groups to propagate the reaction. In
the cationic reaction, chain transfer can occur and alcohols can be used for this
purpose. There are several pros and cons attached to both mechanisms; like oxygen
may interfere in the reaction in case of free radical based photopolymerization but
complete oxygen inhibition can be achieved in -cationic one. Free radical
photoinitiators can be used for acrylic system as well as for other unsaturated
polyester resins. Whereas, cationic systems are dependent on the use of epoxy or
vinyl ether functional resins. Despite all the different problems related to both
mechanisms, free radical photopolymerization constitute a major part of the
industry as it is the most efficient way. They have this ability to convert the liquid

monomer into highly cross-linked functional polymeric materials rapidly.

hv M — 3 (M)y, — » P Radical

M

h‘l.-'\A M+ S — (P‘UI )+ﬂ . P Cationic

Figure 11 Mechanism of photopolymerization

We can say that photochemistry is a powerful tool for investigating the formation

and growth processes of metal NPs.
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2.5 Polymer-metal nanocomposite synthesis

A polymer matrix in which nanoparticles are embedded to enhance some particular
properties of parent matrix is called polymer nanocomposite.82 These
nanocomposites basically constitute polymer matrix and fillers of at least one
dimension in the range of 1-100 nm.! By combining the special properties of nano-
sized materials with the flexible, easy to process, high modulus polymers: high
performance novel materials can be developed for sophisticated industrial
applications. Noble metal nanoparticles embedded in a host polymer gained
significant interest in recent years due to the incredible properties they offer i.e.
electrical properties83, optical properties8* etc which makes their use possible in
different areas like in sensors and biosensors8>86, electronic devices®3, catalysis®?,
antibacterial®® and antifouling coatings®® etc. The embedding of metal nanoparticles
in polymer matrices is one of another easy way to stabilize these particles against
aggregation. There are different inorganic nanofillers which can be employed based
on the different properties which one want to incorporate into the final polymeric
composite, may include metal (like Au, Ag, Pt C, Fe and metal alloys CoPt),
semiconductors (e.g. PbS, CdS, Zn0) different oxides (TiOz, SiO2, ferric oxide) and
carbon based materials (like CNTs, graphene, carbon nanofibre)?0. Synthesis of NPs
in a polymeric media has been anticipated to be more useful due to their ease of
processing, solubility, low toxicity and also because of the possibility of controlling
the growth and size of the nanoparticles.?! There are a lot of attempts being made to
fabricate metal nanoparticles-polymer composites. In a broad spectrum, there are
two approaches which can be used to synthesize nanoparticles in a polymer matrix

i.e. in-situ and ex-situ techniques.
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A brief description of these approaches is given in the following sections. It is shown

symbolically in Figure 12, the different paths to synthesize polymer nanocomposites.

o0 R
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Figure 12 Schematic presentation of the preparation methods of polymer-metal

nanocomposites

2.5.1 Nanoparticles precursors in polymer

In this method, metal ions are being reduced inside a polymeric matrix. This
technique results in a homogenous dispersion of metal nanoparticles in the
polymeric matrix. There has been a lot of work done by different scientists to

achieve this specific type of polymer nanocomposite.

Metal salts have been reduced in an already formed polymer (PANI) by different

scientists in an aqueous solution or by using any other suitable solvent, and it was
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observed that the rate of reaction and the size of the particles formed are strongly

dependant on the medium of reaction?92-94,

In-situ photochemical method is also being employed very efficiently to fabricate
nanoparticles inside the polymer matrix. Silver particles were synthesized in the
epoxy resin by exposing them to UV light%. Furthermore, a lot of literature has been
published on this technique as it is very efficient, easy and less expensive than the
other available techniques>7.2¢.Noble metal nanoparticles like Ag, Au, Cu etc can be

in-situ synthesized in a one step photochemical method*7:49-50,53-56,97.

Wang et al. %8 %9 prepared nano composites in PANI and PVP by electrospinning
method. This has been reported in their work that the size of particles obtained

through this method was efficiently very small i.e. less than 50 nm?8 99,

Reports have been published on the preparation of core shell particles in the co-
block micelles100-104 Because the particles are formed within the core of the micelles
of the diblock copolymer, macroscopic segregation of the metal particles can be

avoided very efficiently105,

Nanoparticles of very small size and homogenously distributed in the polymer
matrix can also be prepared by reverse micelle method. Zhang et. al.1¢ developed a
novel method by using compressed COzto prepare Ag nanoparticles in polystyrene
(PS) by using surfactant i.e. sodium bis (2-ethylhexyl) sulfosuccinate (AOT). The
main advantage of this process is that very small sized nanoparticles can be
obtained197; compressed CO: can drive the Ag nanoparticles out of the reverse
micelles108-109 while the surfactant AOT remains in the solution. Also the particle
morphology and size can be controlled by controlling the pressure of CO2. Silver
particles in an epoxy resin have been prepared by an in-situ reduction for the

capacitive applications.83
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2.5.2 Nanoparticles precursors in polymer precursor

In this method, monomer is directly oxidized in the presence of metal ions
precursor. In this case, the metal ion precursor oxidizes itself to metal particles and
hence polymerizes the monomer.110, Conventionally, polymerization of organic
monomer and formation of metal particles were executing separately and then
subsequently mixing both entities which results in the aggregation of the metal
particles and ultimately leading to the non-homogeneous mixing. Also in some
techniques extreme temperature and pressure values have to be kept which in
return give rise to a complex and high cost phenomena. Only few techniques are
present in the literature which describes the simultaneous one step reaction in
which metal precursor oxidizes themselves to metal ions and polymerize the
monomer. For instance, the y-irradiation method and the ultraviolet irradiation
techniques were applied to synthesize polymer metal nanocomposites, in which the
reduction of metal ions and the polymerization of the monomer were simultaneous
1o@b) A reliable method i.e. microwave assisted synthesis of polymer nanocomposites
in one step is reported in 1986 for the first time. Polyacrylamide-silver
nanocomposites were prepared by y-irradiation technique in non-aqueous solution
for the first time by Zhu et all1l. In this method, AgNO3 was dissolved in ethanol and
acrylamide was added as a monomer, without the addition of any surfactant and by
irradiating this solution silver particles were formed. From the TEM images it was

shown that the particles were well distributed in the polymer matrix!11.

This technique has opened up new doors for the further research and development
of the polymer composites in a single step and in a short time. Another report on the
polyacrylamide-silver nanocomposite by using the same technique in the presence
of ethylene glycol was published!12. This method leads to a homogeneous
distribution of metal nanoparticles in polyacrylamide matrix. Ethylene glycol acts as
both reducing reagent and as a solvent, means no other reducing agent is needed.
Also, there is no need to use any initiator to polymerize acrylamide polymerization
and there is no need to use surfactant for stabilization of metal nanoparticles. All

these factors make it possible to avoid subsequent complicated workup procedures
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for removal of these additives, finally leading to fast, simple, and low-cost process in

the preparation of polymer metal nanocomposites112.

2.5.3 Nanoparticles preforms in polymer

In this technique, already formed nanoparticles are incorporated in the polymer
matrix. The main advantage of this procedure is that the particles incorporated
would be of high quality. But a major problem while dealing with this method is the
incompatibility of these particles with the polymer matrix, which therefore results in
the non-homogenous distribution of these particles in the matrix!13. As a result of
this, large clusters of nanoparticles form and the required properties are not
achieved. So, in order to avoid this problem compatibility has to be achieved by

stabilizing the nanoparticle dispersions114.

Another approach to disperse NPs homogenously in a polymer matrix is by surface-
initiated polymerization (grafting from) and tethering (grafting to) techniques!15 116,
These techniques are proven to be very useful for synthesizing homogenous
polymeric nanocomposites. A schematic diagram describing these approaches is

shown in Figure 13.

In the grafting-to method, a preformed and end-functionalized polymer is attached
to the surface. Besides the fact that this method is a simple and modular approach,
there are some drawbacks as well. Steric repulsion between polymer chains already

attached and a chain diffusing to the surface limits the available graft density.
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Figure 13 Schematic description of grafting-to and grafting-from approaches®

In the grafting-from method, the surface is functionalized with an initiator or chain
transfer agent and the polymer is grown from the surface. The diffusion of a
relatively small monomer to the surface does not suffer from the same steric

repulsion as a diffusing polymer chain.

2.5.4 Nanoparticles preforms in polymer precursor

This procedure involves dispersing inorganic nanoparticles directly into the
monomer solution, prior to its polymerization. But in this procedure particles may
separate out and starts to settle down quickly at the bottom. It is difficult to disperse
these particles homogenously in the polymer matrix. So, a good linkage has to be

assured at the interface, different stabilizers may be employed to serve the purpose.

Oliveira et al. 117 developed a two phase polymerization route, by following the
technique of Burst et. al'l8, in their work aniline was dissolved in a silver
nanoparticles toluene solution; polymerization took place at the water-toluene
interface. It was observed that silver nanoparticles were homogeneously dispersed

in the resulting polymer.
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Emulsion polymerization is another common route to carry out the synthesis of
polymers. Polymerization of ethylacrylate has been carried out in the presence of
silica to synthesize Polyethylacrylate and it was demonstrated in the work carried
out by J.E. Mark et. al, 119 that the nature of interface between the monomer and
particles is dependent on the type of silica used. Different nanocomposites with
monomers like styrene and methyl metha acrylate intercalated with clay are also
reported in the literaturel20-121, Polymerization occurs mainly at the surface of the
unmodified particles, and polymerization of monomer initiated in the same
adsorbed layer on which the monomer got absorbed2?2-124The hydrophobic
polymers were in-situ fabricated within the hydrophilic inorganic layered materials.
A lot of literature on oxides, semiconducting and non-metal nanoparticles is
available in literature125-130,

As already mentioned, the main challenge in employing this technique is to obtain
well-dispersed particles with a narrow size distribution. Different techniques have
been devised to achieve this goal, and the most effective is to polymerize in the
presence of amphiphilic molecules. Amphiphilic molecules or surfactants like,
carboxylic acid!3!, alcohols2>, thiols13%z-134, and amines can be chemisorbed on the
surface of the nanoparticles and therefore form a hydrophobic interface and in
result prevents the agglomeration of these particles.

These surfactants do not play any role in the polymerization process; they disperse
the nanoparticles more efficiently in the growing polymer during the
polymerization135-136, Luca et al. 131 reported the encapsulation of silver particles by
polymerizing styrene-meth acrylic acid in the presence of oleic acid.

And it was demonstrated that oleic acid is essential to obtain silver particles
encapsulation, and it increases the compatibility of the particles with the polymer
matrix; when polymerization was done in the absence of oleic acid, only polymer
particles without metal core were produced and there was no polymer shell
observed around the particles. There is another technique i.e. microemulsion in use
to prepare polymer nanocomposites. This is a very similar dispersion based
approach which can be used to prepare small, homogeneous droplets of monomer or
polymer precursors, and then changing them to the final polymer composites!37.

Different reports to prepare nanocomposites by microemulsion polymerization
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based on some inorganic particles like titanial38-140, calcium carbonatel4,
magnetitel42 etc are already present n the literature. But, gold and silver
nanocomposites have been synthesized by Kim et al. 143 for the first time by using
microemulsion technique. In this method, metal nanoparticles were first prepared
and then grafted with small hydrophobic polymer chains which lead to the
dispersion of the particles in the organic solvent. And then these particles were
dispersed in a suitable monomer to initiate microemulsion polymerization in the

presence of a surfactant and a free radical initiator.143

2.6 Stabilization of metal nanoparticles

A very important feature which hinders the use of these nanoparticles is their high
tendency to self aggregate. Because of the large surface area, they possess high
surface energy due to which they have a great chance of aggregation. Owing to this
reason, MNPs are so reactive that when they touch each other fuse together and
results in a loss of the nanometric size and hence special properties.1#* A problem
arises to the fabrication and use of these MNPs in different applications14> because
of this feature. Overcoming this problem to stabilize the nanoparticles is one of the
greatest challenges in their handling.14¢ Nanoparticles can be synthesized
successfully by three steps: nucleation, growth, and termination by a capping agent
or ligand (or stabilizing agent) through colloidal forces.14” These colloidal forces can
be classified into three main types: Van der Waals interactions, electrical double-
layer interactions, and steric interactions. In addition, hydrophobic and solvation
forces can also play an important rolel48. MNPs can be stabilized by using different
strategies. In the ex-situ synthesis, polymeric shell is formed by dispersing the NPs
in a polymeric solution by using different mechanochemical approaches.

Particles coated by polymer consider being more stable against aggregation because
of a profound decrease of their surface energy. The problem in this technique is that
the success of the stabilization is limited by the possibility of re-aggregation of the

MNPs along the time.
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On the other hand, in-situ process to prepare and stabilize nanoparticles can be
combined in one step. And this process gives an opportunity of quick and easy way
to synthesize stabilized NPs. Because of this reason, in-situ techniques to prepare
and stabilize MNPs are getting much attention. The most commonly used substances
for the stabilization purpose are ligands and polymers.14? Especially those natural or
synthetic polymers which have an affinity towards the metal nanoparticles. These
substances not only control the aggregation but can also affect the reduction rate of
the metal particles4?. Synthesis of polymer-stabilized nanoparticles basically
involves two steps: first to reduce the metal ions into neutral atoms and then
coordinating these MNPs to the polymer?>0. In order to determine the size and shape
of the resultant MNPs there are different parameters to control: choice of the
synthesis technique (as bottom-up technique usually use an agent i.e. capping
materials to protect and stabilize NPs against aggregation), the metal salt used, the
reaction time etc. To prevent the aggregation of silver nanoparticles, there are
different stabilizers available for this purpose. These stabilizers (capping agents)
employed to provide the stability through the common colloidal stabilization
mechanism: electrostatic (Citrate-AgNPs), steric (PVP-AgNPs) and electrosteric
(BPEI-AgNPs) 151, Stable Ag NPs can be produced by using citrate capping effect as
was synthesized by Henglein and Giersig!>2. El-Badawy et. al’>! in their study
showed that the citrate molecules being adsorbed on the surface of AgNPs results in
stabilizing them. And it was shown in their studies the silver particles formed
aggregates in the absence of citrate. The BPEI-AgNPs are electrosterically stabilized
through the adsorption of the polyelectrolyte (BPEI) containing amine groups which
ionize as a function of the solution pH153.Some other stabilizing agents such as SDS
(Sodium dodecyl sulphate)54 and CTAB ( Cetyl trimethyl ammonium bromide)s>
can also be used to stabilize the AgNPs against aggregation and precipitation. Apart
from these different chemical stabilizing agents, polymers are most commonly used
as stabilizers and protective agents. Polymers like PVP (Polyvinyl pyrrolidone) 15¢-
160, PVA, (Polyvinyl alcohol) 161, etc can be utilized to serve this purpose. The
schematic presentation of the steric stabilization can be achieved with the help of
polymers (PVP) is shown in Figure 14. However, among all these polymer stabilizers

PVP (steric stabilizer) is considered to be an excellent capping agent as it attributes
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special protecting properties owning to its unique structure. PVP is a homopolymer
with a polyvinyl backbone and its repeating units shown in Figure 14, it is composed
of a highly polar amide group that confers hydrophilic and polar-attracting
properties, and also non-polar methylene groups both in the backbone and in the
ring that confer hydrophobic properties.162 The N and O in the polar groups have a
strong affinity for silver nanoparticles. PVP because of it certain features is used in a
wide range of applications in medicine (e.g. as a drug carrier, a component of plasma
substitute or wound dressing) and technological domains (e.g. in aerosol hair
sprays, pigment dispersions, cosmetics) 162. The PVP protective mechanism of silver

nanoparticles formation has been currently described by many researchers.

Figure 14 Schematic presentation of steric stabilization mechanism

There are three steps of PVP mechanism carried out to hinder the aggregation of
AgNPs. First stage involves the bond formation between the stabilizer and silver
ions, and then PVP donates loan pair, electrons of oxygen and nitrogen atoms to sp
orbitals of silver ions, and thus the coordinative complex of Ag ions and PVP forms in
aqueous solution. Second, PVP promotes the nucleation of the metallic silver which
thus leads to the aggregation of Ag atoms. Third, these primary nanoparticles then
coalesce with each other or interact with PVP to form larger aggregates known to be
secondary aggregates.1>8 PVP prohibits silver particle aggregation and grain growth

as a result of its steric effect.
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Figure 15 Structure of the repeat unit of PVP

On the other hand, the real major problem in utilizing copper nanoparticles in
different applications is their inherent tendency to oxidize in ambient conditions.163
There are few attempts reported to protect the metal particles from oxidation by
minimizing the contact of oxygen to the surface of copper nanoparticles by
providing a protective layer. Different other efforts are also being made to prevent
agglomeration and coagulation process in order to obtain uniform sized
homogenous particles. A protective thin layer of silica has been in use to avoid the
interaction of oxygen molecules with the nanoparticle surface and to prevent the
nanoparticles from aggregating and contacting each other. A lot of work has been
done to protect the gold and silver metal particles by coating their surfaces with
silica layer.164-168 However, only one attempt has been made by Kobayashi et al. 253
who prepared Cu nanoparticles in an aqueous solution and reported their stability
for at least one month with the help of silica coating. A more commonly employed
technique to stabilize the metal particles is with the help of surfactants, they may
avoid the aggregation of the particles by binding themselves to their surface. Size
and shape of the copper NPs may be controlled by using different surfactants like
oleic acid179, alkanethiols!’1, sodium dodecyl sulphatel?’?, CTAB173 etc. Another
promising approach to stabilize the copper NPs is to use polymers as capping agents.
Among these polymers, polyvinyl pyrrolidone (PVP) has been widely used as a
capping agent for the stabilization of nanoparticles!’4-177. Jeong et all78
demonstrated the effect of the molecular weight of PVP on the size of the copper
NPs, and thereby confirmed that there is a direct relation between the mol. wt. of

PVP and the particle size of NPs, which in turn determines the electrical conductivity
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of the film formed. Kobayashi et al.l7° employed a conductive polymer i.e.
polypyrrole to chemically stabilize copper nanoparticles, and hence these
nanoparticles coated with polypyrrole proved to be chemically stable for at least 50
days even in an open air atmosphere. A very common way to achieve stabilization of
copper NPs is through the preparation of bimetallic nanoparticles from various
combinations of noble metals. And in case of the protection of copper particles,
different techniques like electrodeposition80 and thermal evaporation under
ultrahigh vacuum!8! have been in use to prepare copper-silver core shell
nanostructures. However, another different approach to synthesize copper-silver
core shell structure has been carried out by Lee et al.182 This is a two step process in
which firstly core particles are produced and then those core particles acts as a
reducer for the reduction of shell atoms present on the core surface. Although it is a
bit difficult to control this process but is a good way to obtain high conductivity. The

schematic illustration of the process is shown in Figure 16183

Cu? Cu? CulNP - 2Ag* +Cu? 2 2AgP + Cué+  Cu-Ag core-shell NP

Figure 16 Schematic illustration of Cu-Ag core shell NP183

However, a very few attempts to stabilize copper nanoparticles against aggregation
formed through the photochemical reduction. And there is no such attempt to
protect the copper NPs against oxidation. However, Zhu et al.184 tried to improve the
particle size distribution of the Cu NPs by adding polymeric capping agent i.e. PVP.
And they showed in their results that particles prepared in the presence of PVP are
smaller and the size distribution is narrower than those prepared without the

presence of PVP. And the reason for this may be the attachment of the PVP on the
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surface of the copper particles resulting in the prevention of further aggregation as
was shown in case of silver particles in Figure 14. In the same way, Giuffrida et al.7#
found out the effect of the amount of PVP on the size of the Cu particles and in their
observation they concluded that the higher concentration of PVP is needed to obtain
very small particles size i.e. less than 10 nm. S. Kapoor et al.17> 185 proposed a
mechanism to photo reduce copper salt in the presence of benzophenone by using

PVP and gelatin as a stabilizing agents.

