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Abstract

Nanoscience receives a lot of attention in the 21 century and is one of the most advancing
technology in our days. It provides many new and advanced technological opportunities. This
field involves many disciplines which include chemical, physical, and biological related fields.
The advancement of nanoscience makes life to be better and bring about new inventions which
can solve many problems in our day to day life. Although there are reservations about the use
of these materials in other fields. Some researchers believe that these materials can be a
problem to the environment and humanity at large. Therefore, more research needs to be done
to fully understand these materials. Polymer science is another field that has been advancing
every day. Many problems in our lives require material which have properties from
nanomaterials and polymers. The combination of these technologies can leads to new materials
which have many possibilities in solving most problems. Some researchers have taken
advantage of these two powerful fields and merge them. There has been a lot of work done that

involves combination of nanotechnology and polymer science.

The current project is an initiative to manufacture nanofibers. These fibers are prepared using
polymer solution mixed with metal oxide and metal selenide nanomaterials. The polymer
solution is incorporated with nanoparticles and electrospunned to make nanofibers. The
electrospinning afford the material prepared to be at nanoscale. The fact that the material
formed is at nanoscale opens many possibilities to be used in various fields. The study is about
fabrication of polymer nanofibers embedded with metal chalcogenide nanoparticles. The metal
oxide and metal selenide nanoparticles were prepared using complexes. These complexes
contain both the metal and the chalcogenide of interest. The complexes are prepared from
oxygen-based (urea), and selenium-based (diphenyldiselenide) ligands. The urea complexes
co-ordinates with metal using oxygen for iron, however in silver complexes both nitrogen and
oxygen are used. These complexes allow easy control of reaction parameters, and thermal
decomposes to form metal oxide, metal selenide, and metal. The complexes are very stable and
decomposes at about 200 °C. These compounds are thermal decomposed to form metal
chalcogenides, and metal nanoparticles. The complexes are characterized with FTIR, TGA,

and elemental analysis.
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The metal chalcoginedes (copper oxide, iron oxide, silver oxide, copper selenide, iron selenide,
and silver selenide) nanoparticles were prepared using thermal decomposition of a single
source (complexes or metal salts). The prepared chalcogenides nanoparticles have good
absorption and emission properties consistent with small sizes. These nanoparticles are
composed of various phased and stoichiometry. Some metal chalcogenides have a mixture of
stoichiometry and phase. The metal chalcogenides nanoparticles are dominated by spheres, and
other shapes such as rods. These metal chalcogenides have a particles size in the range of 1-36
nm. The metal chalcogenides nanoparticles were tested against bacteria and fungi. These
nanoparticles show highest activity in gram positive compared to gram negative bacteria. Metal
oxide nanoparticles show the highest activity compared to metal selenide. All the metal
chalcogenides show the highest against fungi. The nanoparticles are able to inhibit the fungi at
lowest concentration. The nanoparticles are characterized with various instruments which
includes UV-Vis, PL, XRD, and TEM.

Nanofibers of poly(methyl methacrylate) (PMMA) incorporated with metal selenide and metal
oxide nanoparticles were prepared by electrospinning. The nanofibers incorporated with metal
chalcogenide are more thermal stable than PMMA nanofibers. Therefore, incorporation of
metal chalcogenides nanoparticles leads to more thermal stability nanofibers. The PMMA are
coordinated to the metal oxide and metal selenide through carbonyl oxygen atom. The PMMA
incorporated with metal oxide and metal selenide leads to the formation of nanofibers with
uneven surface with a diameter in the range of 30 to 200 nm. The prepared fibers are
characterized using FTIR, TGA, SEM.
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Chapter One

Introduction

Nanotechnology is the design, characterization, production and application of structures,
devices, and systems by controlling shape and size at the nanometer scale. It deals with the
creation of functional materials, devices, and systems through control of matter on the
nanometer scale (1-100 nm). It is the self-assembly of individual atoms, molecules, or
molecular clusters into structures to create materials and devices with new or enhanced
properties. By harnessing these new properties, researchers can develop materials, devices, and

systems that are superior to those in use today.

The developments of these materials could result in technological advantages. The nanoparticle
is a small amount of the particles (size of 1-100 nm), which have a finite number of atoms
(~100 to ~10,000 atoms).! Nanomaterials have been exploited because of their new or enhance
properties than those of their bulk counterparts.? They are obtainable as a dispersion of a solid
in a liquid (colloidal sol). Metal sols possess fascinating colors and have long been used as
dyes. In 1857, Faraday established that dyes consist of tiny metal chunks.® Semiconductor
nanocrystals were discovered a century later.* Nanoparticles possess high surface area, a large
fraction of the atoms in a nanocrystal are on its surface. The sizes of the nanomaterials have
drastic effects on the surface properties. The decrease in nanomaterials size results to more
atoms being at the surface.® A small nanoparticle of 1 nm diameter will have as much as 30%
of its atoms on the surface, while a larger nanocrystal of 10 nm (~1000 atoms) will have around
15% of its atoms on the surface.® However, this causes their surface effects to become more
significant due to an increase of surface atoms ratio in the volume fraction.” Furthermore, the
small size of nanoparticles results in higher reactivity due to more atoms in the surface. This
has a large contribution to the thermodynamic characteristics and could have a profound effect
on the shape of nanoparticles.® The nanoparticles show new or enhance properties such as
physical, biological, electronic, optical, electrical, magnetic, chemical and mechanical.® These
new or enhanced properties of nanoparticles have resulted in a wide range of application in

various fields.?

This research is an interdisciplinary work aimed at obtaining new nanocomposites synthesized
from polymeric materials modified with nanoparticles of different composition. The

developments of these materials could result in technological advantages such as water



purification. Most material used in water purification target removal of contaminants such as
heavy metal and organic waste. The bacterial contaminants are often killed by adding chlorine
after removal of heavy metal and organic contaminants. The chlorine byproducts are associated
with cancer.!® The higher chloride is not safe for human consumption. Some metal oxide
nanoparticles such as copper oxide, silver oxide are known to be anti-bacterial.!! Nanoparticles
can be used for removal of heavy metal.!? The new material which can remove organic and
heavy metals and kill bacteria at the same time is needed. However, an enormous exposure to
nanoparticles can lead to environmental hazards as these materials can be toxic to organisms.
A massive industrial production of nanoparticles could lead to release into the environment and
their toxicity on both humans and another organism has raised concerns to both public and
science. This is found to be paradoxical when one considers the environmental risks of
nanoparticles and understands their potential to produce more environmentally friendly process
and their use to deal with environmental contaminants.® Hence, this study is an initiative to
develop a method to fabricate materials which can be applied in wastewater treatment.
Polymers have been used as membranes in water treatment.!® The nanoparticles can be
incorporated into the polymer matrix. This will play a major role in the stability of the material.
Thus, the mobility of this material will be preventing by being attached to the polymer.
Therefore, enhance easy recovery from the environment. Thus, the project is based on synthesis
and characterization of iron oxide, iron selenide, copper selenide, copper oxide, silver selenide
and silver oxide nanofibers from the poly(methyl methacrylate) by using single-source
precursors. The nanoparticles will be exploited for their magnetic, antimicrobial and
antibacterial activities. The polymer will play a significant role in the removal of inorganic
waste in the water. The research involves the synthesis of diphenyl diselenide and urea
complexes of iron, copper, zinc and silver. The compounds will be used to synthesize FexOy,
FexSey CuxSey, CuxOy, AgSe and AgO nanoparticles. These nanoparticles will be mixed with

copolymers and electrospun to get nanocomposites.

Motivation

Advanced engineering applications often require multifunctional materials with a wide range
of tunable properties. Such a technological demand is usually difficult to fulfill using single-
phase materials. Hence, there is an increasing need to combine materials with unique

properties, in a synergetic manner, to achieve certain technological goals. This has prompted



the development of novel types of composite materials and the implementation of innovative
processing routes. Present-day materials used for cleaning water have only one capability. They
use the polymer as filters to remove inorganic-organic waste. These polymers are less activity
in killing bacteria. Hence, the water will need further treatment in order kill bacteria. By using
these nanocomposites, the properties of the polymers will be improved dramatically. These
composite materials are designed to have two capabilities, antibacterial activities as well as

removal of heavy metals from water.

Aim and Objectives
The aim of the study is to prepare nanofibers materials by using poly(methyl methacrylate)
solutions incorporated with nanoparticles (CuxSey, CuxOy, AgSe, AgO, FexSey, and FexOy), and

their use as bactericidal and water treatment material.
Objectives:

e To synthesize and characterize Cu, Fe, and Ag complexes from the selenium-based
ligand.

e To synthesize and characterize Fe, Cu, and Ag complexes from oxygen-based ligands.

e To synthesize and characterize FexSey, CuxSey and AgSe nanoparticles from Cu, Fe,
and Ag complexes of selenium-based ligands.

e To synthesize and characterize CuxOy, FexOy and AgO nanoparticles from Cu, Fe and
Ag complexes of oxygen-based ligands.

e To study the ant-microbial effect of the prepared nanoparticles.

e To synthesize nanofiber from poly(methylmethacrylate) solutions incorporated with

nanoparticles of CuxSey, FexSey, AgSe, CuxOy, FexOy, AgO.



Chapter Two

2 General background

2.1 Complexes

Selenium is an essential element in the biology of the vertebrate. Selenium atoms are known
to accompany or substitute sulfur atom in most organisms, and coordination sites. Selenium-
base (organo-selenium) ligands can exist as both aliphatic and aromatic compounds (Figure
2-1). Selenium can be used to prevent cancer, and cardiovascular diseases.!* Some organo-
selenium compounds are found in living tissues such as selenocoenzyme A, selenobiotine, Se-
methyl selenocysteine, Se-methylselenomethionine, selenocystathione, selenohomocytine,
selenocystine, selenomethionine,® and glutathionperoxidase.'* Organo-selenium compounds
are known for their antimicrobial, antifungal, antiviral, and antioxidant activities.!®
Selenoproteins, and organoselenium derivatives are utilized in the redox process of living
systems.” Organoselenium compounds are also used to catalyze the formation of superoxide
radicals which prevent the microorganism attachment to the solid surface.*® Selenocynate and
diselenide are regarded as an antileishmanial compounds.!® Dibeptyldiseleide has attracted a
lot of interest in biochemists and pharmacology because of their antitumor activity.?
Diselenides are known as mediators, redox catalysts, and essential precursors in organic

electrosynthesis.*
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Figure 2-1: Selenium based ligand which includes: (1) dimethyselenide, (11) dimethyl
diselenide, (IIT) diethyldiselenide, (IV) diphenyl diselenide, (V) 2,2'-dithiennyl diselenide,
(V) N-(2-(phenylseleno) ethyl)phthalimide, and (V1) 1,1’-methylene-bis(diphenylphosphine).

Metal selenide based compounds are known for their importance in biological systems.?! These
compounds are characterized by metal atom bonded to selenium donor ligands such as
metalloproteins. The complexes of metal-selenide are often utilized as precursors for metal
selenides.?? Diphenyl diselenide has been widely used in the preparation of organoselenium
complexes with some metals. Diselenide ligands can coordinate to the metal atom as mono-
dentate and bidentate. Diselenide ligands (diphenyl diselenide, dimethyl diselenide, diethyl
diselenide) undergo reduction to form organoselenide anion. The organoselenide anion reacts
with the metal salts to form complex (Figure 2-2).% However, diphenyl diselenide can use two
selenium atoms to bridge between metal atoms.?* Furthermore, diselenide derivative
[PhoP(Se)-CH2-P(Se)Ph] can form bidentate using two selenium atoms to coordinate to the
metal.?® Other organoselenide derivative may contain more than one type of donor atoms (Se,

N) or (Se, N, O), which can be used to coordinate to the metal atoms.?
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Figure 2-2: Reaction for the preparation of complex from diphenyl diselenide and metal
salts.

Some researchers used electrochemical oxidation technique to prepare phenylselenolato
complexes M(SePh)n.?! The electrochemical oxidation of anodes of selected metals (Zn, Cd,
Cu, Ag, TI, Sn) in non-aqueous solutions of diphenyl diselenide with platinum foil as the
cathode gives the corresponding M(SePh), compounds in high yields.?! The selected metals
(Zn, Cd, Cu, Ag, TI, Sn) were used as an anode in the solution of diphenyl diselenide (non-
aqueous) and platinum foil as the cathode.

Urea (Figure 2-3) is known by many chemical names which include: diaminomethanal
(IUPAC), carbonyldiamine. Wohler and coworkers used potassium isocyanate and ammonium
sulfate solution to prepare urea for the first time.?® The formed ammonium isocyanate

undergoes molecular rearrangement to give urea (Equation 2-1).

Equation 2-1: Structural resonance of urea.



Figure 2-3: Molecular model structure of urea.

Urea has been prepared in the laboratory using ammonia and carbonyl chloride, alkyl
carbonates, chloroformates or urethans. It can also be prepared industrially by liquid carbon
dioxide and liquid ammonia (Equation 2-2), and the formed ammonium carbamate

decomposed at 130-150 °C under 35 atmospheric pressure to urea and water.?’
2NH3 + CO, —> NH2COONH; — CO(NH>). + H20

Equation 2-2: Reaction for industrial preparation of urea.

Urea is excreted as the byproduct of protein metabolism. Human (adults) excretes about 30 g
of urea as urine each day.?® Urea is a water-soluble compound with a melting point of 132 °C.%
It has been used in the preparation of formaldehyde-urea resin (plastic),?® barbiturates,?®
fertilizers,?® paper industry, and medical applications.®® Urea is regarded as the weak base
which can react with acids to form salts.3! It is characterized by three resonance structures (:

Structure of urea with its resonance forms.
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Figure 2-4: Structure of urea with its resonance forms.3!

