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Abstract

Zinc selenide (ZnSe) is prepared by chemical deposition. The formation of ZnSe
nanoparticles in the absence and presence of EDTA was confirmed through Field
emission Scanning Electron Microscopy (FE-SEM), Energy Dispersive X-ray
Spectroscopy (EDX), Fourier transform infrared (FT-IR), X-Ray Diffraction (XRD),
and Raman spectroscopy. The UV-visible spectrum was used to estimate the band
gap energy and it turned out to be (3.32 ev and 3.54 ev) for both uncapped ZnSe and
EDTA capped ZnSe nanoparticles. The optical properties of the prepared
nanomaterials covered with the polymer or not covered were also studied. Then the
theoretical part of this work was moved using special program Gaussian View 6.0
Gaussian 09W Chem Draw don professional 15.0, In order to the results of the
practical part with the theoretical one.

In this study EDTA acting as a capping agent. The samples were prepared and
analyzed using a variety of analytical techniques, The results showed that EDTA
acts as an effective capping agent, regulating the size of the nanoparticles and
preventing aggregation, resulting in enhanced stability of ZnSe. UV-Vis
spectroscopy measurements revealed an optical band gap suitable for
optoelectronic applications, with EDTA influencing the material's optical
properties. XRD analysis revealed the formation of a well-ordered crystalline
structure with a significant reduction in crystal size due to the effect of EDTA
characteristics of zinc selenium.

The purity of material's was enhanced by the capping, which also stopped the
production of unwanted contaminants, as demonstrated by the FTIR and Raman
data, which clearly showed an interaction between ZnSe and EDTA. When the
prepared sample was subjected to EDS analysis, the elements were distributed
uniformly.

Low affinity energy thresholds were precisely tailored into the Zns;Se; cluster's
molecular geometry configurations both before and after the addition of
ethylenediaminetetraacetic acid (EDTA). Theory of density functionals and the
structural and electronic characteristics of the Zn;Se;-EDTA composite were
examined using DFT/B3LYP calculations using the 6-113G (d, p) basis set.
Comprehensive vibrational mode frequencies were methodically examined using
potential energy distribution as a basis for analysis. Theoretical conclusions
regarding the active peaks of the O-H, N-H, C=0, and Zn-Se functional groups
were evaluated using the FTIR spectra of the designated compounds. The energy



gap (Eg) resulting from the difference between those orbitals was computed and
plotted using the frontier high occupied and low unoccupied molecular orbitals
(HOMO&LUMO). Before and after adding EDTA, the promising indicator was
achieved at increasing Eg from 0.03833 eV to 0.1379 eV, highlighting the capping
agent effect of the organ compound on the ZnsSe; surface. In addition, the
molecular electrostatic potential is surface and contour diagram of Zns;S; and
Zn3S;_EDTA were determined, along with electronic properties of the stated
structures, including lonization potential (IP), Electron affinity (EA), Ef, Energy Gap
(Eg), Chemical Potential (Cp), Electronegativity (y), Global Hardness (), Chemical
Softness (S), Electrophilicity () and Nucleophilicity (€),

The study concluded that the properties of the nanomaterial, such as stability and
size control are much improved when EDTA is used as a capping agent during the
manufacture of ZnSe.
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Chapter One Introduction

1.1 Nanotechnology

The term nanotechnology deals with materials at the nanoscale, or one
billion times smaller than a meter. This technology has received potential attention
in last decade due to its ability to create and manipulate materials at nano-scale
range, leading to produce materials with incredible features. These features,
including chemical physical, and biological, are quit differ from their counterpart
bulk material. For instance, bulk gold is known to be chemically inert and
unsuitable for the use as a catalyst, however, when the size of gold reduces to 1
nm, it exhibits exceptional catalytic properties. Moreover, the movement of copper
atoms leads to making bulk cupper bend easily while as the cupper size reduced to
less than 40 nm, the copper becomes super-hard materials, and they differ from

bulk copper in their characteristics.