In recent years there have been significant progresses in controlling the size, shape
and composition in order to tailor the desired properties to be used in different
fields.187-188 Some of the mechanisms regarding the stabilization forces have been

thoroughly revised in the literature189-190,

2.7 Properties & Applications

Noble metal NPs, particularly gold and silver NPs, have been extensively studied
from the time of their discovery up to this date. These NPs have contributed a lot to
the development of variety of the techniques and methods for molecular diagnostics,
therapy, imaging, catalysis, drug delivery etc. A lot of data can be found on the
specific bio-applications for noble metal NPs, e.g. molecular diagnostics and
therapy190-193 or cancer treatment applications.194-197

Because of some remarkable properties of noble metal nanoparticles, they are
continually employing in different applications. Optical properties of these MNPs is
one of the most important among all the other properties, mainly due to their size
and shape dependence and particularly due to the significant property i.e. surface
plasmon resonance. Surface plasmons are electromagnetic modes localized on an
interface between a metal and a dielectric. It is a well-known fact now that surface
plasmon resonance strongly depends on the dielectric properties of nanoparticles,
and also on the solvent, substrate and adsorbate84 223-226,

Free electrons present in the metal oscillate when the light in resonance with the

surface plasmon oscillation occurs. As the light passes, polarization of the electron
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density of the particles to one surface occurs and oscillates in resonance with the
frequency of the light causing a standing oscillation. This is referred to as the surface
plasmon resonance, since it is located at the surface. This feature of MNPs makes
possible their use to develop optical biosensors with the help of immobilization of
bio molecules on the surface of noble metal nanoparticles.

These biosensors employed different techniques like fluorescence spectroscopy,
interferometry and localized Surface plasmon Resonance (LSPR) to activate.202-203
One of the most researched area for biosensing of noble metal NPs is the LSPR, and
the main underlying advantage that it does not need any electrical contact to operate
and depends on the morphology and physical properties of the matrix. It basically
arises from the electromagnetic waves that propagate along the surface of the
conductive metal and because of this reason by varying the size of the metal
particles the corresponding properties may be altered.204 In LSPR, the size of the
metal particles is smaller than the wavelength of light, the plasmon wave shows a
dipole character due to the combined oscillation of the conduction electrons against
the immobile ions.205-206 And this is the reason that almost all of the noble metal
nanoparticles produce a strong absorption when excited with an electromagnetic
wave, such as light, due to this collective oscillation of the conduction electrons

located at the surface of these particles as shown in Figure 17.

Figure 17 Effect of optical field on the electron cloud in a spherical metal nanoparticle!9!

The LSPR yields for silver and gold NPs gives an exceptionally high absorption
coefficients and scattering properties within the UV /visible wavelength range and

due to this reason these metal particles have a higher sensitivity in optical detection
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methods than conventional organic dyes, making them the perfect candidates for
colorimetric biosensing applications207-208,

Because of the dependence of their LSPR properties on the size, shape and
composition of these metal particles, one can easily play with these parameters to
change the LSPR properties209-210 Figure 18 illustrates the effect of nanoparticle
composition in LSPR that has been already demonstrated beneficial for the

development of new and highly sensitive biosensing methods.211-212
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Figure 18 Example of LSPR modulation through different NP compositions. The LSPR

absorption band of gold/silver alloy NPs increases to longer wavelengths with increasing

amounts of gold.

Miel77b solved a set of Maxwell equations for spherical particles which can be used
to study the interaction of the MNPs. The total extinction and scattering efficiency

Qext and Qsca for a homogenous sphere are stated in the following infinite series:
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Where,

e=refractive index of the metal

em=refractive index of the surrounding medium

m=ratio of the refractive index of the sphere and the surrounding medium (m =
g/em)

R=radius of the sphere

A=wavelength of light

x=size parameter (x = 2ZmrnmR/}),

Yn and &, are the Riccati-Bessel functions and the prime represents first
differentiation with respect to the argument in parentheses.

These expressions have been solved in the dipole approximation for spherical
nanoparticles much smaller than the wavelength of light (<20nm) where only the

dipole contributes to the absorption by the nanoparticle.213-215
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Where,

V=volume of the nanoparticle

em=dielectric constant of the surrounding medium

A=wavelength of light and the dielectric constant of the metal is expressed in the

complex form as a function of the wavelength of light, where € (A) = €1 (A) + ie2 (7).
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This allows the calculation of the expected absorption and scattering spectra of
small spherical metal nanoparticles.

It has been observed that with the change in the dielectric constant of the
surrounding material there is an effect on the oscillation frequency mainly due to
the varying ability of the surface to accommodate electron charge density from the
nanoparticles.216 One can employ equation 2.9 to calculate the expected shift in the
absorption spectrum with the change in dielectric constant (en) of the medium. As
already stated, the dielectric constant can be varied by varying the solvent, but the
capping material is most important in determining the shift of the plasmon
resonance due to the local nature of its effect on the surface of the nanoparticle.

The basic idea behind the use of the noble metal nanoparticles in the field of sensors
lies on the fact that the detection of the chemically bonded molecules is possible by
observing a change induce in the electron density on their surface, which results in a
shift in the surface plasmon absorption maximum. Mie basically calculated the
surface plasmon resonance of small spherical particles by solving Maxwell’s
equations. However, Gan>0-51 further extended this theory and applied it to
ellipsoidal geometries. The particles are usually characterized by their aspect ratio,
and the plasmon resonance for nanorods split into two bands. If the electrons
oscillate perpendicular to the major axis, a high energy band refers to the transverse
Plasmon absorption. On the other hand if the band is shifted to the lower energy and
the electrons oscillate along the major axis, is known as the longitudinal surface
Plasmon absorption. There are different methods which can be used to calculate
Plasmon resonance for these arbitrary shaped particles by using discrete dipole
approximation (DDA). 84217-218

With the better understanding of the properties of these metal particles, their use in
different fields has been increased tremendously. One other important area is their
use in catalysis. Their use as catalysts has increased enormously in a variety of
organic and inorganic reactions. It has been shown that the properties of transition
metals nanoparticles like high surface energy and high surface to volume ratio make
them an attractive candidate for their use as catalysts. As we know this fact that it is
highly desirable to increase the rate of reaction and to subsequently increase the

yield of the desired products, and catalysis can serve this purpose very well. There
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are mainly two major types of available catalysts, i.e. homogenous?19-220, where the
catalyst is in the same phase as the reactants (colloidal) or inhomogenous221-222
(supported) catalyst systems, where the catalyst is in the solid phase with the
reaction occurring on the surface. Both systems have their own advantages. For
instance, inhomogeneous catalysts are not mixed in the system and can be readily
separated but on the other hand the reaction rate is very slow because of the
restricted surface area. Meanwhile, homogeneous catalysts have the ability to fasten
the reaction to a great extent and therefore provide a good conversion rate per
molecule of the catalyst, but as they are miscible in the reaction mixture, it would be
difficult to remove them after the reaction. The difficulty in removing homogenous
catalysts from the reaction medium leads to problems in retaining the catalyst for
reuse. The separation and recycling of the catalyst is highly favorable since catalysts
are often very expensive.

Narayanan and El-Sayed?23 showed in their work that in the case of homogenous
catalysis, shape of the nanoparticles has a crucial effect on the reactivity; they
showed that the particles having shapes with more corners and edges have high
reactivity as compared to those having less corners or edges. Metals which are not at
all reactive in bulk form may have very high reactivity when their size reduced to a
great extent. For example gold is one of the noble metals available and is not reactive

when in bulk form, but the small particles of gold are catalytically more active?22 224,



42 | Photochemical synthesis of Silver and Copper nanoparticles

Chapter 3

Photochemical
Synthesis

of

Ag and Cu

Nanoparticles



3.1 Introduction | 43

3.1 Introduction

Photochemistry is an effective tool for the preparation of metal nanoparticles
primarily because of the spatial and temporal control of the light and being really
fast in converting the liquid monomers to polymer materials in a desired shape at
room temperature under the irradiation of UV-light source. Apart from the
utilization of UV-light to create reactive species and to initiate a reaction, a
photoinitiator is necessary to add in a system which should be capable enough to
absorb enough of the incident light to produce free radicals. With this technique, not
only the initiation of reaction can be controlled effectively, also reaction can be
stopped easily just by switching off the light225.Photopolymerization played a very

important role in developing polymer chemistry.

This work deals with the photochemical techniques for the synthesis of different

noble metal nanoparticles particularly Ag and Cu NPs.

In this work, we followed bottom-up photochemical reduction approach to
synthesize in-situ silver and copper nanoparticles in an acrylic resin. We have tried
to optimize this process in order to obtain UV-cured conductive films containing

these metal nanoparticles.

This chapter provides a brief summary of the photochemical synthesis of noble
metal nanoparticles particularly silver and copper. A comprehensive discussion on
the work done in order to fabricate and stabilize in-situ generated metal

nanoparticles in different solvents and polymeric mediums is described.

3.2 Photochemical synthesis of Ag NPs

The photochemical synthesis of silver nanoparticles in the presence of photoactive
agents under UV-light has gained significant interest and attention over the last two

decades. 22, 47,96,226
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The photoreduction mechanism of silver nanoparticles has been studied by Hada et.
al%*, they proposed the formation mechanism of direct excitation of AgClO4 in
aqueous and alcoholic solution. They determined the quantum yield of reaction in
the presence of different alcohols and aqueous solutions. The quantum yield of the
reaction in their study increases tremendously in the a-alcohols as compared to the

other alcohols.

Y.Yonezawa et.al.227 on the other hand measured the quantum yield of the colloidal
silver in the presence of different stabilizers like sodium dodecylsulphate, sodium
alginate and colloidal silica, an increase in quantum yield was found in the presence

of all the protective agents except for the AgCl04-sodium alginate solution.

Silver nanoparticles can also be produced by photoreducing AgNOs3 in the presence
of PVP, and citrate-capped Pt seeds was used as a catalyst.228 The photochemical
reaction of citrate in the presence of Pt-nanoparticle seeds is proposed in the

following way,
Citrate — nPt - acetone — 1,3 — dicarboxylate + CO, + H* + nPt?~
Ag* ions upon encountering the Pt nanoparticle seeds react in a following way,
nPt?~ + Agt+- (nPt — Ag) 3.1
(nPt — Ag)~ + Ag* - nPt — 2Ag 3.2

However, by the repetition of the process described in these two reactions, Ag

particles can grow on the surface of Pt seeds.

Highly fluorescent silver nanoparticles were photochemically produced by reducing
Ag>S04 utilizing water as a solvent with the help of tyrosin which works both as a
photoinitiator and as a stabilizer.229 The formation mechanism of Ag® was proposed
by P.Kashirsagar et. al. 22° with the probability of formation of dityrosine (reaction

3.3) under UV irradiation.
Tyr~ - Tyr® + e, 3.3

e, +Agt — Ag° 3.4
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Tyr® + Tyr® - Tyr — Tyr 3.5

As shown in reaction 3.3, tyrosine radical formed with the release of solvated
electrons. These solvated electrons have high probability to photoreduce silver ions
to silver metals. The stability was achieved with the help of photo-oxidation
products of tyrosine such as dityrosie etc, Ultrafine silver metal particles in the
presence of PVP and benzoin was prepared and characterized by T.lkature et.al.230
In their study, they determined the effect of the benzoin concentration on the
absorption band of silver particles, which shifts greatly to shorter wavelength i.e.
from 420 nm to 400 nm with the increase in benzoin concentration. However, with
the help of TEM micrographs it was shown that the particle size decrease with
increasing benzoin concentration. This result was interpreted by the fact that
benzoyl and benzyl radical inject electrons into Ag particles, and the strong

repulsion forces can be obtained with the increase in the benzoin concentration.

Highly fluorescent silver nanoparticles (AgFNPs) have also been prepared by facile
photochemical method by using ketyl radical i.e. 1-2959, and the formation and
stabilization of photreduced AgFNPs was tested in the presence of different amines.

231 They proposed mechanism of the formation of silver nanoparticles is shown

' ’
OH Fy .
—_— * —0H
HUwD HD"‘*’“‘“@
|-2959

>-GH+A9*—F>=Q+A-;E+H'

below.



46 | Photochemical synthesis of Silver and Copper nanoparticles

The formation and stabilization of Ag particles was tested with and without the
presence of different amines like cyclohexylamine, hexadecylamine, triethylamine,
butylamine. However, the best results obtained were in the presence of

cyclohexylamine and hexadecylamine (shown in Figure 19).231
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Figure 19 Growth of absorbance band by UV-irradiating silver trifluoroacetate in the
presence of cyclohexylamine and hexadecylamine?231

Absorbance spectra in the presence of cyclohexylamine and hexadecylamine in

toluene as a solvent are shown in Figure 19.

Silver nanoparticles were prepared by photoreducing the AgBr solution by using
ascorbic acid as a reductant.232 Effect of the different concentrations of ascorbic acid
on the Plasmon absorption of the obtained silver nanoparticles was studied with the
help of UV-vis spectra. Photoreduction of silver bromide in the presence of ascorbic

acid is shown in Figure 20
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Figure 20 Photoreduction of silver bromide in the presence of ascorbic acid?32

The absorption peaks of the obtained silver nanoparticles with the different molar

ratios of AgBr:reductant i.e. 1:1.5, 1:3, 1:4.5, 1:9 are at 429 nm, 428 nm, 419 nm, and

389 nm. The decrease in the wavelength of the absorption peaks with the increase in

the molar ratio of AgBr:reductant may be due to the decrease in the particle size of

the silver particles. An additional absorption in the wavelength with the increase in

the molar ratios of silver bromide to ascorbic acid may be due to the very large

aggregates of the silver particles.
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Figure 21 UV-vis spectra of silver nanoparticles by changing molar ratios of AgBr/ascorbic

acid232

The silver particles were stabilized by adding gelatin, and the stability of the

obtained particles was monitored with the help of UV-vis spectra. UV-Vis spectra of
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the stored solutions were performed three times, at different times: after finishing of
synthesis, after 48 hours and after 48 days following the finish of silver

nanoparticles synthesis.

As can be seen from Figure 22, there is no change in the absorption wavelength of
the particles even after 48 days since their formation. It implies that the size of
particles remains constant. According to literature, 232 the shift in the absorption
peak with the passage of time show an increment in the size of the particles. Hence,
it can be stated that gelatin used as a protective agent in the dispersion systems

containing silver colloids feature a sufficiently high stability.
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Figure 22 UV-vis spectra of stabilized silver nanoparticles after 48 hours and after 48

daysz32

A simple photochemical reduction technique to synthesize silver metal particles and
the effect of the various polymer stabilizers was observed by A. Henglein.#8 With the
help of UV-irradiation, ketyl radicals were generated with the excitation of acetone
and subsequent abstraction of hydrogen from 2-propanol (shown in reaction ).
These generated ketyl radicals are strong reductants, and they react further with Ag*

ions.
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CH,COCH,* + (CH,),CHOH — 2(CH,),COH
(CH,),COH == CH,COCH, + H* + &~

(CH,),COH + Ag* — (CH,),CO + H* + Ag"

The effect of the addition of different polymeric stabilizers (polyethyleneimine,
sodium polyphosphate, sodium polyacrylate, and polyvinyl pyrrolidone) was
checked. The narrowest size distribution with the best optical properties was

obtained using polyethyleneimine.

Silver/polypyrrole core shell nanoparticles in the presence of PVP were produced by

one step UV-induced polymerization.22

v ‘%‘ B A S

' 100nm Slim

Figure 23 TEM image of silver/polypyrrole core shell nanoparticles?2

With the addition of PVP, it was observed that the core shell structure of
silver/polypyrrole formed instead of silver/polypyrrole mixture as shown in Figure

23. Silver nanoparticles in the range of 10-40 nm were produced.

3.3 Photochemical synthesis of Cu NPs

As compared to other noble metal nanoparticles, synthesis of copper nanoparticles
is the most challenging task since copper nanoparticles are fairly unstable in

ambient conditions. However, copper is much cheaper than other available noble
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metal nanoparticles including silver, also possesses reasonable conductivity?233
(6%]less than that of Ag), therefore, it is economically attractive. It is an inexpensive
metal?3¢ but like other noble metals, it possesses electronic23>, catalytic?36,
antimicrobial?37 and optical properties238. Apart from its useful properties the main
challenge to use them in practical applications lies in their inherent tendency to
oxidize when exposed to air23°-240 and aggregation of nanoparticles which may give
rise to unwanted properties of the particles24l, The formation of oxides on the
surface of the nanoparticles give rise to a major problem i.e. the reduction in
electrical conductivity and therefore restricts their use in conductive printing
applications233. There are different techniques reported since 1990s to synthesize
copper nanoparticles; including chemical reduction in solution by using
hydrazine2?38, sodium citrate24?, polyol?43 and sodium borohydride244,
electrochemical deposition?4>, and photochemical reduction6 230246, There are
different approaches to protect the metal particles by hindering the oxygen
penetration to the surface of these particles, and to prevent agglomeration and
coagulation processes. A protective thin layer of silica has been in use to avoid the
interaction of oxygen molecules with the nanoparticle surface and to prevent the
nanoparticles from aggregating and contacting each other. A lot of work has been
done to protect the noble metal particles by coating their surfaces with silica
layer247-251, However, Kobayashi et al. 253 prepared Cu nanoparticles in aqueous
solution by chemical reduction method and reported the stability of copper
nanoparticles in an open atmosphere for at least one month with the help of silica
coating. A more commonly employed technique to stabilize the metal particles is
with the help of surfactants, they may avoid the aggregation of the particles by
binding themselves to their surface. Size and shape of the Cu NPs may be controlled
by using different surfactants like oleic acid?40, alkanthiols2°3, sodium dodecyl

sulphate?54, CTAB23? etc.