The two-equivalent form with charges (Figure 2-4 :(11) and (111)), leads to greater stability of
urea. The crystal structure of urea shows an interatomic distance of 1.26 + 0.01 A (C-O), and
1.34 + 0.01 A (N-C).*2 These interatomic distances are associated with double bond character

20-30% for the carbon-nitrogen, and 50-60% for the carbon-oxygen bond.*3

The three structures can be represented by an average structure (Figure 2-5 : (1V) (hybrid)).*!
The hybrid resonance structure has been reported in literature.3* This hybrid structure shows
that the CO bond is less than double bond.3! Furthermore, the charged resonance structures
(Figure 2-5: (I1) and (111)) are induced by the hydrogen bonding between carbonyl oxygen
atoms and the hydrogen atoms, C=0-"HN.%® These effects lead to an increase in the C-N force
constant, while C-O force constant is decreased.®® The same effect was observed in the
stretching frequency of urea and uranium cation.! The CO stretching frequency is at 1689 cm-
! for urea, and at 1310 cm™ for the uranium cation. This show that C-O" change to the single
bond character. Furthermore, the C-N stretching frequency is shifted from 1446 cm™ for urea,
and to 1553 cm™ for uranium cation. This due to C-N bond changing to be a double bond
character. In general, when urea changes to uranium cation the NH and CN bonds increase in

frequency, while CO bond decreases in frequency.®

Complexes of urea with some metal ions are used as fertilizers,?® pharmaceutical application,’
antibacterial and antifungal agents.® Urea can be characterized by three coordination sites with
the metal which include carbonyl oxygen, and two nitrogen atoms. In most cases, urea can

coordinate with oxygen atom with many metal atoms to form monodentate oxygen-metal



(C=0M) with an angle less than 180°, by sp? hybridization of the O atom.*® The formation
of unidentate oxygen-metal bods between urea molecules and metal ions show minor changes
on the infrared spectra of urea. The infrared spectra change observed less effect on the N-H
stretching frequency, a lowering of the C=0 stretching frequency. The metal-urea complexes
(O-M) show resonance that contributes to their stability. The stability is associated with
resonance structures, as demonstrated one urea ligand bound to the metal through O-M. The
complexes are less affected by the oxidation of the metal ions.®* Moreover, urea and its
substituted can form extended hydrogen-bonded frameworks and have been used in the frame
of organic crystal engineering. Symmetrically substituted urea (RHNCONHR) can form a-
networks using two hydrogen atoms to form a hydrogen bond with the carbonyl oxygen of the
nearby molecule in a network.® Urea complexes have hydrogen bonding interaction due to
intermolecular or interionic, which results in frameworks. This hydrogen bonding leads to

greater stability of the complexes.*
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Figure 2-5: Resonance structure of metal-oxygen coordination of urea.

However, urea can bond to the metal through nitrogen as both a bidentate (N-M, O-M), and
unidentate (N-M). The formation of an M-N bond leads to more electrons needed of the
nitrogen, and hinder the resonance.®! Hence, an increase in the C=0 stretching frequency, and
lowering of CN stretching frequency. Urea can coordination with both oxygen and nitrogen
atoms (Figure 2-6: 1).*° Urea can also use oxygen atom to bridges two Hg'" ions in

[Hg2(CON2Ha4)2] (Figure 2-6 :(11). Furthermore, urea attracts more interest in chemical/ biology



activities because of its ability to undergo metal-promoted deprotonation.?” Urea as anionic
ligand H2NCONH- can coordinate with both nitrogen and oxygen to bridge two metal ions (u2
mode), and with two nitrogen and oxygen to bridge three metal ions (u3) in Figure 2-6: (l11),
and (V) respectively.
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Figure 2-6: The bidentate coordination mode of urea towards metal ions.?’

The first-row transitional metal-urea complexes have been intensively studied. In most of the
first-row metal, atoms are bound to urea ligand through an oxygen (metal-oxygen bond).3! The
M-O interatomic bond distance was increased with metal atom size.?” Cadmium and antimony
are the only second and third-row transition-metals crystal structure reported.?” However, in
metal-urea complexes, IR spectra can be used to confirm if the interaction of the metal atom is
through the oxygen atom or nitrogen atom. An increase of the vC=0 stretching vibration and a
decrease of the NH> stretching vibrations can be associated with nitrogen-metal bonding in the
complex. A decrease of the vC=0 stretching vibration and an increase of the NH: stretching
vibrations can be related to oxygen-metal bonding in the complex. In general; hard Lewis acids,
alkali and alkaline-earths can bond urea through the oxygen atom (metal-oxygen bond). On the
contrary, soft Lewis acids can bind to urea using nitrogen atom (metal-nitrogen bond). Some

metal atoms (Co and Pt) can use both oxygen, and nitrogen atom bond (M-O, and M-N).

2.2 Nanomaterials

Nanomaterials are the materials with one of its dimensions in the range of nanometer scale (1-
100 nm). Nanomaterials can be classified as metals based materials, carbon-based, and polymer
materials. Nanomaterials can be nano-sized along one (films), two (rods), and three (dot)
dimensions. Nanomaterials exhibit superior properties which are specific to their nanoscale
size.*! The nanomaterials have revealed advanced physical, electrical, magnetic and biological

properties compared to their bulk counterparts.*? These properties can be attributed to surface
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effects and quantum confinement.*® These are two size dependent factors yield nanomaterials
with the higher surface area, high surface energy, spatial confinement and reduced

imperfection, which do not exist in larger dimension materials.

2.2.1 Surface Effects

Nanoparticles have increased surface area compared to their bulk counterparts. If a bulk sphere
is subdivided into an ensemble of individual nanoparticles, the total volume of the sphere
remains the same, and the collective surface area is greatly increased.® Figure 2-7 show a
schematic drawing to illustrate surface-to-volume increase as the size is decreased. With the
decrease in particle size, a large proportion of atoms is found on particle’s surface compared
to those within the inside core. For example, a material with a size of 30 nm have 5% of atoms
in their surface, 10 nm have 20 % of atoms in their surface, and 3 nm have 50% of atoms in
their surface.® As a consequence, nanoparticles have high surface-to-volume ratio compared to
that of bulk parent material. Thus nanomaterials surfaces and surface properties (physical and
chemical interactions) will have more influence on interfacial characteristics and
agglomerations.** Hence, this will have more effect on reactions that occur at the surface such
as catalysis, detection and physical adsorption of certain species at the material’s surface. The
optical and chemical properties of nanoparticles are associated with the large surface area to
volume ratio of nanoparticles.”® The relative surface area per unit volume is inversely
proportional to the diameter. Therefore, a large fraction of surface atoms, the inter-particle
forces such as a Vander Waal force, electrostatic force, and magnetic attraction become

stronger resulting in higher surface energy in nanomaterials.
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Figure 2-7: Schematic drawing showing how surface-to-volume increased as the size is

decreased °.

2.2.2 Quantum Confinement

In general, materials can be classified into conductors, semiconductors, and insulators. The
classification of the materials is based on the energy separation of their energy bands. These
energy bands are called valence bands (VB) and conduction bands (CB). The energy bands are
formed from atomic orbital mixing between atoms in the crystal lattice. The valance bands are
formed by the overlap of bonding orbital, whereas the conduction bands are formed by the
overlap of antibonding orbitals. The valance bands are composed of the highest occupied
molecular orbitals (HOMO). The conduction bands in composed of lowest unoccupied
molecular orbital (LUMO). The band gap is the energy separation between the VB and CB. In
conducting materials (metals), the VB and CB overlap and band gap energy (Eg) is small. The
thermal energy is enough to stimulate electron to move to the conduction band. Insulators have
a large bandgap that requires large amount of energy to overcome the threshold. Hence, in
insulators, there is no electron excitation to the CB and very low electrical conductivity.
Semiconductors are characterized by an important and small band gap. If an applied energy
exceeds the bandgap energy, electron jump from VB to the CB, thereby forming electron-hole

pairs called exciton.

In nanomaterial, quantum confinement occurs when the particles size of a nanocrystal is
smaller than the exciton Bohr radius of the bulk semiconductor of the same compound. The

spatial confinement effect is more pronounced in nanomaterials due to their size, which leads
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to stronger quantum effect. The nano-sized semiconductor has quantized energy states.
Therefore, CB and VB bands split up and become discretized Figure 2-8. Hence, the motion of
electrons is highly confined, and their energy is quantized. The charge transfer occurs between
discrete levels, and the only wavelength of a certain dimension is absorbed and monochromatic
emission. The chemical and physical properties of nanomaterial are determined by the type of
motion allowed for its electron. The allowed types of motion in atomic or molecular orbitals
have well-defined energies that are well separated from one another. Thus, as consequence of
the quantum confinement, the bandgap energy becomes large and more energy will be needed
to be absorbed and emitted by the nanomaterial.*® The energy of the band gap absorption
(nanoparticle color) and emission become sensitive to the size and shape of nanoparticles.*’
Hence, the optical, physical and chemical properties of semiconductors nanomaterials are

dependent on the size and shape of the particles Figure 2-9.
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Figure 2-8: lllustration of energy diagram.?
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Figure 2-9: Absorption and emission.?

2.3 Nanocomposites

Composites are a multiphase material with a sizable proportion of each phase. Composites are
formed by incorporating multiple phase components to get new material with unique
properties. The materials are combined with the object of obtaining desired properties. In most
case, the constituents are chemically dissimilar and separated by district interface. The
properties of composites are characterized by the constituent phase, their relative amounts, and
the geometry of the dispersed phase.*® The phase can be composed of the following matrix:
metal,*® ceramic,®® and polymer.>! Metal matrix increases the yield stress, tensile strength,
creep resistance. Ceramic matrix plays role fracture toughness. The polymer matrix is
associated with an increased modulus, yield stress, tensile strength, and creep resistance. The

dispersion could be classified as particles, fibers and structural.
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The nanocomposite is classified as the materials in which one or more phase with nanoscale
dimension (0-D, 1-D, and 2-D).%? The nanocomposites are embedded with a metal, ceramic or
polymer matrix. The primary goal behind the addition of the nanoscale second phase is to create
a synergy between the various constituents, such that novel properties capable of meeting or
exceeding design expectations can be achieved.*® The properties of nanocomposite are affected
by a range of variables such as matrix material, loading, the degree of dispersion, size, shape,
and orientation of the nanoscale second phase with the matrix of the polymer.

Polymer-matrix nanocomposite has a matrix made from polymeric material. The second phase
is composed of nanoscale dimension material (usually a few percent by weight) and dispersed
in polymer matrix. The smaller size of the second phase leads to different properties.>* The
presence of nanoscale size material act as the reinforcing points to the higher significance of
the interface-to-volume ratio compared to conventional composites. As a result, the volume
fraction of the second phase can be reduced, without degradation of the desired properties. The
nanoscale reinforcing phase can be classified into nanoparticles (0-D), nanotubes (1-D),
Nanoplates (2-D).° The particles size and distribution play a significant role in nanoparticle
reinforcement. The nanoparticles added into polymer nanocomposite can alter properties such

as mechanical, electrical, optical, and thermal properties of the polymer material >

The nanofibers can be significantly enhanced by reinforcing with nanoparticles. Fiber
reinforcement using particles is a well-known method in textile and composite industries.>® The
fibers with reinforcement show new material with unique or enhanced properties.>” Nanofibers
are defined as the fibers with the diameter less than or equal to 1000 nm.>® Nano-size fillers
materials provide new opportunities for improving plastic composite materials different from
conventional standard fillers.>® Nanocomposites materials require only a minimal amount of
nano-filler (less than 5 %) to yield marked improvement in mechanical, thermal, electrical, and
other properties such as gas impermeability, dimensional stability, and flame retardance.>” All
of these benefits are available without sacrifices in composite density or light transmissions of
matrix resign.®® Nano-filler provides one to three orders of magnitude more interfacial area per

particle than conventional mineral filler.5!

2.3.1 Nanofibers fabrication methods

Nanofiber technology has been widely receiving a lot of attention, because of availability of

techniques that can create nanoscale fibers from a broad range of polymers. Nanofiber shows
unique properties such as low density, extremely high surface area to weight ratio, high pore

volume, and controllable pore size. The various methods that have been employed to generate
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nanoscale fibers include drawings, template synthesis, phase separation, self-assembly, and

electrostatic spinning (electrospinning).

2.3.2 Electrospinning

Electrospinning has been extensively used because of its ability to fabricate nanostructures with
a diameter in the range of nanometer to few micrometers.®? Electrospinning is user friendly,
versatile and can be used to prepare non-woven mats of ultrafine fiber.% This method has been
used to make nanofibers using various types of raw material ranging from natural and synthetic
polymers to make composites (consisting of organic and inorganic components).% The
electrospinning setup has four significant parts as shown in Figure 2-10: power supply
connected to anode and cathode, a capillary tube (glass syringe or pipette) containing a polymer
solution, metallic needle (copper wire), and metallic collector (non-metallic collector covered

with aluminum foil).
™
Anode ‘\\

T Polymer droplet forming Taylor cone
Copper wire

/Pipette with liquid polymer

Charged jet fiber Nanofibers collecting on
f plate

Negatively charged
Target plate

High voltage Cathode

power source

Figure 2-10: Electrospinning setup.
In the electrospinning method, a high electric field is applied to viscous polymer solution held

in the capillary tube and induces a charge density on the liquid surface. Mutual charge repulsion
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causes a force directly opposite to the surface tension. When the electric field is sufficiently
high, the surface of the solution in the proximity of the tip of the capillary tube elongates and
forms a Taylor cone. When a critical value of the electric field is reached, a repulsive electrical
force overcomes the surface tension. The charged jet of the solution is ejected from the tip of
the Tailor cone. As the jet accelerates and thins in the electric field, radial charges repulsion
results in the splitting of the primary jet into multiple filaments that are called spraying. The
solvents evaporate, and the filaments solidify in the collector. The filaments dry and form

nanofibers.

2.3.3 Factors affecting electrospinning
Electrospinning is one of the preferred methods for producing continuous nanofiber from the range of
materials. In electrospinning, the nanofiber is dependent on the preparation parameters which includes

processing, ambient, and solution parametrs.
(a) Solution parameters

The molecular weight of a polymer is an important parameter that affects the electrospun
nanofiber morphology. Molecular weight reflects the polymer chain entanglement, which has
a direct effect on the solution viscosity, surface tension, and conductivity.®* The polymers with
very low molecular leads to the formation of beads.®® An increase in the molecular weight of
polymer solution results in smooth nanofibers.®® However, polymers with high molecular

weight lead to the formation of fibers with a larger diameter.®’

Polymer concentration plays a significant role in the stretching of a jet in electrospinning. The
stretching of the charged jet is affected by changing of concentration. At low concertation, the
applied electric field and surface tension result into the breaking of an entangled polymer into
fragments before reaching the collector.%® These fragments lead to the formation of beads and
beaded nanofibers.%® An increase in the polymer concentration leads to an increase in the
viscosity, which in turn increases the chain entanglement of the polymer solution. The
entanglement will overcome the surface tension and result in uniform bead free nanofibers.®
Furthermore, an increase of solution concentration beyond a critical value will result in a
viscous solution which may prevent the flow of solution through the needle tip or beaded
nanofibers.®® Higher viscosity resists jet elongation and thinning and results in larger fiber
diameter.”® The concentration of the polymer has a significant effect on the morphology of the
beads as well. The morphology of beads changes from a spherical droplet-like shape (with low
viscosity) to a stretched droplets or ellipse to smooth fiber (with sufficient viscosity) as the

solution viscosity changes.”* Fong and coworkers explored the relationship of polyethylene
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oxide (PEO) solution viscosity and bead formation. Their results indicated that solution
viscosity is linked to the bead and density. A viscous solution resulted in less spherical and

more spindle-like beads followed by nanofiber formation with occasional bead defects.