The term nanotechnology was referred to the 4" century, when the king
ancient Roman cup (Lycurgus Cup) illuminated different color when exposed to
light. The cup appears green in natural light and red when a candle or other light
source is placed inside the cap. Recent studies showed that the cup contains 50—
100 nm gold and silver nanoparticles and these particles absorb and scatter green
and blue colors because they have shorter wavelengths of light ). This cup also
transmits longer wavelength such as red and orange. The choice of gold and silver
nanoparticles is essential for creating a dichroic effect, which occurs due to the fact
that their electrons can oscillate at frequencies that correspond to visible light. X-
ray analysis was also used to examine these nanoparticles and the result showed
that the romain cap had an alloy of silver and gold (Ag-Au) with an Ag:Au ratio of
about 7:3 in its composition. ¢?
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In 1959, the term nanotechnology was first introduced by Richard Feynman
(an American physicist who earn Nobile prize) in his talk in American Physical
Society. He said that the bottom contains a large number of rooms. That is, objects

at the atomic size can be easily manipulated: “’

Researchers are moving more quickly to advance the field of nanotechnology as a
result of the development of electrical and probe microscopic techniques in the
1980 ©)

1.2 Applications of nanotechnology

Numerous applications can be identified or have been proposed in numerous
areas due to the potential chemical and physical properties of nanomaterials, as
shown in Figure 1.1 One such instance is the discipline of medicine, or
nanomedicine, which deals with the prevention, diagnosis, and treatment of various
ilinesses, including cancer, Parkinson's disease, Alzheimer's disease, and many
more. ©®)The diagnosis and treatment of cancer cells could be greatly enhanced by
nanomaterials. The use of nano-based medicines and diagnostics has advanced
significantly, and many more interventions are being developed, despite the fact
that scientists and engineers only began investigating these technologies in the
1980. This could be because their ability to increase the sensitivity of these cancer
cells to radiation therapy, they may also be used as carriers to deliver treatments to
the cancer cells™ This is done through the functionalization of ligands (antibodies,
and peptides) that bind to receptors on the surface of the cancer cell®This
receptor-ligand-nanoparticle complex then enters the cell through endocytosis and
leads to gene expression and cellular effects®Gold nanoparticles were the most
Important nanomaterials used in cancer treatment, they have been shown to absorb

near infra-red (NIR) light and convert it into heat, this heat can destroy cancer cells
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when they accumulate in the tumour cell, and this is done without damage to the

surrounding tissue *?)

Owing to their tunable physicochemical properties such as melting points,
electrical and thermal conductivities, light absorption and scattering characteristics,
optical sensitivity, (photo) catalytic activity, and wettability, they can be used in
the production of solar cells and optoelectronic devices. Furthermore, advances in
nanotechnology are being made in the fields of agriculture, nanoelectronics,

nanomedicine, sensor development, energy storage devices, catalysts, and other

areas. 1119

Health( Drug
delivery,
nanodiagnostic
)
Physical
sciences
(Electronics &
nanofilters)

Food science
and
Biotechnology

Engineering
(Construction)

Beauty(Nanoco
smetics)

Figure (1.1): Interesting applications of nanotechnology.*?
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1.3 Classification of Nanostructure Types

Nanomaterial’s have different shapes, sizes, and crystal structures. They can
be spherical, conical, spiral, cylindrical, tubular, flat, hollow, or irregular in shape
and be from 1 to 100 nm in size. Nanomaterials can be generally classified into

four material-based categories:

1. Inorganic-based nanomaterials: the fundamental constituent of these
materials is metal or metal oxide particles with a size of less than 100 nm.
They are made of pure precious metal nanoparticles, like Au or Ag, or they
can be metallic oxides, like ZnO and TiO,. Ceramics and silicon are also
examples of semiconductors that fall within this group.

2. Organic-based nanomaterials: are materials that are mostly made of organic
substances with nanoscale dimensions. These substances are renowned for
having distinct chemical and physical characteristics that can be adjusted for
a range of uses. They can be used in encapsulating drugs for targeted and
controlled release, improving therapeutic efficacy while minimizing side
effects. Dendrimers and nanofibers are examples for these nanomaterials
class.

3. Polymeric Nanomaterials are made of polymers that have undergone
nanoscale engineering; their usual size ranges from 1 to 100 nanometers.
They are useful in a variety of applications because of their distinctive
qualities and capabilities. They can be utilized in coatings, packaging, and
drug delivery.® They can be formed of polymers (polylactic acid, polyvinyl
alcohol, etc.).

4. Carbon-based nanomaterials are a broad class of materials that are mostly
made of carbon and have special qualities because of their nanoscale size.

Because of their remarkable mechanical, electrical, and thermal qualities,

4
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they are becoming more and more significant in a variety of disciplines.
Graphene, carbon nanotubes, and fullerenes are examples of nanomaterials

with remarkable mechanical, electrical, and thermal capabilities. )

Nanostructured materials are also classified according to their dimensions into (see
Figure 1.2):

1. Zero-dimension materials (OD) are materials, such as nanoparticles,
fullerenes, and quantum dots, whose dimensions are all on the nanoscale
scale. These structures can be made of ceramic or metal.