Another promising approach to stabilize the Cu NPs is to use polymers as capping
agents. Among these polymers, poly (N-vinylpyrrolidone) (PVP) has been widely
used as a capping agent for the stabilization of nanoparticles>6 241255 Jeong et al.256

demonstrated the effect of the weight of PVP on the size of the Cu NPs, and thereby
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confirmed that there is a direct relation between the mol. wt. of PVP and the particle
size of NPs, which in turn determines the electrical conductivity of the film formed.
Kobayashi et al. 23* employed a conductive polymer i.e. polypyrrole to chemically
stabilize copper nanoparticles, and hence those particles coated with polypyrrole

proved to be chemically stable even in the air for at least 50 days.

The simplest and more economical among all the above mentioned techniques is the
use of UV-irradiation to reduce metal salts in the presence of any suitable
photoinitiator. Only a limited data is available on this technique to synthesize and to

stabilize copper nanoparticles.

S.Kapoor et al. 5¢ reported for the first time the photochemical fabrication of copper
nanoparticles by using PVP as a capping agent. S.Kapoor et al.>6257 photosynthesized
copper nanoparticles with the help of CuSO4 by using the free radicals produced by
the photoinitiator (Benzophenone), in the presence of stabilizers PVP and gelatin
respectively. They studied the effect of the presence of Benzophenone (BP) on the
formation of Cu nanoparticles, and the size of Cu nanoparticles obtained was shown
to be 15 nm. The experimental results show there is no effect on the size of copper
particles, with the change in the CuSO4 concentration. However, with the change in
PVP concentration a change in the particle size of the copper particles was observed

as shown in Table 3.2

Table 3.1 Dependence on Cu size particles with the PVP concentration

PVP (wt %) Absorption band D (nm) c
(nm)

0.1 565 20 7.2

0.25 565 18 4.5

0.5 565 15 4.0

Ikatura et. al. 230 determined the suitable conditions for the photoreduction of (Cu
(C104)2) in an ethanol solution. The photoreduction from copper ion to copper metal

was only observed both in the presence of benzoin and UV-light, a distinct peak of
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copper colloid was observed at 570 nm. Absence of any one of this variable would
not result in the photoreduction of the copper ion. The effect of the different
concentrations of benzoin on the absorption spectra of the obtained copper particles
(shown in Figure 24) shows an increase in the absorption peak at 570 nm with the

increase in benzoin concentration. In the absence of benzoin no peak is observed.

Absorbance

Wavelength / nm
Figure 24 Change in the UV-vis absorption spectra of (Cu (ClO4)2) in an ethanol solution

irradiated for 60 mins23°

The above results imply that benzoin works efficiently for promoting the
photoreduction of copper ions via photolytically produced benzoyl and benzyl

radicals or benzaldehyde. The a-cleavage of benzoin is as follows:

OH O OH 0 o
Il o | I /
G OadOHRIC R i€
H H H

Benzoin benzyl benzoin benzaldehyde
radical radical
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Giuffrida et al.246 reported two step photochemical route to fabricate colloidal
copper in an ethanol solution. The photoreduction of copper complex Cu (acac)z in
their report underwent photoreduction in two steps. First the complex Cu(acac):
absorbs UV light, Hacac released and copper(1) alkoxides formed, then with the
release of acetylacetone with an electron transfer, colloidal copper obtained. The
photoreduction of copper complex was investigated in the presence of PVP, and the
data collected by characterizing the obtained copper nanoparticles show that the
added PVP can play two roles i.e. of a sensitizer and can act as a surfactant, and

0.05M concentration of PVP was enough to obtained particles in the range of 4nm.

Zhu et al.5% used CuCl2.2H20 to prepare Cu nanoparticles and Cu patterned surfaces
in the presence of amine by using the free radicals produced by the photolysis of

photoinitiator Irgacure 184 under UV-irradiation.

Figure 25 Photolysis of photoinitiator under UV-irradiations¢

They studied the photoreduction phenomena by UV-vis spectroscopy and gas-
chromatography-mass spectrometry. In order to improve the size of the obtained
particles, polymeric capping agent i.e. PVP was added to the solution which not only
helps in reducing the particle size but also assists in narrowing the particle size

distribution of the copper nanoparticles obtained in an ethanol solution.

Copper nanoparticles obtained by radiation induced synthesis technique in the
presence of PVA (Poly-vinyl alcohol) as a stabilizing agent, were characterized by
UV-vis absorption spectra. The absorption peak shifted towards higher wavelength
(i.e. to 590 nm from 575 nm) with the decrease in the PVA concentration. This shift
in absorption wavelength relates to the increase in particle size with the decrease in

the PVA concentration.211-a
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Figure (26-a) UV-vis spectra of copper nanoparticles in the presence of 5exp-3 M CuSOQs,
2exp-1N 2-propanol, in different concentrations of PVA, (a) 0.79, (b) 1.5, (c) 2.3, (d) 3.4exp-
2 M. (23-b) Histogram of Cu particles in the presence of 5exp-3 M CuSQs4, 2exp-1N 2-

propanol, 3.4 exp-2 M PVAZ211-a

In their experimental work, S.S. Joshi et al?11-2 proved with the help of TEM and XRD
analysis, which with the addition of PVA as a capping agent, stabilized copper

nanoparticles in the range of 49nm were obtained.
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3.4 Polymer-metal nanocomposites

The polymer nanocomposites are one kind of composite materials comprising
mainly of nanometer-sized inorganic nanoparticles, in the range of 1-100nm?258-259
The first reported polymer nanocomposite in the literature is by Liidersdorff>2 A
gold salt was reduced in the presence of gum arabic, and as a result nanocomposite
in the form of purple solid was obtained, by co-precipitating gum arabic and gold

together in ethanol.

A substantial rise in the fabrication of polymer-metal nanocomposite is observed
from the last two decades. A dramatic increase in the interest of the preparation of
Polymer matrix composites is due to their unique optical, catalytic, electric and

magnetic properties260-262, 83-86

Considerable change in properties can be observed with the reduction in size and by
carefully designing metals with important cooperative physical phenomena such as
superparamagnetism, size-dependent band-gap??, but the limitation in their use is a
high manufacture expense.ll* However, polymers are known to be flexible,
lightweight materials and can be produced at a low cost. They are also known to
allow easy processing and can be shaped into thin films by various techniques such
as dip-coating, spin-coating, film-casting, and printing.??

Generally, there are two approaches which can be used to synthesize nanoparticles
in a polymer matrix i.e. in-situ and ex-situ techniques (as discussed in Section 2.4 of
Chapter 2)

However, because of the objective of this work, the discussion will be entirely
devoted to the in-situ photochemical synthesis of silver and copper nanoparticles

embedded in a polymer matrix.

3.4.1 Polymer nanocomposites embedded by Ag particles

The main goal in carrying out this research was in-situ photo synthesis of silver NPs
in an acrylic resin in order to increase the electrical conductivity of the resultant

polymer nanocomposite. Two main strategies can be followed to enhance the
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electrical conductivity of a photo cured material: by a top-down approach
conductive filler is homogeneously dispersed within the polymeric matrix reaching a
percolation threshold and therefore a low surface resistivity263-268 alternatively a
bottom-up approach can be pursued, where metallic conductive nanoparticles are
generated in-situ during the photopolymerization process.269-270.97.88 [n the bottom-
up process, while metal nanoparticles are formed by electron transfer from the
photochemically generated free radical to the salts, polymerizations are initiated by
free radicals or carbocations thus formed depending on the type of monomers and
photoinitiating system used in the formulation. However, despite the success of the
process, it is possible to reach conductive behavior only for large metal particles
precursor contents, which would affect strongly the processability and cost of the

formulations.264-265271,

Another way to gain electrical conduction is the use of conducting conjugated
polymers: their preparation by photochemical means has scarcely been investigated
although, in particular those based on pyrrole and derivatives, are extensively used
in the fabrication of electronics and electro-optic devices due to the characteristic
electronic and optical properties.?2’2 Yagci and co-workers?’3 demonstrated that
polythiophene can be obtained by UV-irradiation using onium salt as light absorbing
compound. Sangermano et al. 274 described a novel methodology for fabricating
conductive epoxy-polythiophene network films by simultaneous photoinduced step-

growth and cationic ring opening polymerization processes.

The dielectric constant of in-situ photochemically synthesized Aluminum/epoxy
composites was measured by J.Lu et. al.?> with and without the presence of Ag
particles. The results show an increase of 50% of dielectric constant for the

composites containing Ag particles (shown in Figure 27).
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Figure 27 Dielectric properties of Al/epoxy and Al/Ag-epoxy composites with different Al

filler loading?s

Based on the results, it was suggested that Ag-polymer nanocomposites prepared
via photochemical approach can be employed as a high-K polymer matrix to host

various fillers such as conductive metal or high dielectric constant ceramic filler

ljeri et. al.#” proposed the preparation of conductive films by an in-situ reduction of a
silver salt in the presence of pyrrole and a UV-curable monomer. They obtained the
polymer matrix free radical photopolymerization, while simultaneously, under UV
exposure, the silver nitrate oxidized pyrrole to polypyrrole and reduced itself to
metallic state. With this technique a high surface conducting polymer composite
could be achieved thanks to the conductive conjugated polymer (polypyrrole) and
the uniform distribution of silver metal particles. In this study, we demonstrated the
effect of the presence of the pyrrole concentration on the preparation of silver

nanoparticles.

Silver particles were synthesized in the epoxy resin by exposing them to UV light.%>

Furthermore, a lot of literature has been published on this technique as it is very
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efficient, easy and less expensive than the other available techniques57.2¢.The effect
of the silver particles content on the dynamics and relaxations of the polymeric
chain and on the electrical properties of the epoxy/silver nanocomposites was
observed by G.Kortaberria et.al.2’> With the increase in silver precursor, a decrease
in the glass transition temperature was observed, the reason behind this may be due
to the presence of solvent which acts as a plasticizing agent. The evolution of the
parameters shows that the percolation threshold was not achieved even for the
maximum amount of silver precursor i.e. 20%. The evolution of dielectric constant,
tané and AC conductivity with nanoparticle content at room temperature and

several frequencies ranging from 1 kHz to 1 MHz is shown in Figure 28
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Figure 28 Evolution of dielectric constant, tan$ and AC conductivity with nanoparticle

content at room temperature and several frequencies ranging from 1 kHz to 1 MHz275
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Noble metal nanoparticles like Ag, Au, Cu etc can be in-situ synthesized in a one step
photochemical method.47. 49-50, 53-54, 56, 97 to incorporate electrical conductivity in

insulating polymers.

A good amount of information is available on this subject. For example, the function
of silver nanoparticles incorporated in a photo chemically produced polymeric films
i.e. polypyrrole was observed in terms of electrical conductivity by M. A. Breimer et.
al.?® They found the electrical conductivity of the silver nanoparticles dispersed in
polypyrrole films to be 3x10-2 S/cm?, which appears to be quite in good agreement

with the value available in literature.
3Py + 6AuCl; + hv - [Py — Py — Py|*AuCl; + 3HAuCl, + 2Au’ + 8HCI ...3.7

3Py + 4AuCl3 + NaDS + hv
- [Py — Py — Py]*DS™ + HAuCL,+ NaCl + 3Au’ + 7HCI.......3.8

The aim of this work was to produce electrically conductive UV-cured films by
irradiating an acrylic difunctional monomer in the presence of silver nitrate, pyrrole,

and a photoinitiator.
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Among different available conducting polymers, polypyrrole is one of the most
promising as it offers different effective properties like conductivity, chemical
stability and some other®%-2, The conductive behavior of polymers in general is
attributed to their conjugated structures, which may help in transporting the charge
electrons. In the last century, discovery of conducting polymer (polyacetylene) has
changed the face of the science and therefore role of the polymers have changed
drastically. Akamatu et al.?¢® discovered the electrical conductivity in molecular
charge transfer complexes which is a cause to promote the development of

conducting polymers.
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Figure 29 Conductivities of different materials (conductors, semi-conductors, insulators and

superconductors) with comparison with the conducting polymers.%-
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This breakthrough opens up the possibility of utilizing these lightweight and flexible
polymers in different electronic devices. A lot of different other conjugated
conducting polymers have been synthesized since then, and work in this field is still
very dynamic. These conjugated conducting polymers have conductivities in the

range of 10-1% to 105S/cm as shown in Figure 29.

The charge associated with the oxidized state of the polypyrrole is delocalized over
pyrrole units and form a radical cation (polaron) or a dication®7-2 as shown in Figure
30. A polaron may be a radical cation (oxidation) or a radical anion (reduction).
Theoretical studies show that the polaron states of polypyrrole are located about
0.5eV from the band edges. A polymeric chain having a polaron when subjected to
further oxidation, an electron may be removed from the polaron or from the rest of
the chain. In the former case, a polaron radical is removed and two new positive

charges form. While in the second case, two polarons are formed.

B

A /M‘(J/\ /).\_(J,\ )\Q,, Polypyrrole (undoped)

l Removal of an electron

¢ Polaron
L

Bipolaron

Figure 30 Conduction mechanisms in Polypyrrole?7-
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The formation of bipolaron causes the further reduction in ionization compared to
two polarons, hence proving that formation of bipolaron is thermodynamically more
favorable. The quantum chemical calculations showed the lesser value of bipolaron

energies i.e. 0.4eV.97b

In this work we have tried to optimize the process of producing a conductive UV-
cured film containing polypyrrole and silver particles. First of all, we investigated
the reduction of the silver salt dissolved in a solvent as a function of the irradiation
time, presence of pyrrole, and monomer/salt ratio. The size and morphology of the
particles was studied. We repeated the process using a difuctional acrylic monomer,
thus forming films whose conductivity was significantly increased. (will be discussed

in Section 5.3)

3.4.2 Polymer nanocomposites embedded by Cu NPs

Giuffrida et al?27¢ devised a novel technique to prepare nanoparticles and films, both
were prepared from a bis (2, 4-pentanedionato) copper (II) [Cu-(acac) 2] ethanol
solution under UV irradiation at 254 nm by controlling the homogeneous versus the
heterogeneous nature of the formation process. This reaction depends primarily on
the UV absorption of Cu (acac)z. The hemolytic cleavage of the Cu-0 bond is caused
by the irradiation of the ligand-to-metal charge-transfer band. The photoreaction
was completed after more than 4.5 h when the concentration of the Cu (acac):

ethanol solutions was 104M.

Zhu et. al.> prepared copper film and copper patterns directly on the transparent
substrate. In their test, copper particles were grown directly on the surface of
polyester film by contacting the film with the CuCl;-amine coordination complex

when it is irradiated.
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Figure 31 Direct pattern formation on the polyester film by UV-irradiation (b) Microscopic
image of the copper pattern>0

The copper pattern formed directly on the surface of the film by UV-irradiating for
10 minutes. The image of the copper stripes was obtained by optical microscopic

image as shown in Figure 31.

Cu+polyzster film

\ anm '/\\

_polveser dlm

Figure 32 XRD pattern of the copper pattern on the polyester filmss0 '

The first work reported by K. Mallick59-2 describing a single step synthetic way to
prepare polymer-copper based nanocomposite by using copper sulphate as a salt,

whereas o-toluidine used as a precursor. In their work, during the reaction o-
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toluidine was oxidized and forms poly (o-toluidine), while on the other hand cupric
sulfate gets reduced and forms copper nanoparticle. The conductivity of Cu-poly (o-

toluidine) was found to be 10-3 S/cm-1, measured by four probe method.
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4.1 Objective

The aim of this work is to fabricate electrically conductive polymers by using noble
metal nanoparticles with the help of one step free radical photopolymerization
technique. In a systematic way, first the effect of UV-irradiation was observed on the
silver and copper based ethanol solutions. After synthesizing and characterizing
these MNPs based solutions; the next step carried out was to investigate the
contemporary acrylic resin crosslinking reaction and consequently in-situ

generation of these nanoparticles.

The protocol of the work done here to obtain UV-cured conductive polymeric films is
same for both type of metal salts used: initially photoreduction of the ethanol
solution containing silver and copper salt under UV irradiation was carried out. The
production of metal nanoparticles in ethanol was confirmed with the help of
different characterization techniques like UV-vis spectroscopy, XRD and TEM
analysis after this, the same process was repeated in an acrylic media i.e.
difunctional acrylic monomer, thus obtained the metal embedded UV-cross linked
polymeric films. The structural and morphological properties of incorporated metal
nanoparticles were examined with respect to the role of the metal ions, time of UV-

irradiation, monomer/salt ratio.

4.2 Experimental Setup

In this chapter, materials and instruments used to carry out this research are
presented. The materials used for synthesis of silver and copper nanoparticles, the
detailed procedure of the synthesis technique are given in separate sections (4.3,

4.4). Finally the equipments used for their characterization is listed at the end.
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4.3 Materials and Synthesis of Silver nanoparticles

4.3.1 Materials

Polyethylene glycol di acrylate (PEGDA) having an average molecular weight of 700
was purchased from Aldrich. Silver Nitrate (AgNO3) (99.5%), Pyrrole (C4HsN, 98%),
Polyvinyl pyrrolidone (PVP) (Mw= 40,000 g/mol), Ethanol (C2HsOH) were obtained
from Aldrich. The free radical photoinitiator used was 2-hydroxy-2-methyl-1-
phenylpropan-1-one (Darocur 1173) provided by BASF. All of the chemicals were

used as such without any further purification.

4.3.2 Synthesis of Ag NPs from ethanol solutions

Solution of AgNO3 in ethanol were prepared by mixing different concentrations of
silver salt (5wt%, 10wt%, 20wt %) in the presence of photoinitiator (0.002%w/v)
with and without the addition of pyrrole (2wt %). Each resulting solution was
irradiated for different intervals of time (1min, 3min, 5min and 10min) under UV
light at a radiation intensity of 45mW/cm? under nitrogen.

After confirming the formation of silver particles with and without the presence of
2wt% pyrrole in the presence of different concentration of silver salt. We tried to
stabilize the obtained silver particles against aggregation and nucleation.

We demonstrated the effect of the PVP concentration on the preparation of
stabilized, homogenously dispersed silver nanoparticles in ethanol. For this reason,
solution of 10wt% AgNOs3 in ethanol was prepared in the presence of photoinitiator
(0.002%w/v) with and without the addition of pyrrole (2wt %). And at the end,
different concentrations of PVP (1wt%, 2wt%, 4wt%, 6wt%, 8wt%, 10wt %) were
added respectively in order to characterize the obtained particles in terms of their
stability. Each solution was UV-irradiated at an intensity of 45mW/cm?2 under

nitrogen for different irradiation times i.e. (1min, 3min, 5min and 10min).
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4.3.3 Synthesis of polymeric composites embedding Ag NPs

Polymer composites were prepared by dissolving different concentrations of AgNO3
(5wt%, 10wt%, 20wt %), pyrrole (2wt %) and photoinitiator (2wt %) in the PEGDA
oligomer. The resulting formulation was coated on glass substrates (film thickness
100 pm) and exposed to UV light at a radiation intensity of 45mW/cm? under

nitrogen for the necessary time to assure curing as depicted in Figure 33.

hv
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Figure 33 Block Diagram of the UV-curing process

In order to stabilize and to observe the effect of adding PVP on the particle size and

size distribution of the silver particles obtained in an acrylic resin.