The solvent of polymer solution plays a crucial role in electrospinning. The most important
properties of the solvent are related to polymer solubility and its boiling point. The solvent
should be able to dissolve the polymer completely. The solvent should have a moderate boiling
point. The solvent with low boiling point are classified as volatile. The volatile solvent is not
ideal options due to rapid evaporation and dehydration of the nanofibers.”® The high
evaporation rate of the low boiling solvent leads to rapid evaporation, which can cause the
drying of the jet at the needle tip.®® In contrast, high boiling points solvents may not dehydrate
entirely before hitting the target resulting in flat ribbon shaped fibers instead of round fibers.”
The volatility of solvent may affect the microscopic feature of electrospinning fiber including
porosity, shape, and size hence, care must be taken during the evaluation and selection of

electrospinning solvents.”

Solution viscosity is an important parameter in electrospinning for nanofiber morphology. The
viscosity of the solution is dependent on the molecular weight and polymer concentration. The
polymer viscosity can be easily adjusted by changing the polymer concentration. In general,
low viscosity solution tends to have a higher surface tension which results in beads and beaded
fibers.” However, polymers with a higher viscosity result in larger fiber or difficult in the
ejection of the jet from the polymer solution of too high viscosity.’® Fong et al. obtained

different morphologies of PEO fiber at different viscosity."?

Solution conductivity is linked to Taylor cone formation and can be used to control the diameter
of nanofibers. The solution with lower conductivity results to a droplet with no surface charge
to form a Taylor cone, hence no electrospinning takes place.®® However, an increase in
conductivity to a critical value leads to the rise of the surface charge of the droplet. This result
to the formation of the Taylor cone and smaller diameter nanofibers.”” Hence, high conductivity
yield greater tensile force, corresponding to applied voltage and reduction in the nanofiber
diameter. The conductivity can be increased by addition of an electrolyte. Fong et al " reported
that addition of sodium chloride in polymer solution leads to higher net charge density of
electrospinning jet. The increased charge density results in the formation of smooth and
uniform nanofiber.”? Zong and co-workers also reported that addition of salts to the poly-DL-
lactic acid (PDLLA) solution leads to smooth and bead-free fine diameter nanofibers.”®

Alternatively, the conductivity of polymer solution can be enhanced using surfactants.”
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Modification using surfactants revealed comparable results with uniform and smaller diameter

nanofiber.8°

Surface tension is directly associated with the polymer and solvent. The surface tension can be
varied by varying the solvents. The surface tension drives the formation of beads or beaded
nanofibers.”? The higher surface tension leads to the smaller surface area per unit mass, as result
beads or beaded nanofibers are formed from spherical jet (droplets).”> The formation of these
droplets is a result of the capillary breakup of the spinning jet by surface tension.”? However,
low surface tension is associated with an excess charge which leads to increase in surface area.
Hence, the thinner jet is formed which results in smoother nanofibers.”? Yang and co-workers
observed different surface tension on poly(vinyl pyrrolidone) PVP electrospun nanofiber
morphology using ethanol, DMF, and MC as solvents. The reduction of surface tension results
in the formation of smoother nanofibers while keeping other parameters fixed.8! The reduction
of surface tension contributes to the formation of nanofibers without beads.#? Fong and co-
workers study the effect of surface tension on poly(ethylene oxide) (PEO) by varying distil
water and ethanol. They observed that by changing the solvent from pure water to a water-
ethanol mixture, smooth fibers with larger diameter were produced. The increase of ethanol
concentration has led to an increase in solution viscosity and the surface tension lower.”? This
has increased the filament diameter, which is associated with the decrease in net charge density

and smaller charge repulsion force.”

The molecular weight of a polymer is an important parameter that affects the electrospun
nanofiber morphology. Molecular weight reflects the polymer chain entanglement, which has
a direct effect on the solution viscosity, surface tension, and conductivity.®* The polymers with
very low molecular leads to the formation of beads.®®> An increase in the molecular weight of
polymer solution results in smooth nanofibers.®® However, polymers with high molecular
weight lead to the formation of fibers with a larger diameter.®” Polymer concentration plays a
significant role in the stretching of a jet in electrospinning. The stretching of the charged jet is
affected by changing of concentration. At low concertation, the applied electric field and
surface tension result into the breaking of an entangled polymer into fragments before reaching
the collector.®® These fragments lead to the formation of beads and beaded nanofibers.®® An
increase in the polymer concentration leads to an increase in the viscosity, which in turn
increases the chain entanglement of the polymer solution. The entanglement will overcome the

surface tension and result in uniform bead free nanofibers.®® Furthermore, an increase of
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solution concentration beyond a critical value will result in a viscous solution which may
prevent the flow of solution through the needle tip or beaded nanofibers.®® Higher viscosity
resists jet elongation and thinning and results in larger fiber diameter.”® The concentration of
the polymer has a significant effect on the morphology of the beads as well. The morphology
of beads changes from a spherical droplet-like shape (with low viscosity) to a stretched droplets
or ellipse to smooth fiber (with sufficient viscosity) as the solution viscosity changes.”* Fong
and coworkers explored the relationship of polyethylene oxide (PEO) solution viscosity and
bead formation. Their results indicated that solution viscosity is linked to the bead and density.
A viscous solution resulted in less spherical and more spindle-like beads followed by nanofiber

formation with occasional bead defects.”?

The solvent of polymer solution plays a crucial role in electrospinning. The most important
properties of the solvent are related to polymer solubility and its boiling point. The solvent
should be able to dissolve the polymer completely. The solvent should have a moderate boiling
point. The solvent with low boiling point are classified as volatile. The volatile solvent is not
ideal options due to rapid evaporation and dehydration of the nanofibers.”® The high
evaporation rate of the low boiling solvent leads to rapid evaporation, which can cause the
drying of the jet at the needle tip.®® In contrast, high boiling points solvents may not dehydrate
entirely before hitting the target resulting in flat ribbon shaped fibers instead of round fibers.”
The volatility of solvent may affect the microscopic feature of electrospinning fiber including
porosity, shape, and size hence, care must be taken during the evaluation and selection of
electrospinning solvents.”* Solution viscosity is an important parameter in electrospinning for
nanofiber morphology. The viscosity of the solution is dependent on the molecular weight and
polymer concentration. The polymer viscosity can be easily adjusted by changing the polymer
concentration. In general, low viscosity solution tends to have a higher surface tension which
results in beads and beaded fibers.” However, polymers with a higher viscosity result in larger
fiber or difficult in the ejection of the jet from the polymer solution of too high viscosity.’®
Fong et al. obtained different morphologies of PEO fiber at different viscosity."

Solution conductivity is linked to Taylor cone formation and can be used to control the diameter
of nanofibers. The solution with lower conductivity results to a droplet with no surface charge
to form a Taylor cone, hence no electrospinning takes place.®® However, an increase in

conductivity to a critical value leads to the rise of the surface charge of the droplet. This result
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to the formation of the Taylor cone and smaller diameter nanofibers.”” Hence, high conductivity
yield greater tensile force, corresponding to applied voltage and reduction in the nanofiber
diameter. The conductivity can be increased by addition of an electrolyte. Fong et al’ reported
that addition of sodium chloride in polymer solution leads to higher net charge density of
electrospinning jet. The increased charge density results in the formation of smooth and
uniform nanofiber.”? Zong and co-workers also reported that addition of salts to the poly-DL-
lactic acid (PDLLA) solution leads to smooth and bead-free fine diameter nanofibers.’
Alternatively, the conductivity of polymer solution can be enhanced using surfactants.”
Modification using surfactants revealed comparable results with uniform and smaller diameter
nanofiber.8® Surface tension is directly associated with the polymer and solvent. The surface
tension can be varied by varying the solvents. The surface tension drives the formation of beads
or beaded nanofibers.”? The higher surface tension leads to the smaller surface area per unit
mass, as result beads or beaded nanofibers are formed from spherical jet (droplets).”? The
formation of these droplets is a result of the capillary breakup of the spinning jet by surface
tension.”? However, low surface tension is associated with an excess charge which leads to
increase in surface area. Hence, the thinner jet is formed which results in smoother nanofibers.”?
Yang and co-workers observed different surface tension on poly(vinyl pyrrolidone) PVP
electrospun nanofiber morphology using ethanol, DMF, and MC as solvents. The reduction of
surface tension results in the formation of smoother nanofibers while keeping other parameters
fixed.8! The reduction of surface tension contributes to the formation of nanofibers without
beads.®? Fong and co-workers study the effect of surface tension on poly(ethylene oxide) (PEO)
by varying distil water and ethanol. They observed that by changing the solvent from pure
water to a water-ethanol mixture, smooth fibers with larger diameter were produced. The
increase of ethanol concentration has led to an increase in solution viscosity and the surface
tension lower.” This has increased the filament diameter, which is associated with the decrease

in net charge density and smaller charge repulsion force.”?

(b) Processing parameters

Processing conditions such as voltage, distance between the needle and collector, applied
voltage, volumetric flow rate, and type of collector can affect the electrospinning process. The
applied voltage has more effect on the formation of the droplets shape, and jet released to the
collector during the electrospinning process. An increase in the applied voltage leads to the

polymer jet discharged with strong repulsion, causing it to undergo higher levels of drawing
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stress.8® High voltage induces more charges to form in the solution. Hence more jet is released
from the needle. Higher voltage accelerates more volume with relative small Taylor cone,
thereby an increase in the flow rate of the solution and faster electrospinning process.** High
applied voltage leads to a less control of electrospinng process, and small fibers with a wide
diameter distribution. An optimal voltage is required to initiate the polymer jet from the Taylor
cone apefex.*? To stabilize the Taylor cone, the flow rate needs to be adjusted in a correct range.
Vacuum usually form due to slow rate in the needle, causing the Taylor cone to disappear and
temporarily stop the electrospinning process. Faster flow rate may build up solution at the
needle tip. As flow rate increases, the surface charge density decreases. Hence, the charge
withdrawal into the solution depends on the resident time of ions in contact with the needle. A
constant and stable flow rate is required to minimize the bead formation in electrospinning
materials.®* Slow flow rate reduced the diameter of electrospun nanofibers.” Also, slow flow

rate resulted in fewer numbers of beads and smaller diameter compared to faster flow rate.®

The needle tip to collector distance is another parameter which affect the diameter and
morphology of fibers. The fiber morphology could be easily affected by the distance as a result
of deposition time, evaporation rate, and the whipping.2® Ghelich and co-workers studied the
effect of the needle tip to collector distance (8, 10, and 15 cm) using a composite of polyvinyl
alcohol/nickel oxide-gadolinium doped ceria (PVA/NiO-CeosGdo201.9).2” At smaller needle
tip to collector distance (8 cm), nanofibers with networks were formed because of bind between
the inner and outer layers. This can be attributed to remaining solvent residue because of little
time for evaporation to take place. When the distance was increased t010 cm, the solvent had
enough time to evaporate. This leads to the formation of well-separated fibers. When the
distance was increased to 15 cm, the average fiber diameter and the fibers were tangled
together. The increase in diameter was attributed to the reduction of the electrostatic field
strength, and hence fibers were less stretched.®” Some researchers reported that imperfect and
larger diameter nanofibers are formed at smaller distance.® On the other hand, an increase in
distance results in a decrease in diameter of the nanofibers.®® This can be attributed to the
complete solvent evaporation and more stretching which leads to the formation of thinner
fibers.2% However, others reported that there is no effect on the morphology of the nanofibers
observed with change in the distance between the metallic needle and collector.*

(c) Environmental parameters

Environmental parameters such as relative humidity, temperature, and air velocity can also

affect diameter and morphology of the nanofibers.®* Humidity is associated with solidification
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process of the charged jet. However, this phenomenon is dependent on the chemical nature of
the polymer. The change in humidity can lead to the different size of nanofiber diameter.%
Pelipenko’s group studied the change in nanofibers diameter with a change in humidity using
PVA, PEO and their blend solution PVA/hyaluronic acid (HA), PEO/chitosan (CS)). The
diameter of nanofibers decreased from 667 to 161 nm (PVA), and 252 nm to 75 nm (PEO) with
an increase in humidity from 4% to 60%. The decrease in fiber diameter with humidity was
even more in the blend, from 231 to 46 for PVA/HA, and from179 to 41 for PEO/CS from 4%
to 50% respectively. Further increase in humidity led to beads fiber for individual polymers
and almost no electrospinning for blends.% Vrieze and co-workers used poly(vinylpyrrolidone)
(PVP) and cellulose acetate (CA) to study the effect of humidity on electrospinning.®® The
average diameter of PVVP nanofibers was decreased with increase in relative humidity due to
thinner nanofibers. However, at higher relative humidity (60%) no fiber formation, because
PVP-ethanol solution absorbs ambient moist during electrospinning. The nanofibers were
combining leading to a larger diameter or beaded. For CA nanofibers, it was observed that the
diameter of nanofibers was increased with relative humidity. This was associated with polymer
precipitation of CA solution in acetone: N, N-dimethylacetamide as water is being added. It
was concluded that the relative humidity results in thinner or thicker nanofibers depending on

the chemical nature of the polymer.*3

Humidity also plays a crucial role in the creation of porous nanofibers when the binary solvent
system is used. Jeun group studied the effect of humidity on the electrospinning of poly(L-
lactide-co-D, L-lactide) fibres.* The fibers prepared at low humidity (30%) resulted into
smooth, and non-porous PLDLA fibers. A further increased in humidity (50%) resulted into
fibers with pore randomly distributed on the surface. At humidity (70%) has led to a formation
of non-uniform shaped fibers with a larger pore on the surface. They observed that an increase
of humidity was associated with an increase in the number of pores on the surface, the pore
diameter, and the pore size distribution.®* When a hydrophobic polymer is electrospun, water
acts as a non-solvent. Due to solvent evaporation, a dry polymer film is formed around the
liquid jet. Consequent, pores are formed to enable the evaporation of trapped solvent molecules
and complete nanofiber solidification.®® Bae et al. used PMAA and binary solvent system
(dichloromethane (DCM): dimethylformamide (DMF) in 8:2 ratio to produce highly porous
nanofibers.®® The creation of the pores was attributed to the different evaporation rate of the
solvent. The more volatile solvent (DCM) start to evaporate faster than the less volatile solvent