2. One-dimensional structures (1D) are structures with a single dimension
falls with the nanoscale rangs. Thin films, nanorods, and other materials
that are needle-like and exist outside the nanoscale additionally to
nanowires. They could be ceramic, metallic, or polymeric **

3. Two-dimensional (2D) structures: structures with an exterior two-
dimensional dimension falls in the nanoscale range and possess geometries
resembling plates, including nanofilms, and nano walls.

4. Three-dimensional (3D) structures: structures with no dimension fall to the
nanoscale range, thus, sometimes called bulk material (they are composed
of discrete blocks that are in the nanometer scale (1-100 nm)). This broad
class includes multilayer structures, aggregates of nanowires and
nanotubes, dispersions of nanoparticles, and bulk powders. A wide range
of uses are possible because these materials combine the unique features of

nanoparticles with the behaviors of bulk materials.
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[ Types of Structures of Nano Materials J

| | ! !
( Zero-Dimensional One-Dimensional Two-Dimensional Nano Three-Dimensional
Nano Materials Nano Materials Materials Nano Materials
| ! | |
Quantum Dots Metal Nano Rods  Carben Coted Nanoplates Lingsome
@ a & .. ..
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- 4
7

Figure (1.2): Classification of nanoscale structures according to their dimensions. ©

1.4 Nanoparticle Synthesis

Physical, chemical, and biological techniques have all been proposed and
employed to create nanoparticles. These methods fall into two primary categories,
as illustrated in Figure 1.3: (1) the top-down approach and (2) the bottom-up

approach.
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[ Nanoparticles synthesis ]
1 1
Top-down approach Bottom-top approach
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Figure (1.3): lllustration showing the top-down and bottom-up technology concepts: different

approaches to nanoparticle synthesis ")

In top-bottom methods, the desired bulk materials is broken down into tiny
particles using mechanical, chemical, or other energy sources. Techniques include
mechanical milling/alloying and sputtering have been used for crushing the
particles. ™ This technique may lead to surface defects in the final product that
provide a serious safety issue because a material's surface structure is essential to
its surface chemical and physical properties. Tiny sizes are almost tough to reach,

therefore size is a persistent problem.

Bottom-up approaches depend on the self-assemble of atoms or molecules
into nuclei to start the synthesis process, which then proceed to produce nano-sized
particles. * These methods rely on biological and chemical processes to produce
nanomaterials. Atomic condensation, sol-gel, and chemical precipitation are all

included in this technique.
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Even though all of the physical and chemical methods have been utilized
extensively to manufacture nano-sized materials, they have some drawbacks, such
as using such dangerous chemicals and solvents that pose a biological risk. Some
of them used ultrasonic waves or intense heat, which could affect the produced

particles' crystalline structures. ©

Recently researchers have been formed
nanostructures depending on the biological materials, which is sometimes known
as "green synthesis." The production of nanomaterials relies on the use of bacteria,
yeast, or plants as reducing and capping agents > ?? Among the many benefits of

this method are its simplicity, affordability, and environmental friendliness.

In this work, the chemical precipitation method was used to produce ZnSe
nanostructures, it is considered one of the most popular and common techniques
for producing nanomaterials® 2 Three steps are involved in this process to form
nanostructures: a chemical reaction, particle nucleation, and particle growth.
During the formation process, the resulting particles may group together, which
could result in a wide size distribution. Furthermore, it is challenging to control the
particle morphology. To solve these issues, stabilizing agents and capping agents
should be added to the precursor's solution, which will hopefully prevent further

atoms from adhering to the surface of the as-prepared particles.

The idea behind this method is to use inorganic salts (nitrate, acetate, sulfate,
etc.) as precursors. To form homogenous solutions that exhibit ions, these salts
should be dissolved in water or any other suitable solution. ®Also, in this
technique parameters including pH, reaction temperature, and the concentration of
precursors should be adjusted to prevent the agglomeration of nanomaterials.