Based on the experimental results obtained by adding different concentrations of
PVP in an ethanol solution containing silver particles. We chose to work with the
two different concentrations of PVP ie. (1wt % and 2wt %). The polymeric
formulation was prepared by adding AgNOs (10wt %), pyrrole (2wt %) in the
PEGDA oligomer. After this, 1wt% and 2wt% PVP was added and mixed in the same
formulation with the help of ultraturax by mixing them for 2 minutes respectively.
At the end photoinitiator (2wt %) was added. The resulting formulation was coated
on glass substrates (film thickness 100 pm) and exposed to UV light at a radiation

intensity of 45mW/cm?2 under nitrogen for the necessary time to assure curing.
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4.4 Materials and synthesis of Copper nanoparticles

4.4.1 Materials

Polyethylene glycol di acrylate (PEGDA) having an average molecular weight of 700
was purchased from Aldrich. Copper chloride dihydrate (CuCl2.2H20) and Copper
Sulphate (CuS04.5H20) were used as copper precursors; Diethanol amine (DEA),
methanol and ethanol were purchased from Aldrich. Benzophenone (BP) was
supplied by BASF. PVP (Mw=40,000 g/mol) and Pyrrole (Cs4HsN, 98%) were
purchased from Aldrich. Sodium ascorbate was purchased from Aldrich. Different
photoinitiators used i.e. Camphorquinone (4,7,7-trimethylbicyclo[2.2.1]heptane-2,3-
dione), Darocur TPO (Diphenyl (2,4,6-trimethylbenzoyl)- phosphine oxide), Darocur
1173 (2-Hydroxy-2-methyl-1 phenyl-1-propanone), Irgacure 784(Bis (eta 5-2,4-
cyclopentadien-1-y) Bis [2,6-difluoro-3-(1H-pyrrol-1-yl)phenyl] titanium), Irgacure
2959 (2-Hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone), Irgacure
907 (2-Methyl-1-[4-(methylthiol)phenyl- 2-(4-morpholinyl)-1-propanone), Irgacure
819 (Phosphine oxide, phenyl bi 2,4,6-trimethyl benzoyl) , ITX(Thioxanthen-9-one)
were provided by BASF. All these chemicals were used as received without any

further purification.

4.4.2 Synthesis of CuNPs from solution

In order to prepare ethanol solution of copper salt, 0.01M CuCl; was dissolved in
10ml ethanol in the presence of 0.02M photoinitiator (benzophenone) and then
mixed them for 3 minutes in an ultrasonic bath. The solution was purged by
bubbling nitrogen in the cuvette containing solution for 10 minutes, and then the
cuvette was sealed to avoid the contact with oxygen. The solution was irradiated for
different intervals of time (1min, 3min. 5min, 10min) under UV light at a radiation

intensity of 45mW /cm?2.

However, in order to prepare copper amine coordination complex 0.01M CuCl; was

dissolved in 10ml ethanol in the presence of 0.02M photoinitiator (benzophenone)
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and then mixed them for 3 minutes in the ultrasonic bath. After adding all these
contents, 0.04M diethanol amine was added in the same solution to make an amine

complex.

The resultant copper-amine complex was diluted as per requirement and deaerated
in UV cuvette by bubbling nitrogen for ten minutes and then sealed that cuvette to
inhibit the oxygen contact. The solution was irradiated for different intervals of time

(Imin, 3min. 5min, 10min) under UV light at a radiation intensity of 45mW/cm?2.

To check the effect of UV-irradiation on any other copper salt, CuSO4 was chosen to
study the behavior upon irradiating the solution for different intervals of time. In
this case, 0.01M CuSO4 was dissolved in 10ml methanol (copper sulphate being
highly polar in nature is not soluble in ethanol) in the presence of 0.02M
photoinitiator(benzophenone) and then mixed them for 3 minutes in ultrasonic
bath, after this 0.04M diethanol amine was added to make copper-amine complex. In
a very similar manner, the resultant copper-amine complex was diluted as per
requirement and deaerated in UV cuvette by bubbling nitrogen for ten minutes and
then sealed that cuvette to inhibit the oxygen contact. The solution was irradiated
for different intervals of time (1min, 3min. 5min, 10min) under UV light at a

radiation intensity of 45mW /cm?.

4.4.2.1 Stabilization of CuNPs in solution

In order to stabilize the obtained copper nanoparticles, two polymer capping agents
were used i.e. PVP and pyrrole. First of all, CuClz-amine was prepared by dissolving
0.01M CuClzin 10ml ethanol, and then 0.02M photoinitiator (benzophenone) was
added and mixed them for 3 minutes in an ultrasonic bath, 0.04M diethanol amine
(DEA) was added to the CuCl;-ethanol solution. At the end, 0.2% (w/v) pyrrole was
added in the CuClz-amine coordination complex. Afterwards the solution was
deaerated in a quartz cuvette by bubbling nitrogen for 10 minutes, and then the

cuvette was sealed with a rubber plug. UV-vis spectra were recorded after different
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intervals of irradiation time (1min, 3min, 5min, and 10min).

In order to stabilize with the help of PVP, CuClz;-amine coordination complex was
first formed by dissolving 0.01M CuClzin 10ml ethanol in the presence of 0.02M
photoinitiator(benzophenone) and mixing them for 3 minutes in an ultrasonic bath
and at the end 0.04M diethanol amine (DEA) was added. 0.5% (w/v) PVP was added
in the CuClz-amine coordination complex which serves as a polymer capping agent.
Afterwards, the obtained solution was deaerated in a UV cuvette by bubbling
nitrogen for 10 minutes. The changes in absorbance were measured with the help of
UV-vis absorption spectra by irradiating the solution for different intervals of time

(1min, 3min, 5min, and 10min).

All the copper-amine complexes and the also the copper-ethanol solution prepare

and UV-irradiated for different intervals of time were stored in the air tight cuvettes.

Sodium ascorbate was also used to achieve stability of Cu nanoparticles in solution
form against oxidation. To serve the purpose, solution of 0.01M CuClz, 0.02M sodium
ascorbate (Na-asc.) was prepared in 10 ml H20, as Na-asc is not soluble in ethanol. In
this solution Darocur 1173 is used (0.02M) and 0.04M DEA is added in the presence
of (0.5w/v) % of PVP. The solution was irradiated for different intervals of time
(Imin, 3min, 5min, and 10min) in the presence of nitrogen at an intensity of
45mW.cm-2. And the resulting solutions after irradiation were not stored in the air
tight cuvettes, as were used in all the other solutions containing copper salt. The

formation of Cu-NPs and their stability was checked with the help of UV-vis spectra.

4.4.3 Synthesis of polymeric composites embedding CuNPs

Polymer composites were prepared by dissolving different concentrations of copper
salt: 0.5wt% and 1wt% CuCl; and 5wt% photoinitiator (benzophenone) in a few
drops of ethanol, PEGDA oligomer 1g was added in this formulation and finally
2wt% diethanol amine was added. The resulting formulation was coated onto glass

substrates (film thickness 100 um) and exposed to UV light at a radiation intensity of
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45mW/cm?, under nitrogen for the necessary time to assure curing as depicted in

Figure 33.

In order to stabilize the polymeric films against oxidation containing copper

nanoparticles. Two polymeric capping agents were employed i.e. PVP and pyrrole.

The polymeric formulations containing copper salt in the presence of these capping

agents were prepared as given below,

1. 1wt% CuCl;, 5wt% photoinitiator (benzophenone) were mixed in a few
drops of ethanol, PEGDA oligomer was added in this formulation and finally
2wt% diethanol amine was added. In this case, for stabilization to be
achieved, 0.2wt%Pyrrole was added in the polymeric formulation.

2. 1wt% CuClz, 5wt% photoinitiator (benzophenone) were mixed in a few
drops of ethanol, PEGDA oligomer was added in this formulation and 2wt%
diethanol amine was added. In order to achieve stabilization 0.5wt%PVP was
added in the same copper amine formulation, and mixed with the help of
ultraturax for 5 minutes.

These resulting formulations were UV irradiated by coating them on to glass
substrates with a thickness of 100 um as shown in Figure 4.2 at a radiation

intensity of 45mW/cm? under nitrogen for the necessary time.

4.5 Characterization techniques

Ultraviolet visible spectra (UV-vis). The UV-vis spectra was recorded by using
double beam UNICAM UV2 (ATI Unicam, Cambridge, UK) spectrophotometer in a
spectral range of 190-1100nm. The UV-vis spectra can be obtained for the solutions

as well as for the cure polymeric film.

Transmission Electron Microscopy (TEM) The morphological characterization of
the silver particles in this work was done by transmission electron microscopy

(TEM) in a300 keV transmission electron microscope Philips CM30. TEM
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micrographs were processed with a slow scan CCD camera and analyzed with the

Digital Micrograph program.

Dynamic Light Scattering (DLS) The particles size distribution was measured by

using DLS Zetasizer Nanoseries ZS90 instrument purchased from Malvern

Instrument (UK). This can measure the size of particles in the range from 2 nm to 3

um. Before measurement, all samples were diluted 1:100 (to optimize the

measurement) in water. Each measurement was repeated three times.

The hydrodynamics radius of the particles was calculated by using Stokes equation,
Dg= ksT/6mnRu (4.1)

Where,

D¢= Translational diffusion coefficient

ks = Boltzmann constant

T = temperature of the suspension

n = viscosity of the surrounding media

Ruy= Hydrodynamic radius

X-Ray Diffraction Diffraction measurements was carried out by using an X'Pert
Phillips diffractometer CuKa radiation; 20 range: 2-30°; 20 step: 0.02¢; step time: 2
s), with fixed specimen and moving X-ray source and detector simultaneously of a 6

angle).

XRD analysis is based on Bragg’s law
nA=2d sin 0 (4.2)

Here, n is an integer, A is the X-ray wavelength, d is the distance between crystal
lattice planes, and 0 is the diffraction angle. This law gives the relationship between
the wavelength of electromagnetic radiation to the diffraction angle and the lattice
spacing in a crystalline sample. These diffracted X-rays are then detected, processed
and counted. By scanning the sample through a range of 20angles, all possible
diffraction directions of the lattice should be attained due to the random orientation

of the powdered material.
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Fourier Transform Infrared Spectroscopy FTIR spectra were recorded by using
FTIR spectrometer (Thermo-Nicolet 5700 instrument) on thin samples, polymerized
with different exposure times under nitrogen. Conversion was calculated by
monitoring the decrease of the area of the absorption band of the reactive

functionality ((meth) acrylate C=C peak at around 1620 cm-1) with time.

Thermogravimetric Analysis (TGA)
Thermograms of our sample were performed by using Mettler Toledo TGA/SDTA
851 apparatus. The samples were analyzed under nitrogen flow of 60ml/min from

25°C to 800°C, with a heating rate of 10°C /min.

Differential Scanning Calorimetry (DSC) DSC measurements were performed
under nitrogen flux, at 60°C for 2 hours with a DSCQ 1000 of TA Instruments
equipped with a low temperature probe. The kinetics of the process was studied by

using STARe software.

Field Emission Scanning Electron Microscopy (FESEM) The morphology of the
cured films was investigated by employing field-emission scanning electron
microscopy (FESEM) taken with a high resolution FE-SEM analyses. Using LEO (ex
LEICA, ex CAMBRIDGE) S260 equipped with a system of microanalysis-X.
Accelerating voltage of 300 V to 3 kV (accelerating rate of 100 V) and 4 kV to 30 kV
(accelerating rate of 1 kV) was applied. Samples were put into liquid nitrogen to be
cryofractured, the cross section was analyzed. Samples were metalized with carbon,

under vacuum.

Electrical characterization was performed by means of a two-point probe method.
Conductivity of the cured films was measured between two copper plates used as
electrodes (electrode surface 0, 4 cm?). Electrical measurements were performed by

using a Keithley-238 High Current Source Measure Unit as high voltage source and
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nano-amperometer, multiple measurements in air at room temperature were

performed, in the range [-5, 5] V.
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Chapter 5

Results
and

Discussion
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5.1 Objective

The focus of this project is to synthesize noble metal nanoparticles and study of the
development of UV-cured conductive polymeric films by an in-situ generation of
noble metal nanoparticles.

UV-cured polymeric films are a promising candidate for the realization of flexible
electronics, due to their easy processability, low cost and availability.! This
polymerization technique allows a fast transformation of a liquid monomer into a
crosslinked polymer with tailored physical-chemical and mechanical properties. The
main limit in their application for realization of electronic devices or in ink-jet
technology is related to the very high surface resistivity of the typical acrylic or
epoxy resins employed in UV-curing technology. And to overcome this particular
problem, we have devised a facile and quick method by using two noble metal
nanoparticles.

In this research work, we have tried to synthesize and stabilize silver and copper
nanoparticles embedded in polymer matrices. The first choice is to use silver
nanoparticles along with a conducting monomer i.e. pyrrole. First of all, we
investigated the photo reduction of the silver salt dissolved in a suitable solvent as a
function of the irradiation time, presence of pyrrole, and monomer/salt ratio. The
size and morphology of the particles obtained was studied. We repeated the process
using a photocurable difuctional acrylic photocurable monomer, thus forming a
crosslinked polymer in the form of a film. The particle size embedded in the polymer

resin as well as the conductivity of the resulting films was measured.

In contrast to silver nanoparticles, the synthesis of copper nanoparticles is much
more challenging, since copper nanoparticles are fairly unstable and undergo
oxidation instantly. However, copper costs significantly less than silver, therefore, it
is economically attractive. When copper nanoparticles are exposed to air, surface
oxidation occurs and ultimately aggregation appears in a very short time. We have
tried to achieve the stabilization of Cu nanoparticles. By following the same path,

copper nanoparticles were synthesized both in the solvent and in the polymer.
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We have divided this chapter in two sections; first section describes systems with
silver nanoparticles and the second section describes the results obtained while

characterizing systems with copper nanoparticles.

5.2 Characterization of solutions containing silver salt:
monitoring the reduction process with and without

pyrrole

As a preliminary study we investigated the effect of UV irradiation on silver salt
dissolved in ethanol with and without the presence of pyrrole. The concentration of
silver precursor was kept in the range between 5-20wt%, in the presence of 0.002%
photoinitiator i.e. Darocur 1173, with and without the presence of 2wt%pyrrole.

The details of different formulations prepared to analyze with the help of UV-vis

spectra are given in Section 4.3.2.

5.2.1 Optical characterization

As a preliminary study we investigated the effect of UV irradiation on silver salt
dissolved in ethanol together with pyrrole. The different formulations were
prepared adding increasing silver salt content in the range between 5 to 20 wt%,
while the pyrrole was kept constant at 2 wt% and the photoinitiator (PI) was
0.002%. In Figure 34 are reported the cuvettes containing, as an example, the
formulation with 10wt% of AgNO3 and 2wt% of pyrrole (Py) before and after
irradiation for different times under inert atmosphere. It is evident a clear color
change since the transparent solutions turned brown.

Similar color changes were observed for all the investigated formulations containing
different silver salt concentration. The process was then monitored, during

irradiation, with UV-Vis spectra analyses.
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Figure 34 Color change observed after a) 1 min, b) 3 min, ¢) 5 min d) 10min of UV-
irradiation. [10%AgNOs+ 2%Py+ 0.002%PI].

In Figure35(a-c) the UV-Vis spectra of different solutions before and after irradiation
are reported. The solutions were diluted enough to get the UV-vis spectra in a
desired range (5wt% was not diluted; 10wt% and 20wt% were diluted 1:20 and
1:30 times respectively). In the spectra, a strong absorption below 330 nm is
observed which is mainly due to the photoinitiator and a broad band centered at
around 440 nm formed whose intensity increases as a function of irradiation time.
The growth of this band as a function of irradiation time could be related to the

chemical reactions involving the metal salt and the pyrrole monomer.

On the absorption of light, spontaneous reduction of silver salt from solution occurs
to form silver metal particles. Meanwhile, pyrrole gets oxidized and forms a pyrrole

radical cation through excitation of electrons in the m-orbital.?¢

In order to better interpret the spectra and understand the reaction, pyrrole and

silver ion solutions were studied separately.

UV-Vis spectra were recorded on solutions containing only pyrrole or only silver salt

after irradiation for different irradiation times. In Figure 36 the spectra show the



80 | Results and Discussion

presence of a shoulder centered at around 310 nm when pyrrole is dissolved into
ethanol and irradiated: no other absorption is present at higher wavelength in
agreement with the absence of any visible color change during irradiation. The
shoulder is certainly due to the photoinitiator; however it is increased by increasing
irradiation time. Therefore it could also be attributed to the formation of
polypyrrole, in accordance with the previous literature data?? which demonstrated

the UV-induced polymerization of pyrrole, in the presence of radical photoinitiators.
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Figure35 UV-Vis spectra of the ethanol solution containing 5 wt% (a), 10 wt% (b) and 20
wt% (c) of AgNO:s. All the solutions contained 2 wt% of pyrrole and the radical
photoinitiator 0.002%PI.
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In Figure 37(a-c) we report the UV-Vis spectra of the ethanol solutions containing 5
wt% (Figure 31-a), 10 wt% (Figure 31-b) and 20 wt% (Figure 31-c) of silver salt, in
the presence of the radical photoinitiator, before irradiation and after different

irradiation times.
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Figure 36 UV-vis spectra of 2%Py and 0.002%PI in Ethanol at different irradiation times.

One can see that when AgNOs3 is dissolved in ethanol, before irradiation there is no
absorption peak in the visible region. When the solutions are UV-irradiated, a peak
evidenced at around 430 nm.

This absorption can be attributed to the plasmon resonance effect?2¢ arising from the
appearance of metal particles, suggesting the formation of silver nanoparticles.

It is accompanied by a visible color change of all the investigated solutions: they turn

from transparent to brown after irradiation (already shown in Figure 34).

The mechanism through which the silver nanoparticles form by electron

transference to silver ions from solvent may proceeds like,

Ag* 4+ RCH,0H + Pl + hv - Ag° + RCHOH  (5.1)
nAg® - (Ag°)n (5.2)
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Equation (5.1) shows that Ag* goes to Ag by transferring an electron from the
solvent molecule when UV light subjected to them. And then that Ag® associates with
other silver atoms to form silver nanoparticles as shown in Equation (5.2).

This accurate investigation clearly suggests that, during UV-irradiation, we have at
the same time reduction of silver ions with the formation of silver metal

nanoparticles and polymerization of pyrrole to form polypyrrole.
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Figure37 UV-Vis spectra of the ethanol solution containing 5 wt% (a), 10 wt% (b)
and 20 wt% (c) of AgNOs3 and the radical photoinitiator.