(DMF) (while the fibers are flying towards the collector). This difference in rates of
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evaporation of the two solvents causes a cooling a phenomenon like perspiration. This cooling
effect results in the condensation of water vapor into water droplets (as also observed during
cloudy conditions or in fog). The water droplets settle on the fibers. As water is immiscible
with DMF, hence the two mix well with each other in the inner and outer surface of the fiber.
The complete evaporation of the solvents and the water droplets from the fibers results in the

formation of porous PMAA electrospinning fibres.%

Temperature is the most studied ambient parameter, because of its influence on the solution
viscosity and solvent evaporation rate.®® Temperature causes two opposite effects to change the
average diameter of the nanofiber: (i) it increases the rate of evaporation of solvents and (ii) it
decreases the viscosity of the solution. The increase in the evaporation of the solvent and the
decrease in the viscosity of the solution work by two opposite mechanisms, however, both lead
to decrease in the mean fiber diameter. A similar observation was reported by Vrieze et al,
using cellulose acetate (CA) and poly(vinylpyrrolidone) (PVP).**The effect of temperature was
attributed to: first, the evaporation rate of the solvent was decreased (ethanol) exponentially
with temperature (at a lower temperature). Thus, the jet takes a longer time to solidify and
continuing the elongation of the jet. Second the rigidity of the polymer chain. The polymer
chains have more freedom to move at higher temperatures, resulting in lower viscosity. This

leads to higher stretching rate and thinner fibers.*

Cheng group used Acyclovir(ACY)-loaded PAN fibers dissolved in dimethyl sulfoxide to
study the effect of temperature.®” As the temperature was increased, the viscosities and surface
tension of the solution gradually increased. The conductivities of the solution were increased
with temperature. When the electrospinning temperature was raised, the solution became less
viscous, the solvent DMSO was easier to evaporate, and the presence of ACY could increase
the electronic conductivity. This resulted in the improved electrospinning ability of the
solution.®” Thus raising the temperature of the spinning solution can control the evaporation

rate of the organic solvent, and smoothen the electrospinning process.®’

Desai group studied the effect of spinning temperature on the chitosan/poly(acrylamide) blends
fibers.%® The blowing of stifling air around charged polymer solution increases the temperature,
which leads to a reduction in viscosity, and an increased evaporation rate of the solvent. Thus,
air blowing rate improved fiber formation as the spin-draw ration allowed further stretching of

the charged polymer jet during the whipping process.*®

Yang group studied the effect of working temperature on the polyacrylonitrile (PAN) and
polyvinylpyrrolidone (PVP) nafibers.!® The formed nanofibers became smooth, and their size
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decreased as the temperature was increased from 20 to 60 °C.1%° However, as the temperature
was further raised to 80 °C, the average size if PAN nanofiber increased. An increase in
temperature results in a decrease in viscosity of polymer solution. The same trend was observed
with PVP nanofibers. This is associated with a decrease in viscosity and surface tension as the
working temperature was gradually increased. These decreases result to an easy electrical
drawing of polymer solution jet and fine nanofiber. However, as the temperature increases to

an inflection point, the rapid solvent evaporation dominates and increases nanofibers.%

Kim and co-workers studied the effect of collector temperature on the poly(L-lactide),
polystyrene (PS), and poly(vinyl acetate) (PVAc) nanofibers.!t The pore size nanofibers
increased with collector temperature, and this behavior can be attributed to the boiling point of
the solvent used methylene chloride (CM). The topology such as pore size, pore depth, and
distribution of the pore was strongly dependent to both boiling point of the solvent and the Tg
of the polymer.1t

2.4 Applications of nanocomposites

2.4.1 Drug delivery

Electrospinning can provide the ability to conveniently incorporate therapeutic compounds into
the electrospun fibers for preparing useful drug delivery devices. Electrospun fibers have high
surface area to volume ratio, high porosity and can be easily functionalized.'> Hence, fiber
mats can overcome drug loading limitations encountered in with other drug delivery systems.
Many methods are using in loading drugs such as coating, embedding, and encapsulating.1%2
These techniques can be used to control the drug release kinetics.”* Nanofibers loaded with
drugs can be prepared in both degradable and non-degradable polymers.1°2 Many material such
as antibiotics,!® anticancer drugs,!®* proteins,!'® and DNA!® can be encapsulated with
different types of drugs. Kenawy and coworkers'®’ pioneered the use of poly(ethylene-co-

vinyl acetate), poly (lactic acid) fiber mats in the release of tetracycline hydrochloride.

2.4.2 Tissue Engineering

Electrospun fibers can mimic extracellular matrix and are often used as the scaffold for cell
growth in the area of tissue engineering and tissue regeneration.’®® Nanofibers can find more
application in tissue engineering, because of their highly porous structure with large surface
area, and their surface properties can be modified. Hence, there are suitable for tissue

engineering. Qiu group'® prepared copolymer nanofibers of caprolactone and lactide as
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scaffolds for vascular tissue engineering. Ma and co-workers*°

prepared surface modified
electrospun PET fibers for use in blood vessel engineering. Zhu group prepared highly porous
nanofibers mats for skin tissue engineering.!'! Chen and co-workers!!? used collagen/chitosan
polymers to prepared biocompatible nanofibers, which had an activity for wound healing.

Prabhakaran and coworkers!?

prepared PCL/collagen nanofibers for nerve tissue engineering.
Fibers of Hydroxyapatite (HA) were highly crystallized and were capable of guiding bone
regeneration.!'* Researchers also immobilized growth factors on electrospun poly(lactic-co-

glycolic acid) (PLGA) as tendon and cartilage tissue scaffolds.!%®

2.4.3 Antibacterial materials

Electrospinning techniques can allow preparation of nanofibers with antibacterial properties.

Electrospun nanofibers can be easily tailored to have antibacterial property by incorporating
antibacterial agents such as silver and copper metals.!'® Nanofibrous mats incorporated with
silver nanoparticles in the solution show excellent biocidal activity.!!” Son and coworkers
prepared cellulose acetate/silver fibers using cellulose acetate solution with silver nitrate and
further reduce to into Ag nanoparticles.!'® Silver-imidazole complexes were loaded in the
electrospun fibers to enhance their antibacterial activity.*® These fiber mats can be used to
control the release of nanosilver, which leads to better antibacterial activity.*?® Ren group
prepared polyacrylonitrile nanofibers loaded with N-calamine as rechargeable antibacterial
activity.!

2.4.4 Filters and membranes

Electrospinning allows preparation of fiber mats with controllable porous structure and surface
morphology. These materials have potential application in filtration and ultrafiltration.*?® Many
polymers which include Polysulfone,'? poly(vinyl alcohol),?? poly(acrylonitrile)'?® has been
used in the filtration of both particles and solvent. Amongst many techniques used, multi-
layers setup is the most efficient and reliable.'?® Yoon and coworkers used a membrane with
multi-layer which includes: water permeable and nonporous hydrophilic coating (chitosan), an
electrospun nanofibrous support layer (polyacrylonitrile) for mechanical strength, and a non-
woven microfibrous substrate (polyethylene terephthalate).’?®> The membrane was used to
separate water and oil and had rejection efficient of higher than 99.9%. The superhydrophobic
membranes can be fabricated by using nanoparticle!?* and co-axial electrospinning.'?® This

membrane can be used in ultrafiltration, self-cleaning textiles, and construction materials.*?°
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2.4.5 Sensors

Electrospun nanofibers have been used as a sensory device, because of their enhanced charge
transport, and high functionality.'?® Many sensors which including chemical sensors,*?” optical
sensors,’?® and biological sensors'?® have been fabricated using electrospun fibers.
Electrospinning of polymers can fabricate the sensor devices with sensor properties or without
sensor properties and loaded with a compound having sensor properties (nanomaterials,
fluorescent dyes, and enzymes). Wang group used polyvinyl alcohol embedded with Zinc
Oxide nanofibers for gas sensors. They show high selectivity and sensitivity to ethanol.**° Yoon

and coworkers!?®

used poly(ethylene oxide) and tetraethyl orthosilicate embedded with
polydiacetylene to prepare nanofibers. The sensors fabricated from these nanofiber mats can

be used to differentiate colors of some common solvent.'?®

2.4.6 Catalysis

Electrospun nanofibers are versatile and widely used in catalysts or as catalyst support.t3
Nanofiber mats are characterized by high surface area to volume ration and small inter-fibrous
pores with high porosity. These properties have led them to be used as catalyst or catalyst
support. Electrospun nanofibers can be loaded with both organic and inorganic catalyst. The
activity of nano-catalyst can be protected by the polymer matrix of the nanofiber.®2 The Fe-
TO./Sn0O; nanofibers were used as the photocatalyst in many environmental problems.!3 Sakai
group prepared nanofibrous mats of polystyrene incorporated with an enzyme (lipase) to

enhance its performance.***

2.5 Metal oxide, metal selenide, and poly(methyl methacrylate)

Silver is known for its antibacterial property, low cytotoxicity, excellent stability, and less
development of resistance strains.'* Many studies have focused on the use of silver-based
nanomaterials in medical materials and devices to prevent infection which includes wound
dressing,'®® burn ointments,**” catheters,®*® vascular grafts,"*® and bone fixation devices.}*
Oxide of silver is known for their conductivity and exist in many oxidation states (Ag*, Ag?*,
Ag*).1* Ags04 has a mixed valence state (Ag20s and AgO). It can undergo electrochemical
redox reaction to the form metallic silver (AgsOs—AgO—Ag.0—Ag).1*? Silver oxide
nanomaterial can find its application in many fields such as catalysis,*® sensors,'** antibacterial
materials,**® photovoltaic devices,'*® optical storage devices,*’ plasmonic photonic devices,'*
and drinking water.1*® It is an intrinsic p-type semiconductor with a band gap of about 1.5

eV 150
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Silver selenide (Ag2Se) undergoes a polymorphic transition to a low-temperature orthorhombic
structure (B-Ag2Se) and high-temperature body-centered cubic structure (a-Ag2Se) at about
409 K.® The B-Ag.Se phase is characterized as an n-type semiconductor, narrow bandgap
with an energy gap between 70 meV and 150 meV.™? It has high see beck coefficient, low
lattice thermal conductivity, and high electrical conductivity.’®® It can be used as the
photosensitizer in photographic films, in thermochromic materials and thermo electronics >,
The o-AgSe is a superionic conductor. It has been used as a solid electrolyte in photo
chargeable secondary batteries, the additive in highly conductive composite glasses for
batteries, sensors, and displays.>®> Nonstoichiometric Ag»+sSe show giant magneto-resistance
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comparable to the colossal magneto-resistance observed in manganese perovskites.= It can be

used in magnetic field sensing devices, more specific to low field sensors.*®

Copper-based compounds are known for their biocidal properties which include antimicrobial,
antibiotic and antifungal agent.'®® Copper oxide exists in three stoichiometric which include:
cuprous oxide (Cu20, cuprite), cupric oxide (CuO, tenorite), and CusO3 (paramelaconite) with
their crystalline forms.*>® Copper oxide is a p-type semiconductor with a narrow band gap in
the range between 1.2 to 2.5 eV depending on their stoichiometry.®® Copper oxide shows
unique physical, electronic, and photonic properties'®! which lead to its application in sensors,
catalysis, batteries, high-temperature superconductors, solar energy, and magnetic storage
media.*®? Copper selenide can exist in various stoichiometry (CuzSe, CusSes, CuzSes, Cuz-xSe,
CuSe, CuSez, and CusSe;) with many structural forms which include cubic, hexagonal,
tetragonal, orthorhombic, and monoclinic.!®® Copper selenide is p-type semiconductors
characterized by direct bandgap between 2.0 eV and 3 eV, and indirect band gap in the range
of 1.1-1.7 eV.'®* Copper selenide has been widely applied in fields such as quantum-dots
sensitized solar cell, window material, the optical filter, superionic conductor, lithium or

sodium-ion batteries, electrocatalysis, electro-optical devices and thermoelectric converter.16°

The iron-based material is less toxic, biodegradable, environmentally friendly, biocompatible,
and tunable magnetic properties.'®® Iron oxide is known to exist in many forms which include
Magnetite (FesO4), maghemite(y-Fe203), hematite (a-Fe203), wustite (FeO), B-Fe203, and e-
Fe,03.1%" Magnetite (Fes04), maghemite(y-Fe;03), hematite (0-Fe2O3) are the most dominant
because of their temperature-induced phase transition polymorph.%® Hematite (a-Fe203) is the
most stable and is an n-type semiconductor with a band gap of 2.3 eV. It is a low cost and show
high resistant to corrosion. It can be used in the synthesis of magnetite and maghemite.

Magnetite has both divalent and trivalent iron. It is both an n- and p-type semiconductor with
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a small bandgap of 0.1 eV. It is known to have low resistivity. Maghemite is an n-type
semiconductor with a band gap of 2.0 eV.'%” They are widely applied in many fields which
include catalysis, magnetic recording, high performance electromagnetic, spintronic devices,
magnetic resonance imaging (MRI), cell and protein separation, information storage, sensors,
lithium-ion battery, supercapacitor electrode material, wastewater purification, and drug
delivery.r®® Iron selenide has many phase compositions which include FezSes, FesSes, FeSey,
a-FeSe, and B-FeSe, with their crystallographic structures such as hexagonal, monoclinic,
tetragonal, and orthorhombic.1’ Iron selenide can be a semiconductor or superconductor due
to its ferro/ferromagnetic behavior depending on phase.!’* It has also been used in solar cell
(FeSe,).1"2 It has a band gap of either 0.14 or 3.0 eV depending on the phase. FeSe exhibit two
transitions which are dependent on growth temperature, below 450 °C as a-FeSe (tetragonal)
and above 450 °C as B-FeSe (hexagonal).1”® They show both n- to p-type conduction behavior

depending on their atomic ration.}’

Poly(methyl methacrylate) can be recognized as both hydrocarbon and ester, and named as
poly[1-(methoxycarbonyl)-1-methyl ethylene], and poly(methyl-2-methyl propanoate)
respectively.”> Poly(methyl methacrylate) is an amorphous, optically clear thermoplastic
belonging to the acrylate.}’® It can be synthesized using methyl methacrylate monomer.X’” It
has a moderate thermal stability with a glass transition temperature range of 100 to 130 °C and
can withstand temperature between 100 and -70 °C.1"® PMMA exhibit high impact strength,
lightweight, shatter-resistance with favorable processing conditions.!’® These properties have
led to PMMA being used as the substitute for inorganic glass.t”® It has high resistance to
sunshine exposure, and high scratch resistance.!’ It is very resistance to most chemicals, and
low resistance to chlorinated, aromatic hydrocarbons, esters and ketone.'® It is widely applied
in many fields which includes optical, pneumatic actuation, sensor, analytical separation,
conductive devices, biomedical, polymer electrolytes, polymer viscosity, and drug deliver.!8!
It is commercially known with different trade names such as lucite, oroglas, Perspex and
Plexiglas.*” The fiber of PMMA can be limited because of its thermal stability and inability to
filter ultraviolet light.*82 However, polymers reinforced with nanoparticles,*®® micro-sized

fiber,84 and cellulose nanocrysatls'® show enhance thermal and mechanical properties.
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Chapter Three

3 Experimental

3.1 Materials

Copper chloride (97 %), silver nitrate (99.2 %), methanol (99.5 %), hexadecylamine (HDA)
(90 %), trioctylphosphine (TOP) (90 %), toluene (99.5 %), p-iodonitrotetrazolium chloride
(INT), and poly(methylmethacrylate) (M =350000) were purchased from Sigma Aldrich.
Sodium borohydride (95 %), urea (99 %), dimethylformamide (DMF) (99.5 %) and diphenyl
diselenide (97 %) were purchased from Merck. Ethanol (99.9 %) and diethyl ether (99 %) were
purchased from CC Imelmann, and Rochelle Chemicals. Muller-Hinton broth and Muller-
Hinton agar were purchased from Neogen (Michigan). Staphylococcus aureus (ATCC 25923)
and Enterococcus faecalis (ATCC 29212) (Gram positive bacteria strain). Klepsiella
pneumoniae (ATCC 13883), and Pseudomonas aeruginosa (ATCC 15442) (gram negative
bacteria strain). Candida albicans (ATCC 14053) and Crytococcus neoformans (ATCC 14116)
(yeasts) were bought from Anatech (South Africa). These chemicals were used without any
further purification.

3.2 Experimental Procedure

3.2.1 Synthesis of copper complexes using diphenyldiselenide ligand

Diphenyl diselenide (3.14 g, 10 mmol) was dissolved in ethanol (20 ml). Sodium borohydride
(0.25 g) was added into the solution. This solution was refluxed while stirring under inert
environment until the yellow solution became colorless. Copper chloride (0.67 g, 5 mmol)
dissolved in ethanol (20 ml) was mixed with diphenyl diselenide solution. The mixture was
refluxed for four hours. The resultant precipitates were filtered, washed with diethyl ether and

allowed to dry in the desiccator.

3.2.2 Synthesis of iron complexes using diphenyldiselenide ligand

Diphenyl diselenide (3.14 g, 10 mmol) was dissolved in ethanol (20 ml). Sodium borohydride
(0.25 g) was added into the solution. This mixture was refluxed while stirring under inert
environment until the yellow solution became colorless. Iron (111) chloride hexahydrate (1.35
g, 5 mmol) dissolved in ethanol (20 ml) was mixed with diphenyl diselenide solution. The
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mixture was refluxed for four hours. The resultant precipitates were filtered, washed with

diethyl ether and allowed to dry in the desiccator.

3.2.3 Synthesis of silver complexes using diphenyldiselenide ligand

Diphenyl diselenide (3.14 g, 10 mmol) was dissolved in ethanol (20 ml). Sodium borohydride
(0.25 g) was added into the solution. This mixture was refluxed while stirring under inert
environment until the yellow solution became colorless. Silver nitrate (0.85 g, 5 mmol)
dissolved in ethanol (20 ml) was mixed with diphenyl diselenide solution. The mixture was
refluxed for four hours. The resultant precipitates were filtered, washed with diethyl ether and
allowed to dry in the desiccator.

3.2.4 Synthesis of iron complexes using urea ligand

Iron(I11) chloride (2.70 g, 0.01 mol) dissolved in 25 ml of methanol was mixed with solution
of urea (6.0 g, 0.1 mol) dissolved in 25 ml. The mixture was allowed to reflux at 60 °C for six
hours. The resultant precipitates were filtered, washed with diethyl ether and allowed to dry in

the desiccator.

3.2.5 Synthesis of silver complexes using urea ligand

Silver nitrate (1.7 g, 0.01 mol) dissolved in 25 ml of methanol was mixed with solution of urea
(6.0 g, 0.1 mol) dissolved in 25 ml of methanol. The mixture was allowed to reflux for six
hours. The resultant precipitates were filtered, washed with diethyl ether and allowed to dry in

the desiccator.

3.2.6 Synthesis of metal selenide nanoparticles

Copper selenide nanoparticles were synthesized by thermal decomposition of copper complex.
A mass of the complex (0.125 g) was dissolved into trioctyphosphine (TOP) (5 ml). The
solution was injected into hot hexadecylamine (HDA) (5.0 g) which was heated and maintained
at temperature of 150° C under nitrogen atmosphere. This reaction was maintained at this
temperature with constant stirring for an hour minutes. Then, the solution was cooled to 70 °C
and an excess of methanol was added. The precipitates formed were isolated by a centrifuge,
washed with methanol three times to remove some of the capping agent and allowed to dry. In
the preparation of iron selenide nanoparticles, the copper complex was replaced by iron
complexes. The same procedure was done for silver selenide nanoparticles. The other

conditions were kept the same as for copper selenide nanoparticle preparation.
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3.2.7 Synthesis of copper oxide nanoparticles

Copper acetate monohydrate (0.125 g) was placed inside a small, square piece of aluminum
foil. The foil was placed in the glass tube and put into the furnace purged with nitrogen. The
sample was calcined for 1 hour at a temperature of 400 °C. After 1 hour, the sample was cool

to room temperature while inside the furnace. Then, the sample was ready to be characterized.

3.2.8 Synthesis of metal oxide nanoparticles

Silver oxide nanoparticles were synthesized by thermal decomposition of silver complex.
Silver complex (0.125 g) was dissolved into trioctyphosphine (TOP) (5 ml). The solution was
injected into hot hexadecylamine (HDA) (5.0 g) which was heated and maintained at
temperature of 150° C under nitrogen atmosphere. This reaction was maintained at this
temperature with constant stirring for an hour. Then, the solution was cooled to 70 °C and an
excess of methanol was added. The precipitates formed were isolated by a centrifuge, washed
with methanol three times to remove some of the capping agent and allowed to dry. The same
procedure was adopted for the preparation of iron oxide nanoparticles, the silver complex was
replaced by iron complexes respectively. The other conditions were kept the same.

3.2.9 Preparation nanofibers

Poly(methyl methacrylate) in dimethylformamide (PMMA/DMF) (2 g in 20 mL
corresponding to 10 wt %) solution were mixed for 12 h by stirring at room temperature.
Copper selenide nanoparticles (0.02 and 0.4 g corresponding to 0.1 and 2 wt % respectively)
were separately added into PMMA solutions and stirred for 12 h. The PMMA/DMF solutions
containing CuSe nanoparticles were loaded into a glass pipette. A copper wire was inserted
into the polymer solutions and connected to the positive electrode of high voltage. The negative
electrode was connected to the plastic plate rapped with aluminum foil and used as a collector.
The separation distance between the needle and collection plate, and applied voltage were held
constant at 20 cm, and 20 kV, respectively. The electrospinning process was done in a

horizontal mode in a fume hood at room temperature.

The same procedure was used to prepared PMMA-AgSe and PMMA-FeSe, PMMA-CuO,
PMMA-AgO and PMMA-FeO, by replacing CuSe nanoparticles with AgSe, FeSe, CuO, AgO,
and FeO respectively.

3.2.10 Antibacterial Activity for nanoparticles
The Muller Hinton Broth (20 g) was dissolved into 1 liter of distilled water. The mixture was

sterilized in the autoclaved for 45 minutes. The nutrient broth (50 mL) was transferred into
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each four Erlenmeyer flasks. The bacteria (S. aureus, E. faecalis, K. pneumoniae, and P.
aeruginosa) were subculture to four flasks with nutrient broth respectively. The flasks were
covered with cotton wool and aluminum foil, and then autoclaved for 45 minutes. The flasks
were cooled to 60 °C and inoculate into the safety cabinet to avoid contamination. The bacteria
were added into each flask respectively to get about 108 colony forming unit (CFU/mL). The

solutions were incubated for 24 hours.

The antibacterial activity of silver selenide, silver oxide, copper selenide, copper oxide, iron
selenide, and iron oxide nanoparticles were studied using the Microbroth dilution test. The
method involves the use of polystyrene tray containing 96-wells microliter. The nutrient broth
(100 pL) was transferred to each well. The nanoparticle solution (100 pL) was also added to
each well with nutrient broth on the first row except for the controls (positive and negative).
Then, two-fold serial dilution were prepared by transferring 100 pL solution in the first row to
the following well in the next row in a serially descending concertation. On the last raw 100
ML solution was removed on the last row, so that all the 96-well had the same volume. Bacterial
solution (100 pL) was added to each well, except the column for the control (no bacteria). The
positive control column contains nutrient broth (100 pL), and neomycin (100 pL) in place of
nanoparticles. The negative control column had only nutrient broth (200 pL) and is free of
antibiotics or nanoparticles. The no bacteria control column contains nutrient broth (100 pL),
and nanoparticles (100 uL) without any bacterial solution. The three controls were serial
diluted using two-fold serial dilution method. All the plates were cover with parafilm and
incubated at 37 °C for 24 hrs. The p-iodonitrotetrazolium chloride (INT) solution (50 pL of 0.2
mg. mL1) was added to all the well as the indicator. The plates were further incubated at 37 °C

for another 24 hrs.

3.2.11 Antifungal activity for nanoparticles

The yeasts (C. albicans, and C. neoformans) (400 pL) were added to the 4 mL of sterile saline
respectively. The absorbances of the solutions were measured and adjusted to be the same as
McFarland standard solution. Fungi Mat Extract Broth (yeast) (20 g) was dissolved into 1 liter
of distilled water. The mixture (50 mL) was transferred into each of the two Erlenmeyer flasks.
The flasks were covered with cotton wool and aluminum foil and autoclaved for 45 minutes.
Then, cooled to 60 °C and inoculate in the safety cabinet to avoid contamination. The yeasts
(50 pL) was added to the Erlenmeyer flask respectively and incubated at 37 °C for 24 hours.
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The 96-well was labelled rows (A to H) and columns (1 to 12). The yeast broth (100 uL) was
transferred to each well. The nanoparticle solution (100 uL) was also added to each well with
nutrient broth on the first row (A) except for the controls (positive: column 7, and negative:
column 8). Then, two-fold serial dilution were prepared by transferring 100 pL solution in the
first row (A) to the following well in the next row (B) in a serially descending concertation
until column (H). On the last row 100 pL solution was removed on the last row (H), so that all
the 96-well had the same volume. Bacterial solution (100 pL) was added to each well, except
for no bacteria control (column 9). The positive control column contains amphotericin B (100
ML) in place of nanoparticles. The water was used as the negative control. The no fungi control
column contains yeast broth (100 uL), and nanoparticles (100 uL) without any bacterial
solution. The three controls were serial diluted using two-fold serial dilution method. All the
plates were cover with parafilm and incubated at 37 °C for 24 hrs. The p-iodonitrotetrazolium
chloride (INT) solution (50 uL of 0.2 mg. mL™) was added to all the well as the indicator. The

plates were further incubated at 37 °C for another 24 hrs.

3.3 Characterization

3.3.1 Thermogravimetry

The sample preparation for thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG) was done by weighing 10 mg of the complexes. These complexes
were decomposed at temperature range of 50 to 800 °C. This analysis was performed on a
Perkin Elmer Pyris 6 TGA under an inert atmosphere of dry nitrogen, and at a heating rate of
20 °Cmin’™,

3.3.2 FT-IR spectroscopy

Infrared spectra were recorded on FT-IR Perkin Elmer 400 spectrometer. Spectra were

collected over the range from 400 to 4000 cm™,

3.3.3 Microanalysis
Elemental analyses (C, H, N) were performed on a Thermo Scientific Flash 2000 CHNS-O
analyzer fitted with auto sampler.

3.3.4 Optical characterization

Absorption spectra of the nanoparticles were measured using Perkin Elmer Lambda 25 UV-
VIS spectrophotometer in the spectral range of 190-900 nm. The samples were placed in a
quartz cuvette (1 cm path length) with toluene as the solvent. Emission spectra of the particles

were recorded on a Perkin Elmer LS 45 photoluminescence (PL) spectrometer with a xenon
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lamp at room temperature. The samples were placed in glass cuvettes (1 cm) with toluene as

solvent.

3.3.5 X-ray diffraction analysis

Powder X-ray diffraction patterns of the samples were recorded using a Shimadzu XRD 700
X-ray diffractometer with Cu Ka radiation (A\=1.54 A) under the conditions of 40 kV and 40
mA. The samples were mounted flat and scanned between 5 and 90 in a step size of 0.05°

with a count rate of 9 s.

3.3.6 Scanning electron microscopy
The fibrous mats were examined by scanning electron microscopy (SEM) (FEI Quanta ESEM).
A small section of the mat was mounted to a metal sample stub using double stick electrically

conductive carbon tape. The sample was sputter coated with gold.

3.3.7 Transmission electron microscopy
Transmission electron microscope (TEM) analysis was performed using HITACHI JEOL 100S
operated at 80 kV. The samples were prepared by placing a drop of dilute solution of sample

in toluene on to a copper grid. The sample was allowed to dry completely at room temperature.
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Chapter four

4 Results and discussions

4.1 Coordination Complexes

Complexes form coordinate bond between the transition metal and the ligand. Generally, the
chalcogens are known to bind to the metals more preferable than other atoms especially those
used on the study such as copper, silver and iron. This provides relatively stable bonds that are
useful in the thermolysis of the complexes in the approach called single-source precursor to

give rise to metal chalocogenides.

4.1.1 Complexes of urea

The urea can coordinate to metal atom with either carbonyl oxygen atom or amide nitrogen
atoms.*% The mode of coordination of urea with metal ion depends upon the type and the nature
of metal.®® In urea-metal complexes, the vibrational spectrum of the complex differs
significantly from that of the urea molecule. The N-H, and C-N and C=0 stretching frequencies
would shift to higher or lower frequencies depending on the coordination of urea to metal ion
through oxygen or nitrogen atom. Figure 4-1, and Figure 4-5 represent the infrared spectra of
Ag(l), and Fe(Il) complexes respectively, and are compared with urea molecule. The infrared
spectra show two curves: urea molecule (a) and metal-urea complex (b). Table 4-1 show the
most characteristic band vibrations of metal-urea complexes and propose assignments. The
urea is characterized by band associated to v(NH2), and C=0 functional groups. The v(NH>)
exhibits bands at 3429-3320, and 1675 cm, associated to the stretching and bending of v(NH)
bonds. In silver complex, the v(NH,) appears at 3466-3168 cm™* higher and lower bands. This
wide range indicate that some urea is coordinated through oxygen, while other is coordinated
through nitrogen atoms. The v(NH2) bands are higher for urea coordinated through oxygen,
and lower for urea coordinated with nitrogen atom. Furthermore, the complex exhibits two
bending modes (5s(NH2) and 8.(NH2)). This indicates that there are two coordination mode.8’
However, the (CO) bands exhibits broad bands at relatively the same range as that of the
ligand. This is consistent with the existence of both coordinated and uncoordinated oxygen

atom. In iron complex, the v(NHz) bands appears at relatively the same bands as the free ligand.
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This indicates that the nitrogen atom was not used in the coordination to iron. However, the

v(CO) exhibits bands at lower stretching frequency than the free ligand. This indicate that the

oxygen is used to coordinate to iron.