We investigated the photoreduction of ethanol solution containing silver nitrate and

pyrrole in the absence of photoinitiator. The results show that this solution cannot



5.2.1 Optical Characterization | 85

be photoreduced. No visible changes were observed by the UV-vis spectra, which
therefore indicate that no photoreduction under UV-light is possible without using
photoinitiator. Nevertheless the presence of the photoinitiator is essential for the
polymer formation, both for acrylic and for polypyrrole. In an experiment, the
solution containing silver salt and pyrrole was UV-irradiated for different times i.e.
1min, 3min, 5min, and 10min without the presence of photoinitiator. Visible changes
in the color of the solution after irradiation were observed but the UV-vis spectra
shows that the particles are not formed as a huge noise was observed instead of any
particular absorption peak. In a similar manner, polymer formulation containing
silver salt and pyrrole was tried to UV-crosslinked without the photoinitiator, but no

crosslinking was achieved under the same conditions as were used previously.

5.2.2 XRD Analysis

The powder X-ray diffraction (XRD) pattern performed on the sample after
evaporating the solvent confirms that the particles generated were effectively silver
nanoparticles. The recorded spectrum on the composition of 5 wt% of AgNO3 and 2
wt% of pyrrole, after 10 minutes of UV-irradiation is shown in the Figure 38. The
recorded peaks confirmed the presence of silver metal particles. The peaks related
to silver NPs are reported in literature to be: 38.7°, 44.1°, 64.6° and 78.3° [JCPDS No
03-0931].
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Figure 38 XRD analyses of the ethanol solution containing 5 wt% of AgNOs and 2 wt% of

pyrrole, after 10 minutes of UV-irradiation

These data points correspond to cubic crystalline structure of silver and assigned to
(111), (200), (220) and (311) plans of silver respectively?’7. The recorded peaks at
20 angle for our sample were: 38° 44°, 64° and 78°. The possible reason for the
slight decrease with respect to the data reported in literature could be attributed to
the polypyrrole coating formed around silver cores.

To calculate the crystallite size of the particle size obtained, we used Scherrer’s
formula. Identification of unit cells of the obtained silver particles can be done with
the help of the given data. Indexing is a process which can be used to determine the
unit cell dimensions with the help of peak positions. First, miller indices (h k 1)

should be assigned in order to index a diffraction pattern.
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Peak position, 20 1000xSin?0 1000xSin?0 /35 | Reflection Remarks

38

105.99 3 (111) 12+12+12 =3
44. 140 4 (200) 22+02+0%2 =4
64

280.8 8 (220) 22422402 =8
78 379.88 11 (311) 32+12+12=11

Scherrer’s formula to estimate the crystallite size is given,
Kn
" Bcoso (5.3)

Whereas, K=0.9, m=wavelength of x-ray (0.1541 nm), 3= FWHM (full width at half
maximum), 6 = the Bragg’s diffraction angle and ‘D’ is particle diameter size. The

crystallite size of the silver nanoparticles has found to be in the range of 100 nm.

5.2.3 DLS Analysis

Particle size distribution was estimated with the help of DLS technique. In order to
achieve a thorough understanding of the presence of pyrrole and effect of the
irradiation time on the size of the particles, DLS analysis was performed on the
ethanol solution containing different percentages of silver salt i.e. 5, 10 and 20 wt%
of silver nitrate with and without the presence of 2wt% pyrrole, 0.002wt% PI after

subjected to UV-irradiation for 1, 3, 5 and 10 mins.

The DLS curves for different concentrations of silver content w/o and with the presence
of pyrrole for the maximum irradiation time i.e. 10mins is shown in Figure 5.6(a-b). It can
be observed by looking the Figure 39-a) that when there is no pyrrole particle size has

a



88 | Results and Discussion

broad distribution ranging from almost 100 to 800 nm; and there is no particular
effect of the increase in silver content. The mean particle size of 5wt% AgNO3 is
reported to be 370 nm, 10wt%AgNOs3 is 320nm, and for 20wt%AgNO3 is 350nm.
There is no profound effect on the mean particle size of the particles obtained,
however the size distribution becomes narrower with the increase in metal content.
But, in all the cases with different UV-irradiation times there is not any remarkable
difference in the size and size distribution of the particles.

Whereas with the addition of pyrrole (2wt%) in the sample containing increasing
amount of silver content, not much difference in particle size distribution was
observed.

In the presence of 2wt%pyrrole, the mean particle size of 5wt%AgNO3 solution
obtained is 270nm, 10wt%AgNO3 is 310 nm, with the 20wt%AgNOsmean particle
size is 307nm. (Figure 39-b) In all cases of different silver salt concentration and the
addition of pyrrole in the ethanol solutions subjected to different UV-irradiation
times, did not exhibit any remarkable difference in the size and size distribution of
the particles. So, after looking at all these curves we can conclude that particle size of
the silver particles in ethanol solution ranges approximately in the range of 300-

350nm, which indeed agrees with the result obtained from TEM analysis.
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Figure 39 DLS-images of diameter distribution by intensity of nanosized silver colloids (a)

with 5wt% , 10wt%, 20wt%AgNO3 w/o (Py)pyrrole (b) with 5wt%,10wt%,20wt%AgNOs

with 2% (Py) after 10mins UV-irradiation
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5.2.4 TEM Analysis

With the objective of looking into the morphology of these obtained particles, TEM
analysis was performed after UV-irradiating the ethanol solutions. The same
solution chosen to perform XRD was investigated with the TEM as well, i.e.
5wt%AgNO3 and 2wt% pyrrole after 10mins UV irradiation. Quite large aggregates
are evident due to particle-particle interactions and to the high vacuum conditions
of the TEM analyses (shown in Figure 40). It is interesting to remark that the
particles have core-shell morphology: one can suppose that the metal core is
covered by a polypyrrole matrix. And this assumption has already been proved
through the XRD analysis. It can also be noticed that particles have great tendency to
aggregate. The average dimensions of the particles are in the range of 200-300 nm

which is in a reasonable agreement with the values recorded by DLS.

Figure 40 TEM analysis of the ethanol solution containing 5 wt% of AgNO3z and 2 wt% of

pyrrole, after 10 minutes of UV-irradiation.
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5.3 Photopolymerization of acrylic oligomers in the

presence of silver salt and pyrrole

After studying the irradiation of the silver salt with and without pyrrole in ethanol,
the next step was the investigation of the contemporary acrylic resin crosslinking
reaction and in-situ formation of silver metal particles and polypyrrole. In order to
obtain UV-cured acrylic crosslinked films different concentrations of silver salt
(5wt%, 10wt% and 20wt %) and pyrrole (2wt %) were dissolved into PEGDA, the PI
was added in a higher amount (2wt %). The resulting formulations were UV-
irradiated after coating onto glass substrates at a radiation intensity of 45mW.cm
under nitrogen for the necessary time to assure curing. Details of the whole

procedure are discussed already in Section 4.3.3.

5.3.1 FTIR Analysis

At first FTIR analyses were conducted to monitor the curing of PEGDA in the
presence of different concentrations of silver salt (5-20wt %), pyrrole (2wt %) and
PI (2wt %), UV-cured under nitrogen for necessary time to get cured. The analysis
showed that after 30 sec of UV-irradiation one reaches the complete conversion of
the PEGDA acrylic double bond (as shown in Figure 41), with a complete
disappearance of the C=C band centered at around 1620 cm-1. This is in agreement
with the previous investigations267 and attributable to the high reactivity of PEGDA
acrylic resin. When silver salt and pyrrole were added to the monomer, respectively
in the range between 5 to 20 wt% of silver salt and 2 wt% of pyrrole, not any
significant effect was evidenced in the rate of photopolymerization or final acrylic
double bond conversion. Nevertheless, from the previous investigations, we were
aware that a longer irradiation time is needed in order to obtain in-situ reduction of
silver salt and UV-induced polymerization of pyrrole. For this reason the complex
formulations, made of PEGDA, silver salt, pyrrole and radical photoinitiator, were

irradiated for 3 minutes.
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Figure 41 Real time FTIR acrylic group conversion as a function of irradiation time for the
PEGDA formulations containing increasing amount of AgNO3 in the range between 5 -

20wt%.

5.3.2 Optical characterization of UV-cured films

The UV-crosslinked films irradiated for 3 minutes under nitrogen were subjected to
UV-vis spectroscopy analyses. Spectra in Figure 42 show a clear and strong
absorption band centered at around 430 nm and a shoulder below 330 nm, as it
happened for the ethanol solutions in the spectra of Figure 35. The intensity of the
band is stronger than in the spectra of Figure 35 as the solutions were diluted; the
intensity is increasing by increasing the silver salt concentration in the photocurable
formulation. The strong absorption peak at 430 nm can be attributed to the
formation of silver particles plasmon resonance, as previously recorded for the UV-

irradiation of ethanol solution containing the silver precursor. The signal below
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330nm is related to the PI and the formation of polypyrrole, as discussed for the

ethanol solutions.
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Figure 42 UV-Vis absorption of the crosslinked film containing (5-20 wt %) of AgNOzand 2

wt% of pyrrole are reported.

5.3.3 FE-SEM Analysis of UV-cured films

FE-SEM analyses were performed on the cryofractured surface of the crosslinked
films. Images of the surface fracture of the cured film obtained in the presence of

10wt% and 20wt% of silver precursor are shown in Figure 43.



94 | Results and Discussion

The metal particles are very well distributed within the polymeric matrix with a
quite narrow particle size distribution between 50nm to 80nm. Lower particles size
dimensions are obtained with respect to the ethanol solution UV-irradiation. This
could be due to the quick polymer network formation which hindered further
diffusion of the metal particles generated in-situ, avoiding further growing of the

nucleated silver metal germs and agglomeration.

Figure43 FESEM image of the fracture surface of the crosslinked films a) 10wt% AgNO3 b)
20%AgNO3
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5.3.4 Electrical Characterization

Electrical characterization was performed on cross-linked films. The I-V curves are
reported in Figure (44-a) for the PEGDA films containing 5 wt%, 10 wt% and 20
wt% of AgNOs: all the samples showed a linear ohmic behavior. As expected, a
strong increase of conductance was observed by increasing the amount of silver
precursor in the photocured film. By observing FESEM images (Figure 43), it is
possible to ascribe this effect to the formation of a conductive percolative path
through the polymer network induced by the presence of the well distributed silver
nanoparticles. The presence of pyrrole further decreases the resistivity as evidenced
in Figure (44-b). The electrical characteristics demonstrating the resistivity as a
function of silver nitrate content are collected in Table 5.2. The pristine cross-linked
PEGDA showed a value of p of nearly 20 M Q cm, when 5 wt% of AgNOs3 is dissolved
into the monomer the surface resistivity decreased of two order of magnitude and
reached the lowest value of 45,5 kQ cm when 20 wt% of silver precursor was
dissolved into PEGDA. This decrease in resistivity of the UV-crosslinked films is
promising for using such materials in applications where higher resistivity is
required like strain gauges and pressure sensors. This value makes this material
good candidate for resistor materials278.

The further addition of 2 wt% of pyrrole to the formulations always induced a
further decrease of resistivity in comparison with the films obtained only in the
presence of silver salt. This indicates that polypyrrole formed with the proposed
mechanism effectively contribute to current conduction improving electrons flow

through the film.
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This improvement may be attributed to the conjugated structure of polymer which

may help in transporting the charge from one silver nanoparticle to the other.278
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Figure 44 Electrical conductivity of the UV-cured films. (a) with the increase in AgNO3
content (b) with and without the presence of Py.
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Table 5.2 Electrical Characteristics of UV-cured films

Sample G(S) p (Q.cm)
PEGDA 1,27E-9 1,96 E7
+ 5 wt% AgNO3 3,91E-8 6,40 ES
+ 10 wt% AgNO; 1,84E-7 1,36 E5
+ 20 wt% AgNO; 5,50E-7 4,55 E4
+ 2wt% Pyrrole 9,09E-9 2,75E6

+ 5 wt% AgNO;3 + 2 wt% Pyrrole 1,48E-7 1,69 E5
+ 10 wt% AgNO; + 2 wt% 2,20E-6 1,13 E4
Pyrrole

+ 20 wt% AgNO; + 2 wt% 1,69E-6 1,47 E4
Pyrrole

5.3.5 TGA Analysis

This is a technique which involves the measurement of the weight of the sample as a
function of temperature in the scanning mode or as a function of time in the
isothermal mode. So, it is used to characterize the polymer-metal nanocomposites as
it provides information on the thermal stability of the nanocomposite relative to the
polymers.244

Decomposition profiles for our samples were obtained while heating at a rate of
10°C/min in nitrogen from room temperature to 600°C. The relation between the
temperature and weight loss can be observed from Figure 45. It can be observed
easily that there is no profound effect on the thermal decomposition of the polymer
with the increase in silver content. The degradation starts from almost 360°C for all
the samples. The weight percentage of the residual silver content is higher for the
Sample c as compared to the other sample b because of the reason that Sample c
contains more silver content 20wt% as compared to the Sample b (containing 10%
AgNO3). However, (sample-a) is PEGDA in the presence of 2wt% photoinitiator. We
can conclude that addition of different concentrations of silver content does not

affect the thermal stability of the polymer
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Figure 45 Thermograms of Samples: Sample-a (PEGDA+2wt%PI), Sample-b
(PEGDA+10wt%AgNO3+2wt%PI), Sample-c (PEGDA+20wt%AgNO3+2wt%PI)

5.4 Protection of Silver nanoparticles

The details of the preparation of ethanol solution containing PVP is given in detail in
Section 4.3.2. Different concentrations of PVP were added in the ethanol solution
containing 10wt%AgNO3, 2Zwt%Py and 0.002% PI, in order to achieve the stability of
silver particles in the ethanol solution. The aim was to obtain finely dispersed
smaller particles having narrower size distribution. However, the better results in
terms of the reduced particle size without much aggregation were achieved for

1wt%, 2wt%, 4wt%
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and 6wt% PVP. The broad peak of UV-vis spectrum as was shown in Figure 37
indicates the wide range of particle size distribution. Also DLS (Figure 39-b) and
TEM analysis (Figure 40) confirmed this fact that the silver particles obtained have a

very broad particle size distribution especially in the ethanol solution.

5.4.1 Optical characterization of ethanol solution containing silver

particles in the presence of PVP

To make it sure that the silver nanoparticles are distributed finely and there is no
aggregation of the particles, we tried to obtain UV-vis spectra of the ethanol solution

containing suspended silver nanoparticles.

The ethanol solution of 10%AgNO3,2% pyrrole in the presence of 0.002%PI was
chosen to check the effect of the addition of a stabilizer i.e. PVP. The different
concentrations of PVP (1%, 2%, 4%, 6%, 8%, 10%) were added in the solution. In a
similar manner as done before, these solutions were photoreduced these solutions
under UV light in the presence of Nz by varying the time of irradiation i.e. (1min,
3min, 5min, and 10min). All these solutions were diluted enough to get the UV-vis

spectra in a desired range.
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Figure 46 UV-Vis spectra of the ethanol solution containing 10 wt% of AgNO3z+2 wt% of

pyrrole and the radical photoinitiator 0.002%PI. (12a) 1%PVP (b) 2%PVP and (c) 4%PVP
(d) 6%PVP (e) 8%PVP (f) 10% PVP

The peaks containing PVP concentration more than 4% PVP are very broad as
compared to the ones having lesser percentage of PVP. Absorbance spectra (shown
in Figure 46 a-f) collected for all these solutions showed the protective mechanism
with the help of PVP as compared to those spectra in the absence of PVP. However, it
has already been proved in Figure35Figure 35 (a-c) and in Figure 37(a-c) that silver
nanoparticles can be formed in the presence of photoinitiator and UV light,
independent of PVP concentration. However, the addition of this stabilizing agent
(PVP) helps in reducing the size distribution of the particles. But, the amount of PVP

added in order to achieve more uniform sized nanoparticles is also crucial.

Solutions containing lesser amount of PVP have very narrow peaks as compared to
the ones having higher amount of PVP. It can be clearly observed that colloids with
PVP concentration 1wt% and 2wt% show a very strong plasmon band at around

420nm. However, with the increase in PVP concentration to 4wt%-10wt% PVP
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consequently show relatively very broader peaks which can be seen clearly from the
Figure 46 (c-f)

It is observed that the band position of the spectra depends on the particle size and
on the amount of the stabilizer added. The dependence of the particle size on the UV-
vis absorption peak was first studied by Mie82 and then by Wang et al.245b.
According to their findings, with the shift of the absorption peak towards the longer
wavelength, particle size becomes bigger.

Based on the UV-vis spectra it can be concluded that in all samples silver
nanoparticles are formed independently of the PVP concentration. But, with the
addition of stabilizer, peaks with a very strong plasmon resonance can be obtained.
However, with the increase in the concentration of PVP the position of maximum
absorption wavelength is shifted to a larger wavelength. It is observed that silver
nanoparticles with the PVP concentration of 1wt% and 2wt% have the narrowest
peak having tightest size distribution but increase in PVP concentration results in

broader peaks i.e. large size distribution of the particles.

5.4.2 DLS Analysis

DLS analysis was carried out in order to understand the effect of PVP on the particle
size distribution of silver nanoparticles. DLS analysis was performed on the ethanol
solution containing 10wt% of AgNO3 in the presence of 2wt% pyrrole, 0.002wt% PI
and different concentrations of PVP ranging from 1wt%, 2wt%-10wt% after
subjected to UV-irradiation for 1, 3, 5 and 10 mins.

The DLS curves for different concentrations of PVP content in the presence of
pyrrole irradiated for maximum time i.e. 10 mins is shown in Figure 47. It can be
observed clearly by looking the Figure 47 that in the presence of lowest amount of
PVP i.e. 1%, the particle size ranges from 80-300nmwhile the mean particle size is
about 150nm, but by increasing the concentration to 2% PVP the narrowest particle
size distribution ranging from almost 50 to 190 nm is obtained: and the mean
particle size is about 90 nm. If we compare it with the value of particle size
distribution obtained when there was no PVP (was shown in Figure 39-b) this value

reduced almost more than three times. This confirms the theoretical implication



104 | Results and Discussion

about the dependence of particle size on the absorption spectrum of the particles.
So, it can be concluded that the band position depends on the size of the particles
obtained. However, if we study the curves constituting the greater amount of PVP it
is evident that with the increase in its concentration particle size distribution
broadened and the Z-average diameter size of the silver nanoparticles containing
4% PVP is 197 nm and for 6%PVP is 254 nm respectively, which is still less than
those solutions containing no PVP at all.