Table 4-1: Characteristic infrared frequency and assignment of urea, silver and iron

complexes.
Assignments Urea Ag(l) Fe(l11)
Vas(NH2, v(OH), CH30H 3429 3466 3427
3257 3168 3219
3220
vs(NH2), CH;0H 3330 3377 3328
V(CHa) 2980 2928
2902 2852
s(NH2) 1675 1673 1672
1642
«(C=0) 1590 1590 1551
v(C-N) 1454 1442 1460
1052 1063 1020
(c)
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Figure 4-1: The FTIR spectra of silver nitrate (a), urea (b), and silver urea complexes (c).
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Figure 4-2 shows the TGA spectra of Agz2(U)(NCO)(NO3)(CHsOH) complex. This complex
decomposes into three major steps. The first decomposition occurs at about 183-296 °C. This
decomposition leads to a mass loss of 22.83 %, which can be associated with methanol (7.78
%), and nitrate (15.05 %). The nitrate decomposes at slightly higher temperature from
methanol. The second decomposition occurs at 387-426 °C and leads to a mass loss of 14.58
% due to urea. The last decomposition at 452-523 °C, which leads to mass loss of nitrogen and
carbon dioxide gases. This result to a final residue of 52.03 %, which is quite comparable with
two silver metal (52.38 % theoretical). Derivative thermogravimetry confirms three major
endothermic peaks of Ag2(U)(NCO)(NOz)(CH3OH) complex. However, there are many small

peaks that can be associated with intermediate decomposition of silver complex.
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Figure 4-2: The graph for silver urea complex TGA (black) and derivative (red).

Figure 4-3 shows the FTIR spectra of copper acetate monohydrate. The FTIR show three
absorption peaks of interest: the first peaks at 3465 -3268 cm™, due to a hydroxyl group of
water and acetic acid.'® Second peaks at 2993, and 2945 cm™ (weak), which are attributed to
methyl group. Third absorption peaks at 1594 and 1417 cm™, which can be associated to

symmetric and antisymmetric carboxylate stretching mode.*8°
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Figure 4-3: The FTIR spectra of copper acetate monohydrate.

Figure 4-4 shows the TGA (black) and DTG (red) curves of copper acetate monohydrate.
Copper acetate monohydrate decomposes into two steps.!®® The first decomposition occurs
between 111 and 159 °C which is associated with dehydration.'® The dehydration leads to a
mass loss of 8.28 %, and comparable with water molecule theoretical (9.02 %). The second
decomposition occurs between 208 and 317 °C, and is due to acetate moiety.!®t The
decomposition of acetate results into a mass loss of 59.29 % which is in good agreement with
theoretical (59.16 %). A copper residue with a mass of 32.43 % is comparable with theoretical
(31.83 %). The DTG (red) shows two endothermic peaks at 143, and 288 °C. The DTG peaks

are consistent with dehydration, and decomposition of acetate moiety respectively.!%2
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Figure 4-4: The TGA (black) and derivative (red) spectra of copper acetate monohydrate.
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Figure 4-5: The FTIR spectra of urea (a) and iron urea complex (b).
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Figure 4-6 shows the TGA graph for iron urea complex. The TGA curve for iron urea complex
[Fe(CI)2(U)3(H20)4] has four stages of mass loses within the temperature range 34-748 °C and
maximum DTG peaks at 44, 237, 335, 690 °C. The first stage is between 34-65 °C and has an
experimental mass loss of 3.9 % that is comparable with a theoretical mass loss of 4.75 %. This
is consistent with the mass loss of 1 molecular water due to moisture. The second stage is
between 136-260 °C and has a mass loss of 37.6 % that is comparable with theoretical mass
loss of 36.44 % due to 2 moles of urea and 3 moles of water. The third stage is between 291-
429 °C. This decomposition results to an experimental mass loss of 21.79 %, and is comparable
with a theoretical mass 20.18 %. This is associated the loss of half Cl,, half N2, half H,, and
CN, and results in a residue of FeO. The fourth stage occurs between 661-748 °C, and results
in the decomposition of half O,. This decomposition leads to a final residue of iron. The
derivative thermogravimetry shows four major endorthemic peads wich are associated with

decomposition of the iron complex. This is in good agreement with the TGA.
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Figure 4-6: The graph of iron urea complex TGA (a), and derivative (b).
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4.1.2 Diphenyldiselenide complexes

The free ligand diphenyldiselenide exhibits multiple bands in the range of 3069-662 cm™. The
free ligand displays aromatic band vibration at 3069-2983 cm™, which can be assigned to
aromatic stretch of C-H group. An overtone bands at 1975-1633 cm™ and can be associated
with C=C stretching frequency. An aromatic band at 1500-1426 cm™*, which can be due to C-
C stretch. The bands at 1325-987, and 723-667 cm™ which is associated with C-H in plane
bands, and C-H out of plane respectively.

The silver complex shows similar peaks to free ligand (Figure 4-7). An aromatic C-H band
occurs at 3055-2851 cm™. An overtone occurs at 1949-1637 cm™ and can be associated with
C=C stretching frequency. A band at 1557-1434 cm™* and can be due to C-C stretching. A broad
band at 1364 cm™, which can be attributed to N-O band. A band at 1283-988 cm™, and 725-
671 cm™ which can be due to in plane and out of plane C-H band respectively.
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Figure 4-7: The FTIR spectra of diphenyldiselenide (a), and silver diphenyldiselenide
complex (b).
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Figure 4-8 shows the TGA spectra of silver diphenyldiselenide complex. The complex
(Ag2(NO3)2(CsHsSe)> decomposes into three steps. The first decomposition occurs at 95-148
°C. This decomposition was very small (2.74 %) and can be due to solvent attached at surface
of the complex. The second decomposition occurs at 221-335 °C. This leads to a major
decomposition of the ligand moiety (nitrate and phenyl selenide anion). This results to a residue
of 45.88 %, which agrees well with Ag»Se theoretical mass (45.21%). Another decomposition
occurs at 454 °C, and gradual degrade with increase in temperature. The DTG shows three
endothermic peaks associated with TGA spectra.
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Figure 4-8: The graph (TGA (a), and derivative (b)) of the silver diphenyldiselenide

complex.

The copper complex is compared with diphenyldiselenide ligand (Figure 4-9). The spectra
show similar bands. There is a band at 3442-3350 cm™, that can be attributed to O-H group of
water molecule. A second band occurs at 3061 cm™ and is assigned to an aromatic C-H
stretching. A third band is an overtone at 2158-1976 cm™ and is assigned to C=C stretching. A
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fourth band appears at 1627 cm™ and can be due to O-H bending. A firth C-H band appears at
1074-993, and 736-682 cm™, and are due to in plane, and out of plane stretching respectively.
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Figure 4-9: The FTIR spectra of diphenyldiselenide (a), and copper diphenyldiselenide
complex (b).

Figure 4-10 shows the TGA graph of copper diphenyldiselenide complex. The complex
Cu(Cl)2(CeHsSe)2 shows three major pathways. First decomposition occurred at about 139-242
°C. This decomposition results to a mass loss of 15.67 % and can be associated with two moles
of chloride. The major decomposition occurs at about 256-383 °C. This decomposition can be
associated with loss of phenyl and phenyl selenate anion ligands.

This decomposition results to a residue of 32.80 and is comparable with copper selenide
theoretical mass of 31.97%. The last decomposition occurs at 480-646 °C and leads to
degradation of the whole compound. This results to a final residue less than 1% which could
be remains of decomposed copper metal.
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Figure 4-10: The graph for bis(phenylselenolate) iron(Il) complex TGA (a), and derivative
(b).

The bis(phenylselenolate) iron(I1) complex spectra (Figure 4-11) show multiple bands from
3275-655 cm™*. Most of the band are the same as the one for the ligand due to same functional
group between them. The spectra exhibit a broad band at 3275 cm™ which can be attributed to
O-H stretching frequency. This band can be due to water molecules in the complex. An
aromatic band appears at 2980-2899 cm and is attributed to C-H stretching frequency. An
overtone is exhibited at 1938-1734 cm™ and is due to C=C stretching frequency. A O-H band
is exhibited at 1632 cm™ and is attributed to O-H bending. Another band is exhibited at 1562-
1455 cm™ and are due to C-C stretching. Furthermore, the C-H bands are exhibited at 1058-
983, and 789-650 cm™* which are due to C-H in plane and out of plane band respectively.
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Figure 4-11: The FTIR spectra of diphenyldiselenide (a), and bis(phenylselenolate) iron(Il)
complex (b).

Figure 4-12 shows the TGA graph of bis(phenylselenolate) iron(l1l) complex to study its
decomposition pattern. The complex undergoes a single step decomposition pathway. The
decomposition occurs at approximately 152-289 °C. The final residual mass was significantly
lower (5.2 %) than expected mass of the formation of FeSe compound and indicate that the
precursor was volatile. The DTG shows the endothermic peak that is associated with
decomposition of the ligand moiety.
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Figure 4-12: The graph (TGA (a) and derivative (b)) of bis(phenylselenolate) iron(1l)

complex.

4.2 synthesis of metal oxide and metal selenide nanoparticles

Metal chalcogenide nanoparticles also referred to as semiconducting nanoparticles have very
controllable size as manipulated through varying synthetic conditions. These generally yields
particles with varied sizes and shapes and hence affects their optical properties due to quantum
confinement. The control of nucleation and growth of particles are influenced by the types of
complex as precursors as well as other conditions such as temperature, time and concentration

of starting materials and solvent or capping agents.

4.2.1 Synthesis of silver oxide nanoparticles

Figure 4-13 shows the absorption (solid line) and photoluminescence (broken lines) spectra of
silver oxide nanoparticles. The UV-Vis of silver oxide nanoparticles shows a band gap energy
at 2.265 eV. The band gap is more than their bulk counterparts 1%, This can be attributed to the

small size of the prepared silver oxide nanoparticles. The photoluminescence spectra show
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emission maxima at 449.16 nm. The emission maximum is red shifted from their absorption
spectra of 491.77 nm. The photoluminescence spectra are slightly broad due to agglomeration
of the prepared silver oxide nanoparticles.

Wavelength (nm)
400 425 450 475 500 525 550 575 600

|
N
(4]
PL Intensity (a.u.)

Absorbance (a.u.)
o
&
|

+2.0
0.30 ]
415
0.15
1 T I T I T I T I T I T I T I T I T l T 1-0
400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Figure 4-13: The UV-Vis (solid lines)) and PL (doted lines) spectra of silver oxide
nanoparticles prepared for 1 hour at 150 °C, and 0.125 g of Ag2(U)(NCO)(NOz)(CH30H)
complex.

Figure 4-14 shows the XRD graph of prepared silver oxide nanoparticles. The XRD shows a
mixture of silver and silver oxide diffraction patterns. The first pattern shows four major
diffractions at 38.74°, 44.72°, 64.97° and 77.77° which can be indexed to (111), (200), (220),
and (311) planes of face-centered cubic silver (JCPDS file no 04-0783). A similar pattern of
XRD was reported for metallic silver nanoparticles synthesized by other researchers using
biosynthesis 1%, Furthermore, diffraction patterns at 54°, and 68 are indexed to silver oxide

nanoparticles of powder diffraction standards (JCPDS no: 12-0793) %,
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Figure 4-14: The XRD graph of silver oxide nanoparticles prepared for 1 hour at 150 °C, and
0.125 g of a Ag2(U)(NCO)(NO3)(CH30H) complex.

Figure 4-15 shows the TEM image of the prepared silver oxide nanoparticles. The image shows
spherical nanoparticles with smaller, and slightly bigger particles sizes. These particles have a
particles size in the range of 2-12 nm. The smaller spheres are more dominant with particles
size of 5, and 6 nm. The bigger spheres are formed from the small spheres through Ostwald
ripening. Therefore, these nanoparticles are poly-dispersed with two population of spheres. The
histogram shows that silver oxide has widely distributed particles size. These particles are

mostly dominated with a size the between 5-7 nm.
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Figure 4-15: The TEM image of silver oxide nanoparticles prepared for 1 hour at 150 °C,
and 0.125 g of a Ag2(U)(NCO)(NOgz)(CHsOH) complex.

4.2.2 Synthesis of silver selenide nanoparticles

Figure 4-16 shows the absorption (solid line) and photoluminescence (red) spectra of silver
selenide nanoparticles. The UV-Vis of silver selenide nanoparticles shows a band gap energy
at 2.973 eV. This band gap is greater than their bulk counterpart and can be attributed to the
small size of the prepared silver selenide nanoparticles'®®. The photoluminescence spectra
show emission maxima at 381.92 nm. The emission maximum is red shifted from their
absorption spectra of 287.84 nm. The photoluminescence spectra are very broad and are
attributed to agglomeration. The broad emission is associated with a mixture of shapes, and

various size of particles.
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Figure 4-16: The absorption (black) and photoluminescence (red) spectra of silver selenide

nanoparticles prepared at 150 °C, for 1 hour, and 0.125 g of Ag2(NO3)(CsHsSe)2 complex.

Figure 4-17 shows the XRD spectra of silver selenide nanoparticles. The XRD shows
diffraction pattern due to the face-centered cubic lattice structure of crystalline silver (JCPDS
file no.:04-0783). The diffraction peaks are indexed to (111), (200), (220) and (311) plane.

Other peaks at 2 theta of 25 and below can be due to other impurities.
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Figure 4-17: The XRD graph of silver selenide nanoparticles prepared at 150 °C, for 1 hour,
and 0.125 g of Ag2(NOz)(CeHsSe)> complex.

Figure 4-18 shows the TEM image of the prepared silver selenide nanoparticles. The image
shows a mixture of sphere, hexagon and rods particles. The spheres have a smaller size, while
hexagon and rods are slightly bigger. It appears as if spheres grow to form hexagon and rods.
The diameter of the particles is in the range of 3-23 nm. The histogram shows a broad
distribution of spherical particles with a major size between 11-13 nm. The broad distribution

in the particle size can be due to polydispersity.
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Figure 4-18: The TEM image of silver selenide nanoparticles prepared at 150 °C, for 1 hour,
and 0.125 g of Ag2(NOz)(CeHsSe)> complex.

4.2.3 Synthesis of copper oxide nanoparticles

Figure 4-19 shows the absorption and photoluminescence spectra of CuAcz'H20 calcined for 1
hour at 400 °C. The absorption spectra are broad and has an optical peak at 476 nm. The broad
absorption is associated with polydisperse and coexistence of many phases of copper oxide
nanoparticles. The photoluminescence spectra show a broad emission peak at 537 nm. The

emission peak is red shifted from its absorption.
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Figure 4-19: The absorption (black) and photoluminescence (red) spectra of CuAc2H20
calcined for 60 minutes at 400 °C.