With the further increase in the stabilizer amount to 8% and 10% even larger
nanoparticle clusters are formed. As can be seen from Figure 47 a broad range of
particle size distribution is obtained. The average diameter size in the presence of
8% PVP is 325 nm, while in the presence of 10% PVP the average Z-diameter size is
calculated to be 350 nm. This phenomenon of increase in the particle size in the
presence of stabilizer may be attributed to the dense polymer network coating on

the silver particles
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Figure 47 DLS-images of diameter distribution by intensity of nanosized silver colloids with

different PVP concentrations after 10mins UV-irradiation.
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Summarizing the results obtained by DLS, one can conclude that average size of
silver nanoparticles and size distribution is broader in comparison with the silver
particles with smaller amount of PVP. The PVP concentration less than 2% may be
too less to prevent the agglomeration of all of the prepared particles, although the
concentration of PVP till 6% provides a means of reducing the particle size of the
prepared silver particles as compared to those prepared without PVP. With further
increase in the PVP concentration, mean particle size and size distribution is
broadened in comparison with silver nanoparticles having no or lower amount of
PVP, which may be due to the thick coating of the polymer around the silver

particles.

Based on the results obtained by UV-vis absorption spectra and DLS analysis of all
the samples containing different PVP concentration, samples with PVP
concentration 2% show the narrowest particle size and size distribution, other
samples with higher PVP concentration have very broad peaks and large size

distribution.

5.4.3 SEM Analysis

Keeping in view the results obtained by UV-vis spectra and DLS analysis, SEM
Analysis was performed on the ethanol solutions containing 1% and 2% PVP after
UV irradiating them for 10 minutes. This study was carried out in order to confirm
the presence of silver particles and to see the effect of PVP on their particle size. Due
to the high vacuum conditions of the SEM analyses, quite large aggregates are
formed and are visible in Figure 48 (a-b). Figure 48 (a) shows the SEM image: in the
presence of 1% PVP the particle size is in the range of 100-200 nm. While in the
presence of 2% PVP, small particles in the range of approximately 24-107nm are
obtained. The values obtained by this analysis correspond with the ones obtained
with the help of DLS. Therefore, it can be concluded with the help of DLS and SEM
analysis that PVP concentration as low as 2% leads to the synthesis of Ag-NPs with a

narrowest size range with the small amount of large clusters.
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Figure 48 SEM analysis of the ethanol solution containing 10 wt% of AgNO3 and 2
wt% of pyrrole, (a) with 1%PVP (b) with 2%PVP after 10 minutes of UV-irradiation
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5.4.4 XRD Analysis

XRD analysis of the ethanol solution containing 10wt%AgNOs, 2wt%pyrrole,
0.002%PI along with the different concentrations of PVP i.e. 1wt%, 2wt%, 4wt%,
6wt% was done to assure the dispersion of nanoparticles in the solution. XRD
analysis performed on the powder obtained after evaporating the solvent is shown
in Figure 38, and the peaks obtained thereby confirmed the presence of silver
nanoparticles. However, in order to confirm that the particles are finely dispersed
throughout the solution and there will be no aggregation of the particles with the
help of the addition of stabilizer. We carried out the XRD analysis, and calculated the
data for the 20range of 10 to 70 degrees with a step of 0.02 degree.

We were not able to collect some good defined peaks for the ethanol solution
containing 1wt% and 2wt%PVP. It can be assumed that this concentration may not
be enough to give very strong signals to be recorded. However, the XRD analysis of
ethanol solution containing 10wt % AgNOs3, 2wt % pyrrole, 0.002 % PI, PVP i.e. 4wt

% and 6wt% has been carried out and is shown in Figure 49(a-b).

With the help of this diffractogram, one can state clearly that the peaks obtained are
of silver particles. This data can be used for the identification of unit cell for any
compound. Indexing is the process which can be employed to determine the unit cell
dimensions with the help of peak positions. First, miller indices (h k I) should be
assigned in order to index a diffraction pattern. The crystallite size of silver particles

is estimated with the help of curve a shown in Figure 49.
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Intensity (a.u)
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Figure 49 XRD Analysis of ethanol solution containing 10wt%AgNOs3, 2wt%pyrrole,

0.002%PI and (a) 6wt% PVP (b)4wt%PVP UV-irradiated for 10 mins.

Table 5.3 Simple peak indexing

Peak position, 20 1000xSin?0 1000xSin?0 / 35 | Reflection | Remarks
37.91 105.5 3 (111) | 12+12+12=3
44.05 140.63 4 (200) | 22+02+0%2 =4
64.1 2815 8 (220) | 22+22+0%2=8
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The crystallite size of the particles can be estimated with the help of same Scherrer’s

formula (Equation 5.3) used previously,

_ Km
- Bcos6

(5.3)

Whereas, K=0.9, m=wavelength of x-ray (0.1541 nm), f= FWHM (full width at half
maximum), 6 = the Bragg’s diffraction angle and ‘D’ is particle diameter size. The
crystallite size of the silver nanoparticles calculated as an example for the sample

containing 4% PVP is found to be in the range of 170 nm.

5.4.5 FE-SEM Analysis

To carry out the morphological studies of the silver particles embedded in a polymer
matrix in the presence of a stabilizing agent i.e. PVP. The narrow particle size of the
silver particles was obtained in the presence of 1wt% and 2wt% PVP. So, the same
concentrations of the stabilizing agent were added in a polymeric formulation to see
its effect on the particle size of the silver particles. UV-cured cross linked films were
obtained by curing together 10wt%AgNOs3, 2wt%pyrrole, 2Zwt%PI in the presence of
1wt% and 2wt% PVP respectively under nitrogen for 3 minutes each. FE-SEM
analyses were performed on the cryofractured surface of the obtained crosslinked
films. Images of the surface fracture of the cured film obtained in the presence of
10wt% silver precursor in the presence of different concentrations of PVP (1% and
2% are shown in Figure 50). Very well distributed particles are obtained within the
polymeric matrix with a quite narrow particle size distribution. Lower particle size
distribution is obtained in polymer matrix with contrast to the ethanol solution.
Hereby, it confirms the reason we assumed at first place that this is change in
particle size may be due to the quick polymer network formation which hindered
further diffusion of the metal particles generated in-situ, avoiding further growing of
the nucleated silver metal germs. Figure 50(b) shows the FESEM images: in the

presence of 1%PVP the particle size is in the range of 70-80 nm.
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While in (c) the presence of 2%PVP, very small particles are obtained i.e. in the

range of 45-65 nm.




5.4.5 FE-SEM Analysis | 111

Figure 50 FESEM image of the fracture surface of the crosslinked films (a) Owt% PVP

(b) 1%PVP (c) 2wt% PVP

After carrying out all the characterization, it is worth to note that the size of silver
particles after being stabilized by PVP calculated with the help of different

techniques is in a reasonable agreement.

5.4.6 Optical Characterization of solution containing Cu salt

Previous studies 56241246257 have shown that copper ions can be photoreduced to
copper nanoparticles. Thus, as a preliminary study we investigated the effect of

photoreduction on the ethanol solution of CuClunder UV-irradiation.

5.4.6.1 Optical Characterization of CuClz-ethanol solution
The ethanol solution of CuClz was prepared by dissolving 0.01M CuClzin 10ml
ethanol, then added 0.02M photoinitiator (benzophenone) and mixed it in ethanol

for 3 minutes in an ultrasonic bath.
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Afterwards the solution was deaerated in a quartz cuvette by bubbling nitrogen for
10 minutes, and then the cuvette was sealed with a rubber plug. Section 4.4.2 can be

referred for the further details on the details of the synthesis.

The CuClz-ethanol solution was diluted enough(1:5 times to get the UV-vis spectra in
a desired range) to observe the photoreduction mechanism after different
irradiation times (1min, 3min, 5min, 10min) at a radiation intensity of 45mW.cm-2
The green color of the CuClz-ethanol solution was diluted a little after 1 min. of UV-

irradiation.

But, a clear change in color with the further increase in irradiation time is
manifested. The color of the CuCly ethanol solution changes from green to
transparent after 3 minutes of UV-irradiation, the solution turns light black after 5
minutes of irradiation and after the maximum irradiation time i.e. 10 minutes black
precipitates formed on the wall of the cuvette (shown in Figure 51). The results of
time dependant UV-vis spectra are shown in Figure 52 where clear visible changes in
the spectra can be observed with the change in time of irradiation. Prior to
irradiation, the absorption band of CuClz-ethanol solution appears to be in the range
of 650-900 nm. According to literature>s9, the visible band is attributed to the UV-vis

absorption spectra of CuCl..
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solution

Figure 51 Color change observation of CuCl,-ethanol solution a) before UV, (b) 1mins, (c)

3mins, (d) 5mins, (e) after 10mins of UV-irradiation.

While the band below 400 nm corresponds to the absorption of photoinitiator. The
UV-vis spectra after 1 min of UV-irradiation is identical to the one before irradiation,
accordingly there was no color change recorded after 1 min of irradiation. However,
with the further increase in the irradiation time to 3 mins, the CuCl;-ethanol solution
became nearly colorless (shown in Figure 51) subsequently the absorption peak in
the range of 650-900 nm completely disappears, which shows the conversion of Cu?*
state to Cu*. After 5 minutes of UV-irradiation an absorption band appears in the
range 560-630 nm, centered at around 600 nm. The absorption increases with the
further increase in irradiation time to 10 mins and the absorption band became

more wide ranging from 560-720 nm.
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Figure 52 UV-vis spectra of CuCl; ethanol solution under different irradiation times.

Generally, it is accepted that the copper nanoparticles show absorbance peak in the
range of 575-600 nm?246, as the exact position of absorption band is still not known
for copper nanoparticles, but rather is a function of several parameters, like solvent,
stabilizing agents if used any and the size and shape of the particles.?40 Based on the
data available in the literature, it appears that with the photoreduction of CuCl;-
ethanol solution, we can obtain Cu NPs. However, these peaks are not as defined as
found in the literature.234 241,254 The change in the color of the solution containing
copper particles usually defines the oxidation state of the respective copper
nanoparticles?82 and is related to the reaction taking place. According to the
literature283-284, the color of the solution containing Cu-NPs believes to be brick red
or pinkish red in color. But, in this case, we observed black precipitates on the wall
of the cuvette. So, we can conclude our discussion that even if complete
photoreduction of CuClz-ethanol solution in the presence of BP as a photoinitiator

takes place, an immediate oxidation of copper particles occurs after their formation.
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According to literature,?8> copper nanoparticles cannot be synthesized easily by
merely photoreducing copper precursors in solution form like other noble metals i.e.
gold and silver, since the surface of these nanoparticles is extremely reactive

showing a greater tendency to generate cupric oxide (CuO)and cuprous oxide(Cu20).

5.4.6.2 Optical Characterization of CuCl:-amine coordination

complex
The most challenging task in the preparation of copper nanoparticles is to get rid of
aggregation or precipitation and oxidation during the preparation and storage of

colloidal copper particles.286

In order to achieve efficient photoreduction of Cu2* to Cuf state and to avoid the
propensity towards oxidation: a considerable amount of work has been done to
explore the effect of adding different types of amines i.e. saturated amines like
ammonia, ethylenediamine, diethylenetriamine and triethylenetetramine28” and

unsaturated amines like oleyl amines?49, 1-hexadecyl amine.288

The complexes of monoethanol amine (MEA), diethanol amine (DEA) and tertiary
ethanol amine (TEA) with cupric ions have been studied by C.W.Davis and
B.N.Patel28? in 1968 with the help of potentiometric, conductometric and
spectrophotometric techniques. They described in their studies that the hydroxyl
group of diethanol amine coordinates with copper to form an uncharged complex,
which further reacts to form an anion after losing hydrogen atom. Based on the
studies, diethanol amine is the most optimum ligand to use in conjunction with CuCl»

in an ethanol solution to form copper-amine coordination complex.
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Moreover, to indentify the best set of conditions to prepare Cu NPs with the help of
one step photoreduction technique, two different copper precursors were tried

which are CuCl2.2H20 and CuS04.5H>0.

The CuClz-amine coordination complex by employing diethanol amine was prepared
and the change in the complex before and after irradiation was monitored with the
help of UV-vis spectra. The CuClz-amine complex was prepared by dissolving 0.01M
CuClzin 10ml ethanol, then added 0.02M photoinitiator (benzophenone) and mixed
it for 3 minutes in an ultrasonic bath, 0.04M diethanol amine (DEA) was added to the
CuClz-ethanol solution. As soon as diethanol amine was added to the CuCl;-ethanol
solution, color of the solution turns blue from green as shown in Figure 53.
Afterwards the solution was deaerated in a quartz cuvette by bubbling nitrogen for
10 minutes, and then the cuvette was sealed with a rubber plug. The further details

on the synthesis are given in Section 4.4.2

The change in color upon adding diethanol amine to CuClz-ethanol solution
demonstrates the formation of complex between copper chloride and diethanol
amine (DEA). UV-vis spectra analysis was carried out to confirm the formation of
CuClz-amine coordination complex and to investigate the effect of different intervals

of UV-irradiation time.

Figure 53 Color change observation: a) CuCl;-ethanolsolution, b) CuClz-amine coordination

complex, c) CuCl;-amine coordination complex after 10 mins UV-irradiation.
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The copper-amine coordination complex was diluted enough (1:5 times) to record
the spectra in a desired range. The UV-vis absorption spectra of CuClz-amine
complex prior to irradiation show a net absorption peak at around 700 nm.
According to the literature, 255 this peak is assigned to the copper-diethanol amine
coordination complex. The change in color and the absorption spectra appeared to
be quite different than those observed in the photoreduction of the CuCl;-ethanol
solution (shown in Figure 51 and 52). The absorption peak at 700nm completely
disappeared after 1 min UV-irradiation, since the color of the solution turns from
blue to completely colorless. This phenomenon shows the photoreduction of Cu?* to
Cu* state. With the further increase in irradiation time i.e. to 3 and 5 mins, the
solution changes its color from transparent to red and the absorption spectra shows
an absorption peak at around 590 nm which is due to the formation of Cu NPs, along
with an additional absorption at around 750-800nm, which is the identification of
presence of CuO on the surface of the obtained particles.2?1 However, with the
maximum UV-irradiation time i.e. 10 mins, the solution turned into deep red
color(Figure 53-c), a very sharp absorption peak appears at around 590nm: which
confirms the formation of copper particles246.254, The absorbance peak obtained
after 10 mins of irradiation corresponds to the formation of Cu® from Cu* state,
diethanol amine makes it possible as it serves to solubilize the Cu* ion in an ethanol
solution, and avoids the precipitation of cuprous compound, as observed for the

systems which do not contain the complexing agent as was shown in Figure 52.
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Nevertheless, the intensity of absorption decreases after 10mins of UV-irradiation.
The decrease in absorbance observed after the maximum UV-irradiation time is due
to the aggregation and precipitation of the particles. A film of copper colloids was

also clearly observed on the wall of the quartz cuvette.
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Figure 54 UV-visible spectra of copper chloride-amine coordination complex under UV-

irradiation at different times.

The experimental results show that copper nanoparticles can be formed by
photoreducing CuCl; salt in the presence of a radical photoinitiator (benzophenone)
and using diethanol amine as a ligand. Based on the literature26 50287 and on the
basis of experimental results obtained in our laboratory we may resolve that in
order to prepare copper nanoparticles by photoreduction mechanism of copper

chloride, it is necessary to use nitrogen based coordination ligands.
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5.4.6.3 Optical Characterization of CuSO4+-amine coordination

complex
After confirming the synthesis of copper particles with the help of copper chloride in
the presence of diethanol amine as a ligand, we employed the same technique to

investigate the effect of UV-irradiation on another salt of copper i.e. CuS04.5H>0.

In a very similar systematic way, 0.01M CuSO4was dissolved in 10ml methanol (The
solvent was changed because of the strong polar nature of CuSO4 as it is not soluble in
ethanol) in the presence of 0.02M photoinitiator (benzophenone) and mixed them
together for 3 minutes in an ultrasonic bath. After mixing them well in methanol,
0.04M diethanol amine was added. At the end, the solution was deaerated in a UV
cuvette by bubbling nitrogen for 10 minutes. The change in color of the CuSO4-amine
coordination complex after irradiating for different intervals of time (Figure 55) and
the absorption spectra recorded for each value (Figure 56) appeared to be quite
different than those observed in the photoreduction of the CuClz-amine coordination
complex (already shown in Figure 53 and 54). However, the color of the CuSO4
ethanol solution turns to blue from green as soon as 0.04M diethanol amine (DEA)
was added in the solution which confirms the formation of coordination complex
between copper salt and the diethanol amine. The solution was diluted enough to
get the UV-vis spectra in a desired range(1:5 times).Before irradiating CuSOs-amine
complex, absorption in the range of 600-700 nm can be clearly observed which is
same as was observed for the CuClz-amine coordination complex before irradiation.
Thus, appearance of this peak confirms the formation of copper-amine coordination

complex.290
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Figure 55 Color change observation: a) CuSO4-amine coordination complex bf UV, b) CuSQs-

amine coordination complex after 10 mins UV-irradiation.

After the maximum time of irradiation blue color of the CuSO4 amine coordination
complex turned to black as shown in Figure 55. The absorption peak after 10 mins

irradiation is very broad with a maximum absorption peak at around 650 nm.

According to literature,292-293 the peak at around 650 nm shows the presence of

oxide layer on the surface of copper particles.

From the UV-vis spectra analysis carried out under different set of conditions, we
were able to photochemically synthesize copper nanoparticles starting from copper
chloride as a salt precursor in the presence of diethanol amine as a ligand and
benzophenone as a radical photoinitiator. However, from the Figure 54, we can
notice that the intensity of the absorption begins to decrease after the maximum
irradiation time mainly because of the continued aggregation of the particles. To
address the problem of aggregation of the obtained copper particles, different

surfactants are being employed to coat these particles by a protective layer
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Figure 56 UV-visible spectra of CuSO4-amine coordination complex under UV-irradiation at

different times.

The experimental work to stabilize copper particles with the help of polymers as

capping agents is discussed in the next Section.

5.4.7 Stabilization of Cu-NPs against aggregation

A real challenge to synthesize and to employ copper nanoparticles in different

application areas is their tendency towards aggregation and oxidation in an ambient

atmosphere.2%4

The

most commonly used technique to stabilize copper

nanoparticles against aggregation is with the help of polymeric stabilizers.233

Already discussed in detail in Section 2.6, among all the polymers the most

commonly used polymer to stabilize copper particles is Poly-vinyl pyrrolidone

(PVP). A lot of data on the use of PVP as a capping agent is available in the

literature.>0.256-257.238,241 Jeong et
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al?56.determined oxidation resistance accompanied by high conductivity of the
copper particles that can be achieved by adding PVP as a polymeric capping agent at
different molecular weights (10,000, 29,000 and 40,000 g/mol) and also found out
the effect of the molecular weight on the size of NPs obtained. Apart from using PVP
as a stabilizer, there is another convincing study carried out by Kobayashi et al.?34 in
which they used polypyrrole (a conductive polymer) to stabilize Cu-NPs through the
polymerization of pyrrole by chemical reduction method. The copper particles

obtained by this method were chemically stable in air for a number of days.

We report the stabilization of copper nanoparticles against oxidation and
aggregation by photoreducing CuClz-amine coordination complex in the presence of

these two capping agents i.e. pyrrole and PVP.

54.7.1 Effect of pyrrole as a stabilizer on Cu-NPs

In order to observe the effect of the addition of pyrrole on the CuClz-amine
coordination complex, first of all, CuClz-amine was prepared by dissolving 0.01M
CuClzin 10ml ethanol, then 0.02M photoinitiator(benzophenone) was added and
mixed them for 3 minutes in an ultrasonic bath, 0.04M diethanol amine(DEA) was
added to the CuClz-ethanol solution. As soon as diethanol amine was added to the
CuClz-ethanol solution, color of the solution turns blue from green (shown in Figure
53). At the end, 0.2% (w/v) pyrrole was added in the CuClz-amine coordination
complex. Afterwards the solution was deaerated in a quartz cuvette by bubbling
nitrogen for 10 minutes, and then the cuvette was sealed with a rubber plug. The
further details on the synthesis can be found from Section 4.4.2. Process was
monitored during UV-irradiation by using UV-vis spectra analysis, while the solution

was diluted (1:30 times) to obtain the UV-vis spectra in a desired range.

UV-vis spectra were recorded after different intervals of irradiation time (1min,
3min, 5min, and 10min). The change in color after irradiating CuClz-amine
coordination complex in the presence of pyrrole after different intervals of time is
noticed to be same as it was observed for the CuCl;-amine coordination complex

without the presence of pyrrole. (Figure 53). While the UV-vis spectra shown in



5.4.7.1 Effect of pyrrole as a stabilizer on Cu NPs | 123

Figure 57 shows almost no change even after 3 mins of irradiation. This is mainly
because of the high amount of dilution done in order to obtain UV-vis spectra in a
desired range. However, after irradiating this solution for 5 mins, a characteristic
peak appears at around 580nm which confirmed the formation of Cu nanoparticles
in the presence of polypyrrole234. Absorption increases with the further increase in
irradiation time to 10mins, and the absorption peak at 580 nm shift to a larger
wavelength (580nm to 610nm). As per literature29s, this shift in the absorption

wavelength shows an increment in size of the copper particles obtained.
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Figure 57 UV-visible spectra of CuCl,-amine coordination complex in the presence of 0.2 %(

w/v) pyrrole under UV-irradiation at different times of irradiation.
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The primary motive behind the use of polymer capping agents is to prevent the
agglomeration of the particles, by keeping them physically isolated from each other.
This feature of the protective molecules also provides a mean to control the size and
size distribution of the obtained particles: by adsorbing on to the surface of the
particles and thus preventing the coalescence of the particles. To investigate the role
of pyrrole as a size controller in photochemical synthesis of copper nanoparticles,
particle size and the size distribution of the obtained particles with and without the

presence of 0.2 %( w/v) of pyrrole was determined with the help of DLS analysis.

When there was no stabilizing agent added to the CuClz-amine coordination
complex, mean particle size of the particles is calculated to be 516nm with a very

broad spectrum of size distribution ranging from almost 340 to 800 nm.

Whereas, with the addition of 0.2 %( w/v) pyrrole in the CuClz-amine coordination
complex only a slight decrease in the mean size of the copper colloids was observed
i.e. 435 nm. Similarly, no profound effect was found on the particle size distribution
of the particles which ranges almost from 255-800 nm (Figure 58-b). It is
noteworthy, that a shift in absorption towards higher wavelength was observed
after 10 mins of UV-irradiation in CuClz-amine coordination complex in the presence
of 0.2 %( w/v) of pyrrole. According to literature, 260 this shift in the absorbance
towards higher wavelength is due to the increase in particle size of the particles.
Thus, DLS data supports the theoretical implication once deduced from the UV-vis

spectra of the CuClz-amine coordination complex in the presence of pyrrole.
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Figure 58 DLS images of diameter distribution by intensity of copper colloids (a) CuCl»-
amine coordination complex (b) CuCl;-amine coordination complex in the presence of 0.2

%( w/v) pyrrole

54.7.2 Effect of PVP as a stabilizer on Cu-NPs

To optimize the particle size and size distribution of the copper particles obtained by
the photoreduction of CuClz-amine coordination complex, 0.5 %( w/v) PVP was used
as a polymer capping agent. For this purpose, CuClz-amine coordination complex
was first formed by dissolving 0.01M CuClzin 10ml ethanol in the presence of 0.02M
photoinitiator (benzophenone) and mixing them for 3 minutes in an ultrasonic bath
and at the end 0.04M diethanol amine (DEA) was added. 0.5% (w/v) PVP was added

in the CuClz-amine coordination complex which serves as a polymer capping agent.
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Afterwards, the obtained solution was deaerated in a UV cuvette by bubbling
nitrogen for 10 minutes. By using UV-vis spectra analyses, process was then
monitored during UV-irradiation, while the solution was diluted (1:30 times) to

obtain the UV-vis spectra in a desired range.

The absorbance spectra of CuClz-amine coordination complex in the presence of
0.5wt%PVP is shown in Figure 59. A deep red colored solution was observed after
irradiating CuClz-amine coordination complex in the presence of 0.5%w/v PVP for
10 mins. While the UV-vis spectra shown in Figure 59 shows almost no change even
after 3 mins of irradiation. This is because of the dilution of the solution to a larger
extent as compared to the UV-vis spectra without the presence of PVP. After 5mins
UV-irradiation a characteristic plasmon band appears at about 575nm which is the

same absorbance band observed for copper nanoparticles in literature261,
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Figure 59 UV-visible spectra of CuCl;-amine coordination complex in the presence of 0.5 %(

w/v) PVP under UV-irradiation at different times of irradiation

Absorbance increases with the increase in irradiation time to 10 mins, a very sharp

peak is observed after the maximum irradiation time and no shift change is observed
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in this case. The stable position of absorbance peak observed in Figure 59 with the

increase in irradiation time indicates that there is no aggregation of the particles.

On the basis of experimental results obtained with the help of UV-vis spectra, we can
state that PVP works efficiently in stabilizing copper particles. The UV-vis spectra of
copper nanoparticles in the presence of PVP shows a very sharp peak at 575nm with
no shift in wavelength with the increase in irradiation time unlikely as observed for
the other two studies held before i.e. CuClz-amine coordination complex with and
without the presence of 0.2%(w/v) pyrrole (Figure 54 & Figure 57). This may lead
to the assumption that PVP serves its role efficiently not only to prevent the particles
from aggregation but also to control the size of the copper particles prepared in this

study.
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Figure 60 DLS images of diameter distribution by intensity of copper colloids (a) CuCl»-

amine coordination complex (c) CuCl;-amine coordination complex in the presence of 0.5

%(w/v) PVP

We performed DLS analyses to check the effect of the stabilizing agent PVP on the

particle size and size distribution of the copper particles.

A drastic change in the particle size and size distribution of the copper particles with

the addition of 0.5 %( w/v) PVP can be observed in Figure 60-c. The DLS results
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show that the particle size of copper obtained in the presence of 0.5% (w/v) PVP is
about 120 nm, while the size distribution ranges from under 100nm i.e. in the range
of 70-120 nm i.e. almost 3 times lesser than those without PVP addition(Figure 60-
a). This is due to the adsorption of PVP on the surface of copper particles which

prevents the coalescence and therefore the aggregation of the particles.

Based on the results obtained by UV-vis spectra and DLS analysis, the fact is
established that PVP served not only to stabilize the copper particles against
aggregation but also to reduce the particle size of copper particles to a great extent.
PVP works both as a size controller and as a polymeric capping agent as it protects
the nuclei and impedes it from the aggregation with the help of the polar groups,
which are strongly adsorbed at the surface of the copper particles on the surface of

copper particles with coordination bonds.286

The purpose of the addition of these polymers is to keep the Cu-NPs physically
isolated from each other and to prevent agglomeration. The polymers used in this
work qualify to stabilize the copper particles against aggregation or precipitation.
But, the oxidative stability was not achieved with the help of these polymers.
Although, Y.Kobayashiet al.?3* proposed a chemical reduction method to stabilize Cu-
NPs by coating them with polypyrrole and claimed to achieve oxidative stability for
50 days after their preparation. Different studies>?.238241,256-256 gre available on the
use of PVP as a protective molecule to stabilize these Cu-NPs against oxidation. But,
the CuClz-amine complex containing both the polymeric stabilizers i.e. 0.2%(w/v)
pyrrole and 0.5%(w/v) of PVP in it exposed to air, nanoparticles started to oxidize,

leading to a drastic change in the color of the solution from deep red to colorless.

5.4.8 Stabilization of Cu-NPs against oxidation

To protect copper nanoparticles against oxidation during preparation and storage,
ascorbic acid is often used as an anti-oxidant®® 297. A novel chemical reduction
method is introduced by Dang et al?5! to protect these nanoparticles against

oxidation by employing ascorbic acid as a protective agent. Furthermore, to prevent
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the agglomeration of the obtained particles, PVP was employed as a polymeric
capping agent. In their work, 251 they reported ascorbic acid as a strong antioxidant
for colloidal copper, claimed to obtain very small sized particles in the range of 10-

20 nm and stability was achieved for almost 2 months.

In this work we used sodium L-ascorbate and PVP in couple to achieve stabilization
against oxidation and aggregation. To prepare the copper-amine coordination
complex in the presence of sodium L-ascorbate and PVP, we had to change the
scheme being followed till now for all the solutions. The medium of solvent was
changed due to the reason that sodium L-ascorbate is highly soluble in water as
compared to ethanol. The photoinitiator used for this formulation was Darocur
1173, because benzophenone is totally insoluble in H20. The course of action
remains the same. First, of all, copper-amine coordination complex was prepared by
dissolving 0.01M CuClz in 10 ml H20 and after this 0.02M photoinitiator (Darocur
1173) and 0.04M diethanol amine (DEA) was added. To this, CuClz;-amine
coordination complex 0.02M sodium L-ascorbate was added followed by adding
0.5% (w/v) PVP and mixed them in an ultrasonic bath for 3-5mins. The obtained
solution was diluted (1:30 times) to obtain the UV-vis spectra in a desired range. We
do not use rubber capped air tight cuvettes which were used in all the formulations
made till now. The solutions were irradiated for different times under an inert

atmosphere at intensity of 45 mW.cm2.

As seen in Figure 61, a change in color is obvious of the irradiated complex with the

increase in irradiation time starting from 1min to 10 mins.
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Figure 61 Color change observed after different times of UV-irradiation.

The UV-vis absorption spectra of copper nanoparticles in water before and after
irradiation are shown in Figure 62-a. As is clear from the spectra, a sharp peak at
around 575 nm is observed after maximum irradiation time which confirms the
formation of Cu-NPs. When the same complex irradiated for 10 mins came into
contact with air, the color of the solution sustained for almost 20 mins. And the
spectra measured after 20 mins of opening the container, it shows a peak at around
576 nm with the decreased intensity as measured earlier for the same solution
before coming into contact with air (Figure 62-b). The measured absorption spectra
show no such shift change in the wavelength, and proved to achieve stability
although for very small time period i.e. for almost 20 minutes in an open
atmosphere. The oxidation resistance may become possible due to the ability of
sodium L-ascorbate to scavenge free radicals and reactive oxygen molecules. The
particle size distribution of the nanosized copper particles obtained in the presence
of sodium L-ascorbate and PVP was determined with the help of DLS analysis. An
evident change in the particle size and size distribution of the copper particles can

be observed in Figure 63
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Figure 62(a) UV-vis spectra of CuCl;-diethanol amine coordination complex in the presence

of 0.02MSodium L-ascorbate and 0.5%(w/v) PVP for different intervals of time.(b) same

solution after exposing to open air.

The DLS results show that the size distribution of copper particles obtained in the

presence of sodium L-ascorbate and PVP ranges from 70-530 nm, having mean
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particle size to be about 230nm. Shift in the particle size and size distribution is so

evident as compared to the one having no stabilizing agent (shown in Figure 63-a).

But, the particle size and size distribution is broader as compared to the CuCl;-amine
coordination complex in the presence of PVP (Figure 60-c). This increase may be due
to the increase in the thickness of the particles due to the coating of sodium L-
ascorbate around them, as it covers the surface of the particles and protects them
from oxidation. It is evident that PVP works efficiently not only to stabilize the

particles against aggregation but also to reduce the particle size of copper particles

to a great extent.
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Figure 63 DLS images of diameter distribution by intensity of copper colloids (a) CuCl»-
amine coordination complex (d) CuCl;-amine coordination complex in the presence of

0.02M Sodium L-ascorbate and 0.5%(w/v) PVP
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5.4.9 DLS Analysis

Particle size distribution was estimated with the help of DLS technique. DLS analysis
was performed on the copper-amine coordination complex, and also on upon adding
pyrrole and PVP to check the effect of these polymers on the size distribution of the
particles obtained after subjected to UV-irradiation 10 mins. The size distribution of

the complex containing sodium ascorbate was also calculated.

It can be observed by looking at Figure 64 that when there is no other polymer
added particle size has a broad distribution ranging from almost 340 to 800 nm, and
the mean particle size is calculated to be 516nm. Whereas in the presence of pyrrole,
there is no profound change observed in the particle size distribution, it ranges from
almost 255 to 800 nm. The mean particle size in this case is found to be 435 nm.
However, with the addition of PVP in the same Cu-amine complex, one can observe a
drastic change in the particles size distribution of the particles which ranges from
almost 70 to 200 nm. And the mean particles size of the Cu particles obtained is
about 120 nm. And the particle size distribution of the solution containing copper
particles in the presence of PVP and sodium ascorbate ranges from 70-530 nm,

having mean particle size 230nm.

After looking at the results obtained by DLS, one can conclude that addition of

pyrrole has almost no effect on the size of the particles.
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Figure 64 Particle size distribution from DLS (a) CuClz;-amine coordination complex (b)
CuClz-amine coordination complex in presence of 0.2wt%Py (c) CuClz-amine coordination
complex in presence of 0.5wt%PVP. (d). CuCl;-amine coordination complex in presence of

0.5wt%PVP in the presence of 0.4% Na-ascorbate

5.5 Photopolymerization of acrylic oligomers in the

presence of CuClz and diethanol amine

The copper nanoparticles were successfully prepared by photoreducing CuClz-amine
coordination complex in the presence of benzophenone as a radical photoinitiator in
an ethanol solution. The stability of the obtained particles against aggregation or

precipitation was achieved with the help of polymeric capping agents. While, the
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oxidative stability in an open atmosphere was improved by using an antioxidant i.e.

sodium L-ascorbate.

The next step was to investigate the contemporary acrylic resin crosslinking
reaction and in-situ formation of copper metal particles. In order to obtain UV-cured
acrylic crosslinked films, formulations were prepared by adding increasing
concentrations of copper chloride in the range between 5wt%-20wt% while keeping
the diethanol amine constant at 2wt%, and PI (benzophenone) was used in higher
amount i.e. 5wt%, to a di acrylate resin i.e. PEGDA-700 in order to guarantee the
curing. The UV-crosslinked films were prepared by subjected to UV-irradiation
under an inert atmosphere at intensity 45 mW.cm2 for 10 minutes. The details of

the formulation and synthesis procedure are discussed already in Section 4.4.2.

A problem was faced when the polymeric formulations contained higher
concentrations of copper precursors (5-20wt %), as it was done in case of silver
particles: they were not able to be UV-crosslinked under an inert atmosphere at

intensity of 45 mW.cm-2.

In order to figure out this problem, we studied the UV-vis spectra of CuCl;-amine
complex before irradiation and found it to be highly absorbing both in the visible
region ranges from 500-900 nm and below 400 nm, with a maximum of absorption
at 350 nm shown in Figure 65. On the other hand, the photoinitiator benzophenone
being employed in this work absorbs light at about 280 nm i.e. in the UV-B range. So,
we decided to choose a photoinitiator that have an absorption range extending to
the visible region of the spectrum, in particular at around 400-480 nm where the

minimum in the CuClz absorption spectrum is observed.
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Figure 65 UV-vis absorption spectra of CuCl,-amine complex before UV-irradiation

Most commonly used radical photoinitiators to cure acrylate formulations absorb in
the region from 300-400 nm. But, photoinitiators that extend to the visible region
are also available these days. Recently very strong photoinitiators absorbing at 400
nm is introduced i.e. bis(acyl)phosphane oxide BAPO.298 Muller et al. claimed?2°8-2 to
make a new photoinitiator by combining Lucirin TPO and Irgacure 819(BAPO)
together and successfully photoreduced copper particles in their presence. So, we
collect different photoinitiators that can absorb light in the UV-A as well as in visible
range to crosslink our system. Pacioni et al.264 used water soluble benzoin Irgacure
2959 and Irgacure 907 as photoinitiators to photochemically reduce copper
nanoparticles by employing different copper salts i.e. CuClz, CuSOs,
Cu(NO3z)zDifferent photoinitiators listed in Table 5.4 along with their UV-vis
absorption peaks were tried to crosslink our system containing 5wt% CuClz, 2wt%

diethanol amine with respect to 1g PEGDA.
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All these photoinitiators when added 2%(w/w) in PEGDA in the absence of copper
precursor can cross-link the system within 3 minutes of UV-irradiation under

nitrogen at the same intensity of light used before i.e. 45 mW.cm-2.

Table 5.4 List of photoinitiators with their UV-vis absorption peaks

UV-vis
Sr. No. Photoinitiators Chemical Identity absorption

peaks in nm

4,7,7-
1 Camphorquinone trimethylbicyclo[2.2.1]heptane- 400-500
2,3-dione
2 Darocure 1173 | = ydroxy-zmethyl-Lphenyl-d-) ) 60, 331
propanone
3 Darocure TPO Diphenyl (2,4,6-trimethylbenzoyl)- | 295, 368, 380,
phosphine oxide 393
2-Hydroxy-1-[4-(2-
5 Irgacure 2959 hydroxyethoxy) phenyl]-2-methyl- 276
1-propanone
2-Methyl-1-[4-
6 Irgacure 907 (methylthio)phenyl- 2-(4- 230,304
morpholinyl)-1-propanone
Phosphine oxide, phenyl bi 2,4,6-
7 Irgacure 819 295,370
trimethyl benzoyl)
8 ITX Thioxanthen-9-one 250, 380

The absorption spectrum of camphorquinone (CQ) lies in the visible region i.e. 400-
500 nm. So, at first we investigated the effects of the different percentages of
camphorquinone CQ with and without the presence of benzophenone on the

crosslinking behavior of our polymeric formulation. Different percentages of
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camphorquinone (CQ) along with the varying concentrations of benzophenone with

respect to 1 gm PEGDA employed to cross-link the required formulation is given in

Table 5.5
Table 5.5 Amounts of photoinitiators used
Sr. No. CuClz Diethanol Benzophenone | Camphorquinone
(Wt %) amine (Wt %) (Wt %)
(Wt %)
1. 5 2 5 0
2. 5 5 0 5
3. 5 2 5 2
4. 5 2 2 5
5. 5 2 1 2
6. 5 2 2 2
7. 5 2 3 2
8. 5 2 4 2
9. 5 2 1 5
10. 5 2 2 5
11. 5 2 3 5
12. 5 2 4 5

We did not observe any cross-linking effect by UV-irradiating our sample in the

presence of the given concentrations of benzophenone and camphorquinone.