Figure 4-20 shows the XRD pattern of CuAc2'H20 calcined for 1 hour at 400 °C. The spectra
show a combination of three phases of copper which includes: cuprous oxide (Cu2O, cuprite),
cupric oxide (CuO, tenorite), and copper. The cuprous oxide peaks are consistent with cubic
phase Cu20 (JCPDS card number: 75-1531). However, the cupric oxide peaks are indexed to
a monoclinic structure of CuO (JCPDS card number: 80-1916). Furthermore, the XRD pattern
for Cu can be indexed to the face-centered cubic Cu (JCPDS card number 85-1326) 1%,
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Figure 4-20: The XRD graph of CuAc2'H20 calcined for 60 minutes at 400 °C.

Figure 4-21 shows the TEM image of CuAc2'H2O calcined for 60 minutes at 400 °C to prepare
copper oxide nanoparticles. The images show polydisperse spherically shaped nanoparticles
with a diameter in the range of 2-9 nm. These nanoparticles are slightly agglomerated, and this
is due to the fact that there is no passivating agent used to separate them from each. However,
the particles size is very smaller, and good especial that there was no capping molecule. The

histogram shows that most particles were in the size range of 4-5 nm.

Diameter (nm)

Figure 4-21: The TEM image of CuAc2'H20 calcined for 60 minutes at 400 °C.
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4.2.4 Synthesis of copper selenide nanoparticles

Figure 4-22 shows the absorption (black) and photoluminescence (red) spectra of copper
selenide nanoparticles. The UV-Vis of copper selenide nanoparticles shows a band gap energy
of 4 eV 183, The band gap energy is more than their bulk counterparts. This can be attributed to
the small size of the prepared copper selenide nanoparticles. The photoluminescence spectra
show emission maxima at 346 nm. The emission maximum is red shifted from their absorption
spectra of 274 nm. The photoluminescence shows well distributed and monodispersed copper

selenide nanoparticles.
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Figure 4-22: The absorption (black), and Photoluminescence (red) spectra of copper selenide
nanoparticles prepared by using 0.125 g of the Cu(Cl)2(CeHsSe)> complex, 5 g HDA at 145

°C for 60 minutes.

Figure 4-23 shows the XRD graph of copper selenide nanoparticles. The XRD pattern shows
the co-existence of two-phase a-CuzSe and f-CuzSe phases. The main diffraction patterns can
be indexed to orthorhombic Cu,Se (JCPDS no: 19-0401). The orthorhombic phase was more
dominated. The second phase is indexed to B-Cu,Se (JCPDS no: 88-2044).1%
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Figure 4-23: The XRD graph of copper selenide nanoparticles prepared by using 0.125 g of
the Cu(Cl)2(CeHsSe). complex, 5 g HDA at 145 °C for 60 minutes.

Figure 4-24 shows the TEM image of the prepared copper selenide nanoparticles. The image
shows spherical nanoparticles with size in the range of 1-5 nm. These sphere have two
populations: smaller, and slightly bigger size. In general, the smaller size dissolves and for
larger particles that are more stable. The copper selenide nanoparticles are well dispersed
without any agglomeration. The histogram shows wide distribution of copper selenide

nanoparticles with most particles at 3-3.5 nm.
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Figure 4-24: TEM image of copper selenide nanoparticles prepared by using 0.125 g of the
Cu(Cl)2(CeHsSe)2 complex, 5 g HDA at 145 °C for 60 minutes.

4.2.5 Synthesis of iron oxide nanoparticles

Figure 4-25 shows the absorption (black) and photoluminescence (red) spectra of silver oxide
nanoparticles. The UV-Vis of iron oxide nanoparticles shows a band gap energy at 2.85 eV.
The band gap is blue shifted from their bulk counterparts of 2.0 eV.'*® This can be attributed
to the small size of the prepared silver selenide nanoparticles. The photoluminescence spectra
show emission maxima at 378.52 nm. The emission maximum is red shifted from their
absorption spectra of 361.68 nm. The photoluminescence spectra are broad, widely distributed,

and are associated with poly-dispersed iron oxide nanoparticles.
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Figure 4-25: The absorption spectra of iron oxide nanoparticles prepared using 0.125 g of
FeCl2-3U-4H,0 complex at 150 °C, for an hour.

Figure 4-26 shows the XRD graph of iron oxide nanoparticles. The diffraction patterns show
broad peaks, and are associated with smaller particles size of iron oxide nanoparticles. The
XRD pattern is matched well with the reflection of (220), (311), (400), (422), (511), and (440)
planes. These particles are consistent with maghemite (y-Fe2O3) (JCPDS file no. 25-1402).2%°
The other peaks are attributed to the sample holder due to the small sample yield.
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Figure 4-26: The XRD patterns of iron oxide nanoparticles prepared using 0.125 g of
FeCl>:3U-4H,0 complex at 150 °C, for an hour.

Figure 4-27 shows the TEM image of the prepared iron oxide nanoparticles. The image shows
a mixture of rod-like and spherically shaped nanoparticles. However, the two rodes are
composed of spherically shaped nanoparticles with size in the range of 6-27 nm. The particles
are agglomerated in some areas. The histogram shows that the major size of the particles was

between 9-12 nm.
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Figure 4-27: The TEM image of iron oxide nanoparticles prepared using 0.125 g of
FeCl2:3U-4H,0 complex, at 150 °C, for an hour.

4.2.6 Synthesis of iron selenide nanoparticles

Figure 4-28 shows the absorption (black) and photoluminescence (red) spectra of iron selenide
nanoparticles. The UV-Vis of iron selenide nanoparticles shows a band gap energy at 3.45 eV.
This band gap is greater than its bulk of 1.23 eV.%%! This can be attributed to the small size of
the prepared iron selenide nanoparticles. The photoluminescence spectra show very broad
emission with a maximum at 548 nm. The emission maximum is red shifted from their
absorption spectra of 470 nm. The broad emission is attributed to wide size distribution, and a

mixture of morphology and phase for the prepared iron selenide nanoparticles.
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Figure 4-28: The absorption spectra of iron selenide nanoparticles prepared using 1.0 g of

bis(phenylselenolate) iron(Il) complex, at 150 °C for an hour.

Figure 4-29 shows the XRD graph of iron selenide. The XRD pattern shows two phases of
orthorhombic ferroselite (FeSe2). The major phase is indexed to (110), (101), (111), (120),
(211), (031), and (122) of orthorhombic ferroselite (FeSe2) (ICDD no: 00-021-0432) and
another to orthorhombic ferroselite (FeSe2) (ICDD no0:01-074-0247). Akhtar group obtain
similar phases when thermal decomposition of bis(tetraisopropyldiselenoimidodiphosphinato)
iron(11).1"
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Figure 4-29: The XRD graph of iron selenide nanoparticles prepared using 1.0 g of

bis(phenylselenolate) iron(Il) complex, at 150 °C for an hour.

Figure 4-30 shows the TEM image of the prepared iron selenide nanoparticles. The image
shows irregular shape, and spherical nanoparticles. The spherical particles have size in the
range of 8-36 nm. These irregular shape are quite bigger, and agglomerated. The histogram

shows that the smaller sphere is dominated with the size between 20-24 nm.
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Figure 4-30: The TEM image of iron selenide nanoparticles prepared using 1.0 g
bis(phenylselenolate) iron(Il) complex, at 150 °C for an hour.

4.3 Fabrication polymethyl methacrylate nanofibers incorporated with

metal oxide or metal selenide nanoparticles

The nanofibers are fabricated using poly(methyl methacrylate) solution incorporated with
metal oxide and metal selenide nanoparticles. The FTIR spectra for both pure PMMA
nanofibers and PMMA incorporated metal chalcogenide nanoparticles are compared. Figures
(a) for 31, 34, 37, 37, 40, and 43 represent the FTIR spectra for all PMMA nanofibers without
any incorporation. The skeleton structure of poly(methyl methacrylate) (PMMA) spectra is
characterized by the following functional groups: C-H (CHzs), C-H (CH>), C-C, C=0, C-O. The
FTIR spectra for poly(methyl methacrylate) nanofibers are summarized in Table 4-2. Table 4-2
shows the frequencies and proposed assignment of functional groups of PMMA nanofibers.
The asymmetric and symmetric stretching bands of the C-H (CHs) groups appear at 2979 and
2900 cm™* respectively. The bands at 1482 and 1456 cm™ can be assigned to deformation mode
of the C-H (CHs) groups. The bands at 1142 and 1059 cm™ are assigned to the twisting mode
of the C-H (CHs). The bands at 1194 cm are assigned to the wagging mode of the C-H (CHs).
The band at 1770 cm™ is a characteristic of carbonyl (C=0) stretching. The band at 749 cm
is assigned to C=0 in the plane and out of the plane. The bands at 1242 cm™ are assigned to C-
O stretching mode. The band at 3674 cm™ is assigned to O-H group stretching mode due to
adsorbed water vapour.
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Table 4-2: Summary of wavenumber (cm™) and functional group of PMMA/Metal Oxide (Selenide)

nanofibers.
Observed frequency (cm™) Assigned functional group
3674 O-H group stretching
2979 C-H asym stretching in CHs
2900 C-H asym stretching in CHs
1770 C=0 stretching
1723 O-H group bending
1482 CH3 deformation
1456 CH3 deformation
1393 CH, deformation
1242 C-O stretching
1194 CH3 wagging
1142 CHjs twisting
1059 CH3 twisting
896 C-C stretching
802 CHj; rocking
749 C=0 out of plane bending

4.3.1 Synthesis of PMMA-AgO

Figure 4 31 shows the FTIR spectra for PMMA-AgO nanofibers. The nanofibers for both
pure PMMA and PMMA-AgO show similar FTIR spectra. Hence, there are no major
changes in the poly(methyl methacrylate) as a result of the incorporation of silver oxide
nanoparticles except carbonyl group. There is a decrease in the intensity of carbonyl for
PMMA-AgO nanofibers. This can be associated with carbon-oxygen bond being involved

in bonding with silver oxide nanoparticles.
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Figure 4-31: The FTIR for PMMA-AgO nanofiber prepared by varying weight of AgO
nanoparticles: 0 % (a), 0.1% (b), 2 % (c).

Figure 4-32 shows the thermogravimetric analysis of nanofibers prepared by PMMA
incorporated with silver oxide nanoparticles. This complex decomposes into two steps. The
first decomposition occurs at about 100 °C for Figure 4-32 (a). This small decomposition can
be associated with water molecules. The second decomposition (major) occurs at about 350-
410 °C. At this position, the Poly (methyl methacrylate) moiety decomposes to form silver
oxide and leave a residue of about 2%. Figure 4-32(b) like Figure 4-32(a) show a two steps
decomposition. The first decomposition occurs at between 250 and 310 °C. This decomposition
can be associated with decomposition of some polymer compounds. This decomposition is
very small, and a second start before is finished. Hence, second decomposition occurs at about
310-420 °C. The decomposition can be associated the rest of poly (methyl methacrylate)
moiety. This results in a final residue of 10% of the compound. The residue can be associated
with silver oxide nanoparticles. The silver oxide is very stable at this temperature range. Hence,
there is slightly increase in thermal stability of the nanofiber composites as the silver
nanoparticles is increased.
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Figure 4-32: The TGA graph of PMMA-AgO nanofibers prepared by varying weight of
AgO: 1% (a), and 2% (b).

Figure 4-33 shows the SEM images of nanofibers prepared by poly(methyl methacrylate)
incorporated with silver oxide nanoparticles. PMMA nanofiber shows smooth, and uniform
nanofibers (Figure 4-33 (a)). The nanofibers size is in the range of 61.77 to 96.21 nm with an
average size of 79.24 nm. Figure 4-33 (b) shows the images of PMMA-0.1% AgO nanofiber.
The PMMA-0.1% AgO nanofibers have a particle size with an average of 116.15 + 21.43 nm.
The images show nanofibers with some particles on the surface and formation of small beads.
Figure 4-33 (c) shows an image of nanofibers with some bigger beads. However, the diameter
of the nanofibers has slightly decreased in size. The size of the nanofibers is in the range of
76.71 £ 29.99 nm.
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Figure 4-33: The SEM image of PMMA-AgO nanofibers prepared by varying the weight of
AgO: 0% (a), 0.1% (b), 2 % (c).

4.3.2 Synthesis of PMMA-AgSe

Figure 4-34 shows the FTIR spectra of nanofibers prepared from poly(methyl methacrylate)
incorporated with silver selenide nanoparticles. All the spectra for pure PMMA and PMMA-
AgSe show comparable results. However, bands associated with a carbonyl (C=0) are less
intense in PMMA-AgSe compared to PMMA. This can be due to carbonyl group used in
bonding to silver selenide nanoparticles.
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Figure 4-34: The FTIR spectra for PMMA-AgSe prepared by varying the weight of AgSe: 0%
(@), 0.1% (b), 2 % (c).

Figure 4-35 (a) shows single step decomposition. The decomposition occurs at about 325 to
410 °C. This decomposition leads to a residue of about 4%. Figure 4-35 (b) shows two
decomposition steps. The first small decomposition occurs at about 300 °C. This can be due to
decomposition of some parts in the polymer. The second decomposition (major) occurs at about
330 to 425 °C. This can be associated with decomposition of all the organic material in the
PMM-AgSe. This leads to a final residue of about 10 %. The residue is stable and can be

associated with silver selenide.
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Figure 4-35: The TGA graph of PMMA-AgSe prepared by PMMA loaded with 0.1 % AgSe
(@), and 2 % AgSe.

Figure 4-36 (a-c) show SEM images of nanofibers prepared with poly(methyl methacrylate)
and poly(methyl methacrylate) incorporated with silver selenide nanoparticles. The SEM
images for Figure 4-36 (a) has be outline in Figure 4-33 (a). Figure 4-36 (b) shows the SEM
image of PMMA-0.1% AgSe nanofibers. The image shows smooth nanofibers with no beads.
However, there are small particles on the surface of nanofibers. The size of nanofibers is widely
distributed from 30 to 100 nm. The average size of the nanofibers is 57.51 + 27.92 nm. The
particle is dominated by the size of 30-40 and 60-70 nm. Figure 4-36 (c) shows the SEM images
of PMMA-2% AgSe nanofiber. The image shows a nanofiber with small particles on their
surface. These nanofibers have uneven surface without any formation of beads. These
nanofibers have an average size of 92.06+18.04 nm. The formed nanofibers are well distributed
and dominated by 90-100 nm.
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Figure 4-36: The SEM image of PMMA-AgSe prepared by PMMA loaded with varying
weight of AgSe: 0% (a), 0.1% (b), 2 % (c).