The different types of photoinitiators used in different concentrations listed in Table
5.6 were added to the formulation containing 5wt% CuClz, 2 wt% diethanol amine in

1 g PEGDA respectively.
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Table 5.6 Amounts of photoinitiators used in wt%

Sr.No. Irgacure Thioxanthone | Lucirin TPO | Darocur 1173 | Benzophenone
819 (ITX)

1. 1 - - - 2
2. - 1 - - 2
3. - - 1 - 2
4. - - - 1 2
5. 2 - - -

6. - 2 - - -
7. - - 2 - -
8. - - - 2 -
0. 1 - 2 - -
10. 2 - 1 - -
11 1 2 - - -
12. 2 1 - - -
13. 1 1 - - -

In order to UV-cross link the polymeric formulation, we employed static as well as
dynamic lamp to observe the changes happening during UV-irradiation. But, this

photoinitiating system did not work as well.

We tried to use 2wt% of these photoinitiators 1-2959 and [-907 respectively by
emulating the same system used by Pacioni et. al.2%? to photo cure the polymeric
formulation. But, in our case these photoinitiators did not serve the purpose to UV-

crosslink the polymeric formulation.

After carrying out all these trials, we came to a conclusion that in the presence of
copper chloride content in a polymeric formulation, it is not possible to crosslink it
with the help of UV-irradiation in the presence of different photoinitiator systems

having absorption spectra ranging in UV as well as in visible region.
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5.5.1 DSC Analysis

DSC analysis is a thermo analytical technique in which the difference in the amount
of heat required to increase the temperature of a sample and reference are

measured as a function of temperature.

In order to study the kinetics of the reaction this analysis was undertaken to
determine the effect of the addition of copper chloride on inhibition of the

crosslinking reaction as discussed in previous section.

In order to observe the exothermicity of the polymerization reaction with and
without the presence of copper salt, formulations were prepared by adding 2wt% of
thermal initiator AIBN (azo-bis isobutyronitrile) in the presence of 2wt% diethanol
amine without the presence of CuCl; and by adding 5wt%of CuCl; .Here, we
prepared another sample by adding 1wt% CuCl; under the same conditions to check
whether the crosslinking reaction happens in the presence of a lower concentration

of CuClz

The DSC spectra are reported in Figure 66. As the temperature increase no change in
all the samples is observed till 60°C, when AIBN decomposes and starts the
polymerization, an exothermic peak is appeared for the sample containing no copper
salt. For the sample containing 1wt% CuCl. the exothermic peak is shifted up to
90°C. The curve for the sample containing 5% copper chloride appears to be straight
and no edaxothermicity has shown in the temperature range 25-100°C. This
confirms our observation that the addition of 5% CuCl: inhibits the crosslinking
reaction. While, the appearance of an exothermic peak in the presence of lower

concentration of CuCl; shows that polymerization is being done.

No thermal change in the sample containing 5wt% CuCl; on the contrary to the ones
containing 0% and 1% CuCl. therefore proves that the crosslinking reaction may
take place in the presence of lower concentration of copper chloride but with the

increase in its concentration, there will be no chemical reaction taking place.
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Figure 66 DSC curves of samples without CuCl; and the samples containing 1wt% and 5wt%

CuCla.

5.5.2 Optical characterization of UV-cured films embedding Cu

particles

Interestingly, polymeric formulations containing lower concentrations of copper
precursor can be crosslinked as determined with the help of DLS analysis. In order
to obtain UV-cured acrylic crosslinked films, formulations were prepared by adding
different concentrations of copper chloride i.e.1wt% and 0.5wt% while keeping the
diethanol amine constant at 2wt% and PI (benzophenone) was added at higher
concentration i.e. 5wt%. The films of 100 p thickness were subjected to UV-
irradiation under nitrogen at an intensity of 45mW.cm-2respectively; the resulting
UV-crosslinked films obtained were red in color. The crosslinked films in the
presence of higher amount of CuCl; have deep red color as compared to the one

having lesser percentage 0.5% CuClz as shown in Figure 67.
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Figure 67 Color change observed in a freshly prepared film containing a) 0.5wt%CuCl;, b)
1wt%CuCl;

The absorption spectra of UV-cross linked films in the presence of 1wt % and 0.5
wt% CuCl; measured immediately after their preparation is shown in Figure 68. A
clear and strong absorption band centered at around 574nm was observed in the
presence 1 wt% CuCl2 and absorption spectra of very low intensity and at about
576nm is observed for 0.5wt% CuClz respectively. It is clear from the Figure 68, the
intensity of the surface plasmon absorbance increases with the increase in the
concentration of copper salt in the photocurable formulation. The strong absorption
peak at 574 nm can be attributed to the formation of copper particles, as previously

recorded for the UV-irradiation of ethanol solution containing the copper precursor.
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Figure 68 UV-Vis absorption spectra of the crosslinked film freshly prepared containing

0.5wt% and 1wt%CuCl;, 5wt%PI, 2wt%DEA

The UV-cross linked polymeric films were exposed to an ambient atmosphere and
the red color of the film starts tarnishing as soon exposed to air. The change in color
observed in the films after two hours is shown in Figure 69, where we can observe
that the film containing 0.5% CuCl> becomes almost transparent and the film
containing 1% CuCl; still has some redness on its one side. However, the UV-vis
spectra of the same films after being exposed for 2 hours to the open atmosphere are

shown in Figure 70.
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Figure 69 Color change observed in a film after 2 hrs containing a) 1wt%CuCl;, b)
0.5wt%CucCl;

A decrease in the intensity of the absorption spectra is quite obvious. A shift towards
higher wavelength for the peak containing 0.5% Cu salt content leads to the fact that
the copper particles starts to aggregate and starts oxidizing back to copper oxide
state when added to a very low concentration. Although the intensity of the
absorbance spectra decreases for the peak containing 1% of CuCly salt

concentration, but no such shift in wavelength is observed.

The work was carried out in our laboratory to in-situ generate copper particles
along with the crosslinking of the acrylic resin. In conclusion, it is stated that it is
possible to obtain copper particles by carefully selecting experimental conditions in
the presence of very low concentration of copper precursor, i.e. in this case the best

results were produced in the presence of 1wt% CuClo.
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Figure 70 UV-Vis absorption spectra of the crosslinked film containing 1%CuCl; and 0.5wt%
CuCly, 5%PI, 2%DEA after 2 hrs in an open atmosphere

5.5.3 Stabilization of UV-cross linked films against oxidation

In order to achieve oxidation stability of the copper particles embedded in a UV-
cured acrylic crosslinked films. Based on the data available in literaturel>
50,238,241,256,257 we have tried to in-situ synthesized copper metal particles in the
presence of polymer capping agents. In this work, 0.5%(w/w) PVP and 0.2%(w/w)
pyrrole were used as the polymeric capping agents and added to the polymeric
formulation containing 1wt% CuClz, 5wt% benzophenone and 2wt% diethanol
amine. We investigated the effect of the presence of pyrrole and PVP on the
photochemical formation of copper particles, their stability against oxidation with

the help of UV-vis spectra.
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5.5.3.1 Effect of pyrrole on the stabilization of Cu-NPs embedded

in a polymer matrix

For the stabilization of metal colloids in a polymeric matrix, the UV-crosslinked films
were prepared by dissolving 1wt% CuClz and 5wt% benzophenone in a few drops of
ethanol, 1g PEGDA was added and 2wt% diethanol amine was added at the end. 0.2
%( w/w) pyrrole with respect to PEGDA was added and mixed well with the help of
ultraturax for 2mins. With the addition of pyrrole in a CuClz-amine complex, green
color turns to black as shown in Figure 71(a-b). The films of 100 p were subjected to
UV irradiation under nitrogen at intensity of 45mW.cm-for the necessary time to

get cured.

Figure 71 Change in color observed (a) CuClz-amine coordination complex in PEGDA, (b) in
the presence of 0.2 %( w/w) pyrrole, (c) Freshly prepared crosslinked film in the presence

of 0.2 %( w/w) pyrrole

The crosslinked film obtained after UV-irradiation was red in color as shown in
Figure 71-c. The deep red color of the film can be attributed to the formation of
copper particles, as previously observed for the UV-irradiation CuClz-amine
coordination complex. However, for the confirmation of the formation of copper
nanoparticles, UV-crosslinked films were subjected to the UV-vis spectra. Spectra in

Figure 72 show a single absorption peak at around 575 nm.
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To monitor the stability of copper particles in air, we measured the absorption of the
cross-linked film embedded with Cu-NPs after regular intervals of time. The UV-vis
spectra of freshly prepared film and after exposing it to ambient atmosphere for
different intervals of time are shown in Figure 72. The decrease in intensity can be
easily observed with the increase in time of exposure to open atmosphere. A red
shift in wavelength was observed from 575 nm for the freshly prepared film, to 578
nm after exposure in air for 1 hr. After being exposed to air for 2 and 3 hrs
respectively, absorption spectrum was shifted towards 579 nm. Usually with the

increase in particle size, absorption peak shifts towards higher wavelength.
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Figure 72 UV-vis spectra of the cross linked films containing 1%CuClz, 5%PI, and 2% DEA in

the presence of 0.2% pyrrole after regular intervals of time

However, after being exposed to air for 4 hrs, no peak observed. This could be due to
the oxidation of copper particles to copper oxide (I) nanoparticles since the similar

optical behavior of copper oxide (I) nanoparticles have been reported by Halin et

al.300
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5.5.3.2 Effect of PVP on the stabilization of Cu-NPs embedded in

a polymer matrix

Investigation of the contemporary acrylic resin crosslinking reaction and in-situ
preparation of copper particles was carried out in the presence of PVP as a polymer
capping agent. In order to obtain UV-cured acrylic crosslinked films, 1wt% CuCl; and
5wt% benzophenone were dissolved in a few drops of ethanol, 1g PEGDA was added
and 2wt% diethanol amine was added at the end. 0.5 %( w/w) PVP with respect to
PEGDA was added and mixed well with the help of ultraturax for 5 mins. With the
addition of PVP in a CuClz-amine complex, green color turns to blue as shown in

Figure 73(a-b)

The films of 100 p were subjected to UV irradiation under nitrogen at intensity of
45mW.cm2. A deep red colored film was obtained after irradiating the sample for
10mins. In a similar way, stability of copper particles obtained in the presence of 0.5

%( w/w) PVP was measured after regular intervals of time. The UV-vis spectra in

Figure 74 clearly show a strong absorption band at around 575 nm for the freshly
prepared film, which confirms the formation of copper particles. However, the
intensity of absorption band decreases with the increase in time of contact with air.
The UV-cross linked film containing PVP as a stabilizer show a stable position of
absorbance peak at around 575 nm even after 2 hrs of exposure. However, a red
shift to 576 nm and 578 nm was observed after exposing for 3 hrs and 4 hrs

respectively.
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Figure 73 Change in color observed (a) CuCl;-amine coordination complex in PEGDA, (b) in

the presence of 0.5 %( w/w) PVP, (c) Crosslinked film in the presence of 0.5 %( w/w) PVP,

PVP
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Figure 74 UV-vis spectra of the cross linked films containing 1%CuClz, 5%PI, and 2% DEA in

the presence of 0.5% PVP after regular intervals of time
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After being exposed to air for 6 hrs no absorption spectra was recorded. This
straight line after observed after few hours of exposure to air could be due to the
oxidation of copper particles to copper oxide (I) nanoparticles since the similar

optical behavior of copper oxide (I) nanoparticles have been reported by Halin et

al.300

The absorption spectra shown in Figure 68 and Figure 70 clearly indicates that the
photochemical formation of copper nanoparticles is possible independent of the
presence of stabilizers and also the obtained Cu-NPs are only stable for an hour in an
ambient atmosphere. In-situ formation of copper nanoparticles along with the cross-
linking of the acrylic resin in the presence of pyrrole and PVP can be observed

clearly from the absorption spectra shown in Figure 72 and Figure 74 respectively.

The results show that copper nanoparticles can be successfully prepared and
stabilized against oxidation by photoreducing copper precursor in an acrylic resin in
the presence of stabilizers by one step photochemical method. Although Cu particles
obtained in the presence of 0.2wt%pyrrole and 0.5wt% PVP persisted against

oxidation, but for only few hours in an atmospheric condition.
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Chapter 6
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6.1 Conclusions

Electrically conductive polymeric composites have been synthesized by reducing
silver nitrate by one step free radical photopolymerization (UV-curing) in the
presence of pyrrole without any other reducing agent. The evaluation of the
photochemical processes was made monitoring the effect of irradiation on ethanol
solutions containing the salt and pyrrole. By UV-Visible absorption spectroscopy, it
was confirmed the reduction of silver salt to silver metal and the contemporary UV-
induced pyrrole polymerization. It was also made possible by TEM analyses to
assess the interesting morphology of the particles: it was ascertained that spherical
silver particles coated with pyrrole were obtained. However, silver particles
obtained in the ethanol solution were highly agglomerated. In order to overcome
this problem, PVP was added in different concentrations to protect the particles
from the aggregation: the function of stabilizer was to facilitate the reaction between
its functional groups and nanoparticles due to which the collision and coalescence in
between the particles decreases. The effect of the addition of different
concentrations of the stabilizer PVP was studied with the help of UV-vis spectra,
DLS, STEM and XRD analysis. Based on the experimental results obtained already it
can be concluded that in all samples silver nanoparticles were formed independent
of the presence of PVP. However, by adding different amounts of stabilizer, a change
in the absorption spectra of the particles was observed. It was noticed that the band
position depends on the particles size and on the amount of stabilizer added to the
solution. Therefore, with the PVP concentration in the range of 1 wt% and 2 wt%.
strong plasmon absorbance band was observed and it was expected that the particle
size and particle size distribution would be narrowest for this range of PVP. This
assumption was later confirmed with the help of DLS and STEM analysis. The PVP
concentration of 1wt% may be not sufficient enough to prevent the agglomeration of
all the obtained nanoparticles. However, PVP concentration of 2wt% leads to the
formation of the smallest particle size and narrow size distribution.

The samples containing PVP concentration more than 2wt% have very broad
absorbance peaks as observed through UV-vis spectra, while the particle size and

size distribution was observed with the help of DLS.
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When silver salt and pyrrole are added to acrylic monomer, in the presence of
radical photoinitiator, the concomitant formation of acrylic polymer network and
the silver in situ reduction and pyrrole polymerization take place. When embedded
in the polymer matrix, the metal particles show a size in the range of 50-80 nm. A
decrease of resistivity by increasing silver precursor content was observed and the
addition of pyrrole to the formulations induced always a further decrease of
resistivity in comparison with the films obtained only in the presence of silver salt.
The composite materials are conductive and therefore proved to be good candidates
as polymeric materials for resistors. However, the expected behavior in the
reduction of particle size of the silver particles upon adding PVP in the range of 1
and 2wt% was observed with the help of FESEM analysis.

Since copper is much cheaper, but possesses a very high conductivity (only 6% less
than that of Ag) 198, for industrial or bulk usage Cu NPs can be considered as a
replacement for silver NPs. However, synthesis of metallic copper nanoparticles is a
challenging task as they undergo rapid oxidation in air or in aqueous media.248

In this work, a facile method for the preparation of copper NPs was developed by
photo reduction of CuClz in the presence of benzophenone as a photoinitiator and
diethanol amine which assists in the conversion of Cu* ions to Cu®state. The course
of action carried out for the synthesis and characterization of silver nanoparticles
was followed in the same way. The effect of irradiation on the ethanol solution
containing CuCl; and diethanol amine was observed by UV-vis spectra, which
therefore confirmed the photoreduction of Cu-amine coordination complex to
copper particles. The appearance of a film on the wall of cuvette shows the
heterogeneous nucleation of the copper particles which was further confirmed with
the help of UV-vis spectra. However, exposure of these particles to air results in an
extensive oxidation. In order to address these two problems, we tried to coat
obtained copper nanoparticles with the help of polymer capping agents, two
polymers were used for this cause i.e. PVP and polypyrrole. With the addition of
these polymers in an ethanol based solution of copper nanoparticles no
heterogeneous nucleation was observed which was confirmed with the help of UV-
vis spectra. And stability of the Cu NPs against aggregation was obtained. However,

as soon as the cuvette containing these particles was opened, a drastic change in the
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color appeared, followed by the aggregation of the particles, and no absorption
spectra was observed. In order to prevent oxidation of copper nanoparticles in
solution form, sodium ascorbate was used in couple with PVP, and copper
nanoparticles were stable up to 20 minutes in an open atmosphere. The particle size
and particle size distribution was estimated with the help of DLS analysis, and the
experimental results showed copper nanoparticles are smaller in the presence of
PVP as a stabilizing agent as contrast to the other stabilizers.

In order to investigate the photochemical formation of copper nanoparticles along
with the acrylic crosslinking reaction. The polymeric formulation were prepared by
adding higher concentration of copper chloride (5wt %) in the presence of 2wt%
diethanol amine and higher amount of photoinitiator was added to guarantee the
curing (5wt); it was observed that no reaction took place. We tried different
photoinitiating systems but, there was an inhibition to the crosslinking reaction of
the polymer in the presence of stated amount of copper chloride.

However, with the decrease in copper salt concentration to 1wt%, in-situ copper
nanoparticles formed along with the formation of acrylic polymer network.

These obtained particles were stabilized against oxidation just for two hours in an
open atmosphere. So, to increase the stability of obtained Cu-NPs in a polymeric
matrix, the same capping agents were employed as were used in an ethanol solution
i.e. polypyrrole and PVP. In the presence of these polymer capping agents, the
obtained polymeric films embedded with the copper nanoparticles were stable

against oxidation for almost 4hrs and 6 hrs respectively.

6.2 Future work

Following are the recommendations based on the work carried out for the doctorate
studies.
» The ultimate goal to achieve is to make copper particles embedded polymer
composites electrically conductive.
a. In order to achieve this goal, we have to work on different issues regarding

copper particles. The first and most obvious is to increase the oxidative
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stability. To the best of our knowledge, no study is available on the stability
achieved for the copper nanoparticles produced by the photoreduction of
copper chloride. However, in this work copper particles embedded in a
polymer network were stabilized in an open atmosphere for about 6 hours.
But, this value is not sufficient to make use of the obtained films in different

applications.

The next point is to increase the amount of copper chloride salt in the
polymer matrix. As it was done previously while using silver salt, the
concentration of silver nitrate was increased up to 20wt% which instantly
resulted in decreasing the resistivity of the polymer films. Although, trials
were done to increase the copper concentration in an acrylic resin by
following the same route as was followed for lesser percentages of copper
salt (i.e. 0.5 wt% and 1wt %). But, the acrylic monomer was not polymerized

in the presence of higher amount of copper chloride in it.
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