4.3.3 Synthesis of PMMA-CuO

Figure 4-37 represents the FTIR spectra of nanofibers fabricated using poly(methyl
methacrylate) incorporated with copper oxide nanoparticles. All the PMMA-CuO spectra are
like the one for PMMA nanofibers. However, there is a lightly decrease in intensity of the
carbon-oxygen group. This can be due to carbonyl group used in interacting with copper oxide

nanoparticles.
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Figure 4-37: The FTIR spectra of PMMA (a), PMMA-0.1% CuO (b), and PMMA-2% CuO
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Figure 4-38 (a) shows TGA decomposition pattern of PMMA-CuO. The nanofibers
decomposed into two steps. The first decomposition occurs at about 100-120 °C. This
decomposition is associated with dehydration or moisture in the nanofibers. The second and
major decomposition occurs at 300-400 °C. This decomposition is due to the decomposition of
the poly(methyl methacrylate) moiety. This results in a final residue of about 1% and can be
associated to copper oxide. Figure 4-38 (b) shows three steps decompositions. The first
decomposition occurs at about 90-115 °C. This percentage loss account to 10% and can be
associated with water or moisture. The second decomposition step occurs at about 315 to 325
°C. This decomposition is due to dissociation of organic compounds. The third decomposition
occurs at about 390-425 °C. This results to a final residue of about 1%, can be due to copper

oxide.
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Figure 4-38: The TGA graph of PMMA-CuO prepared by PMMA incorporated with 0.1%
CuO (a), and 2% CuO (b).
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Figure 4-39 shows the SEM image of nanofiber prepared by PMMA incorporated with copper

oxide nanoparticles. Figure 4-39 (a) SEM images has be outline in Figure 4-33 (a). Figure 4-39

(b) shows nanofibers with a smooth surface without any beads. The nanofibers show an average

diameter of 76.77 £ 31.29 nm. These nanofibers are widely distributed and dominated with a

size of 40-50 nm and 90-100 nm. Figure 4-39 (c) shows smooth surface and bead free

nanofibers. The nanofibers have an average diameter of 94.08 + 9.19 nm. These nanofibers are

well distributed and dominated with nanofibers of 95-100 nm in diameter.
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Figure 4-39: The SEM image of PMMA (a), PMMA-CuO (b), and PMMA-0.2% CuO (c).
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434 Synthesis of PMMA-CuSe

Figure 4-40 shows the FTIR spectra of nanofiber prepared from poly(methyl methacrylate)
solution combined with copper selenide nanoparticles. The FTIR show similar structure as for
pure PMMA nanofibers. Nevertheless, the intensity of carbonyl functional groups is slightly
less than for PMMA nanofibers. This suggests that carbon-oxygen group are involved in

bonding to copper selenide nanoparticles.
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Figure 4-40: The FTIR spectra of PMMA (a), PMMA-0.1% CuSe (b), and PMMA-2% CuSe
(c).

Figure 4-41 shows the TGA decomposition pattern of nanofibers papered by poly(methyl
methacrylate) incorporated by 0.1% and 2% of copper selenide nanoparticles. In Figure 4-41
(@), the TGA shows a small decomposition at about 90 °C and can be associated with absorbed
moisture. This decomposition leads to a percentage weight of about 1%. The next
decomposition occurs at about 300 °C and have a small decomposition. The major
decomposition occurs about 300-460 °C. This decomposition leads to a loss of some of the less
thermal state organic compound from PMMA moiety. The decomposition results in a final
residue of about 0.2% and can be associated with copper selenide. Figure 4-41 (b) shows a
similar decomposition pathway. The first decomposition occurrs at about 90 °C. This

decomposition is accompanied by a mass loss of about by 3% weight, which can be due to
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water attached on the surface. The second decomposition occurs at about 300 °C and has mass
loss of 10 % weight percent. This is due to decomposition of most organic components. The
third decomposition occurs at about 390-420 °C. This composition can be associated with
decomposition of poly(methyl methacrylate) moiety. This leads to a final residue of 3% weight

and can be due to copper selenide.
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Figure 4-41: The TGA graph of PMMA-0.1% CuSe (a), and PMMA-2% CuSe (a).

Figure 4-42 shows the SEM image of nanofibers prepared by PMMA incorporated with copper
selenide nanoparticles. Figure 4-42 (b) shows a smooth surface, coiled and bead free
nanofibers. The nanofibers show an average diameter of 47.33 + 11.45 nm. The nanofibers
have a well-distributed histogram with most particles at 45-50 nm. Figure 4-42 (c) show
nanofibers with small particles on the surface. The nanofibers have an average diameter of
92.18 £ 25.27 nm. The nanofiber size is widely distributed and dominated by the size of 80-90

nm.
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Figure 4-42: The SEM image of PMMA (a), PMMA-CuSe (b), and PMMA-0.2% CuSe (c).

43,5 Synthesis of PMMA-FeO

Figure 4-43 shows the FTIR spectra for nanofibers prepared using poly(methyl methacrylate)
solution impregnated with iron selenide nanoparticles. The three spectra have similar peaks,
except for carbonyl peak at 1762 cm™. This peak is very strong for PMAA nanofibers, whereas
it is very weak in PMMA-FeO nanofibers. This confirms that the carbon-oxygen double bond

is weakened and is used in bonding with iron oxide nanoparticles.
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Figure 4-43: The FTIR spectra of PMMA (a), PMMA-0.1% FeO (b), PMMA-2% FeO (c).

Figure 4-44 shows the TGA graph of PMMA-FeO nanofibers prepared by poly(methyl
methacrylate) incorporated with iron oxide nanoparticles: 0.1% (a), and 2% (b). The TGA
graph show that the nanofibers thermal decomposed into two steps. Figure 4-44 (a) shows small
decomposition at about 100 °C. This small decomposition can be associated with removal
moisture from the nanofiber. The second decomposition occurs at about 350 °C to 418 °C. This
major decomposition can be associated with degradation of poly(methyl methacrylate) moiety.
This decomposition leads to a residue of about 0.1% weight. However, in Figure 4-44 (b)
similar decomposition pattern has occurred. The first decomposition occurs at about 100 °C.
This decomposition is due to moisture or adsorbed water molecules. The second decomposition
occurs at about 300 °C to 423 °C. This major decomposition leads to a final residue of 6%
weight due to degradation of poly(methyl methacrylate) moiety. The residue can be associated
with iron oxide. The derivative show that there can be an overlap of two decompositions at
about 300 °C and 400 °C.
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Figure 4-44: The TGA graph of PMMA-0.1% FeO (a), and PMMA-2% FeO (b).

Figure 4-45 (a) shows smoothly surfaced nanofibers without any beads. The nanofibers have
an average diameter of 70.36 + 18.91 nm. The nanofibers sizes are widely distributed and
dominated with a size of 50-60 nm. Figure 4-45 (b) show nanofibers with a smooth surface
with beads in some areas. The nanofibers have an average diameter of 59.97 £ 15.40 nm. The
size diameter of the nanofibers is well distributed and dominated by 50-60 and 60-70 nm.
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Figure 4-45: The SEM image of PMMA (a), PMMA-FeO (b), and PMMA-0.2% FeO (c).
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4.3.6 Synthesis of PMMA-FeSe polymer fibres

Figure 4-46 shows the FTIR spectra of nanofibers prepared from poly(methyl methacrylate)
solution and incorporated by iron selenide nanoparticles. The PMMA and PMMA-FeSe
nanofibers show similar spectra. However, the peaks associated with the carbon-oxygen double
bond are weakened for PMMA-FeSe. This is due to the carbonyl group being used in

interacting with iron selenide nanoparticles.
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Figure 4-46: The FTIR spectra of PMMA (a), PMMA-0.1% FeSe (b), PMMA-2% FeSe (c).

Figure 4-47 shows the thermogravimetric spectra of nanofibers prepared from poly(methyl
methyacrylate) impregnated with iron selenide nanoparticles. Figure 4-47 (a) shows two step
decomposition of PMMA-FeSe. The first decomposition occurs at 90-130 °C. This small
decomposition can be associated with water molecules on the surface of the nanofibers. The
second decomposition occurs at about 277-446 °C. This decomposition can be associated with
degradation of polymer moiety. This leads to a residual at about 5 % weight and can be due to
iron selenide. Figure 4-47 (b) shows that PMM-FeSe decomposes into two steps. The first
small decomposition occurs at about 90-125 °C. This decomposition can be associated with
water molecules attached to nanofibers. The second major decomposition occurs at about 290-

466 °C. This decomposition results in a residue of about 7 % weight and is due to iron selenide.
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Figure 4-47: The TGA graph of PMMA-FeSe prepared by PMMA incorporated with
0.1%FeSe (a), and 2% FeSe (b).

Figure 4-48 (a) shows nanofibers with a smooth surface with beads. The nanofibers have an
average diameter of 86.25 £ 10.03 nm. The nanofibers are widely distributed and dominated
with a particle diameter of 75-80 nm. Figure 4-48 (b) shows nanofibers with a rough surface,
bigger in size, and without any beads. The nanofibers have an average diameter of 207.30

128.25 nm. However, the nanofibers are well distributed with most particles in the diameter of
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Figure 4-48: The SEM image of PMMA (a), PMMA-FeSe (b), and PMMA-0.2% FeSe (c).
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4.4 Applications of the Nanoparticles: Antibacterial and Antifungal
Activities
The bacteria activity of nanoparticles (copper selenide, copper oxide, iron selenide, iron oxide,
silver selenide, silver oxide) was performed on gram-positive (S. aureus,and E. faecalis) and
gram-negative (K. pneumoniae, and P. aeruginosa). The silver oxide nanoparticles show the
antibacterial activity in both gram-positive and negative bacteria. The silver oxide shows the
highest activity on the gram-positive even at lowest concentration (0.39 mg/mL). However,
K.pneumonia, and P. aeruginosa have the MIC of 3.125, and 1.56 mg/mL respectively. The
silver selenide shows lowest activity in both gram-positive and negative bacteria. The silver
selenide shows an MIC of 25 mg/mL for three bacteria K. pneumoniae, P. aeruginosa, S.
aureus, and of 6.25 mg/mL for E. faecalis. The copper oxide shows more activity on the gram
positive, and relatively less activity on the gram-negative bacteria. The copper oxide show an
MIC of 0.39, 6.25, 6.25, and 25 mg/mL for S.aureus, E. faecallis, K.pneumonia, and,
P.aeruginosa respectively. The copper selenide shows the best activity for both gam-positive
and negative bacteria. The copper selenide has an MIC of 0.39, 1.56, 3.125, and 3.125 mg/mL
respectively. The iron oxide shows the best activity for gram-positive, less activity for the
gram-negative bacteria. The MIC for both gram-positive and negative are 0.39 and 25 mg/mL
respectively. The iron selenide shows the best activity on the gram-positive, and poor activity
on the gram-negative bacteria. The MIC for S.aureus, E. faecalis, K.pneumonia, and

P.aerugonosa were 0.39, 0.78, 50, 0 mg/mL respectively.

The antifungal activity of nanoparticles (copper oxide, copper selenide, solver oxide, silver
selenide, iron oxide, and iron selenide) are studied against yeasts (C.neoformans, and
C.albicans). All the nanoparticles show the highest activity to both yeasts as outlined in Table
4-3. All the nanoparticles show the lowest MIC (0.39 mg/mL) against C. neoformans.
However, silver selenide and copper oxide performs worst against C.albicans with an MIC of
3.125 mg/mL. On the contrary the copper selenide, iron selenide, and iron oxide show the

smallest MIC against C.albicans.
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Table 4-3: MIC (mg/mL) of metal oxide and metal selenide nanoparticles against various

microorganisms

Culture Silver Copper Iron Selenide  Silver Oxide  Iron Oxide Copper
Selenide Selenide Oxide
S.aureus 6.25 0.39 0.39 0.39 0.39 0.39
E.faecallis 25 1.56 0.78 0.39 0.39 6.25
K.pneumonia | 25 3.125 50 3.125 25 6.25
P.aeruginosa | 25 3.125 0 1.56 25 25
C.neoformans | 0.39 0.39 0.39 0.39 0.39 0.39
C.albicans 3.125 0.39 0.39 0.78 0.39 3.125
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Chapter five

5 Conclusions and Recommendations

5.1 Conclusion

The nanofibers are prepared with poly(methyl methacrylate) mixed with metal oxide and metal
selenide nanoparticles. The poly(methyl methacrylate) coordinate to the metal oxide and metal
selenide though oxygen atom of the carbonyl group. Hence, the C=0 show a weak peak at 1723
cm! for nanofibers prepared by PMMA incorporating with nanoparticles. The thermal stability
of PMMA is improved by incorporating metal oxide and metal selenide nanoparticles.
Themogravimetric analysis show that the major decomposition of PMMA-MO/MSe
nanofibers occurs at 350-410 °C. The SEM images of nanofibers prepared show that pure
PMMA has smooth, uniform without any beads. The SEM image of nanofibers prepared with
PMMA-MSe/MO show nanofibers with uneven surface and small beads. The surface becomes
more rough and large beads are observed as the percentage of nanoparticles is increased.
However, the diameter of the nanofibers is decreased as the percentage nanoparticles is
increased. The PMMA-MSe/MO nanofibers have a diameter in the range of 30-200 nm.

The complexes are prepared by using oxygen (urea) and selenium (diphenyldiselenide) ligands
with metals salts (iron, copper, and silver). The TGA show that the complexes are very stable.
These complexes decompose and form metal oxide/oxide and metal. The nanoparticles of metal
oxide and metal selenide are prepared by thermal decomposition of the complexes. The optical
properties show that all the formed nanoparticles have smaller size. The XRD show the
crystallinity and phases of nanoparticles. Most oxide show a mixture of metal oxide and metal
nanomaterials. All the spectra are well indexed. The TEM image show rod, and many spherical
nanoparticles with the size in the range of 1-36 nm. The formed nanoparticles show the best
activity in gram positive than gram negative bacteria. The silver oxide shows the best activity
to both bacteria. However, the gram negative was relatively less active to other metal oxide
and metal selenide nanoparticles. All the nanofibers show the best antifungal properties even

at lowest concentrations.
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5.2 Recommendations

Further research needs to be done on the biocidal effect of these nanofibers. These nanofibers are
only soluble to solvent such as toluene, acetone, and some alcohols that have antibacterial
properties. Hence the antibacterial text could not be done in solution. Other nanofibers can be
prepared using water soluble polymer so that their biocidal properties can be easily tested. The
toxicity of the nanofibers and nanoparticles need to tested before these materials can be applied in

biological related fields.
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