Thereafter, the resulting precipitate will be subjected to filtration and drying.
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1.5 Semiconductor nanoparticles

Semiconductors have a crystalline structure and contain few free electrons at
room temperature. They fall between conductors and insulators, and act as
insulators at room temperature, however, their conductivity increases with
Increasing temperature and conductivity can be controlled by adding appropriate
Impurities to the semiconductor. In its unadulterated (intrinsic) form, a
semiconductor is not a good insulator or conductor. Antimony (Sb), arsenic (As),
astatine (At), boron (B), polonium (Po), tellurium (Te), silicon (Si), and
germanium (Ge) are single-element semiconductors. Compound semiconductors,
which are widely utilized in many applications, including silicon carbide, silicon
germanium, gallium arsenide, indium phosphide, zinc selenide, and gallium
nitride. Atoms containing four valence electrons are characteristic of single-
element semiconductors.

In semiconductor nanomaterials, as atoms approach one another and start to
form bonds, their energy levels will separate into bands made of closely spaced
energy levels. The valence band, which is the lowest energy band formed by the
valence orbitals, is typically filled with electrons once the atoms have reached
equilibrium interatomic spacing. The conduction band is the second band, and it is
devoid of electrons. The term band gap energy, which is shown in Figure (1.4)
refers to the energy differential between the valence and conduction bands. The
band gap energy has a significant impact on the electrical and optical properties of

semiconductors.
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Conduction Band
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Figure (1.4): Energy band diagram showing the band gap for insulators, semiconductors, and

metals.

Because of their special size-tunable optical and electrical capabilities,
semiconductor nanoparticles have garnered a lot of attention from the scientific
and technological community. Due to its wide band gap and transmittance range,
high luminescence efficiency, low absorption coefficient, and outstanding
transparency to infrared. When a semiconductor material absorbs light with energy
equal to or greater than its band gap energy, the electron in the valance band shifts
to the conduction band, leaving a positive hole behind. Because the electron and
hole have opposite charges, they unite to produce the exciton, which collapses
quickly. A photon with nearly the same energy as the band gap can be released
once the excited electron and hole recombine. Due to the exciton's size range of 1
to 100 nm, charges would confine if the particle size dropped below that of the

exciton, a phenomenon called the quantum size effect ")
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These days, it is possible to create nanostructures of semiconducting
materials with specific sizes and compositions, which has sparked a lot of interest
in studying these structures to find new uses and technologies. The size and form
of nanostructures determine a material's physicochemical properties, which differ
from those of the material in their bulk form. Therefore, a molecular species that
represents the unit cell is needed to construct the nanostructure of materials in
order to analyze such structures at the nanoscale level. Because of the wide range
of uses for nanostructures, a great deal of theoretical and practical research on

several potential materials has been done.

Among semiconductor nanostructures, 11-VI semiconductors are fascinating
because of their large energy gap, strong photoluminescence, excellent stability,
and size dependency. ®Consequently, they find usage in several applications,
including catalysts, solar cells, LEDs, sensors, and biological photoelectrochemical
cells. Zinc selenide (ZnSe) is one of the 11-VI compounds which has a band gap of
2.7 eV. ZnSe can be used as a good material for doped nanocrystals in
manufacturing LEDs, photodetectors, transistors, and photoelectrochemical
cells® 39 ZnSe at displays at the nanoscale vastly distinct characteristics from

bulk form.

It is well known that the band gap energy of materials in solar cells play an
essential role in optimizing solar energy absorption, therefore, ZnSe nanoparticles
can be used in improving the efficiency of photovoltaic devices' by enhancing their
capacity to harvest light. ®® Furthermore, ZnSe thin films are advantageous for
semiconductor devices because of these characteristics. ZnSe thin films are used in
a variety of devices, including photovoltaic solar cells, laser and light emitting

diodes, in the creation of high-power infrared laser lenses, ©? as buffer layers on

11
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solar cells, and in luminescent devices. Buffer layers in solar cells and luminescent

devices serve as intermediate layers to enhance performance.

* In solar cells: They improve charge separation, reduce interface defects, and

Increase energy conversion efficiency.

e In luminescent devices: They enhance light emission, prevent unwanted

reabsorption, and improve electrical and optical properties.

Overall, buffer layers optimize efficiency and reliability in both applications.

1.6 Zinc selenide nanoparticles:

Zinc selenide (ZnSe) is a semiconductor belonging to the 11-VI group, it has
a band gap of 2.7 eV. This band gap energy paves the way for using ZnSe in a
wide range of optical transparency in the visible spectrum, high linear and
nonlinear refractive indices, good electronic transport characteristics, a substantial
exciton binding energy (21 meV), and a wide band gap. The semiconductor
material's particle sizes can be adjusted to modify the ZnSe band gap. Quantum
confinement has been demonstrated to be the cause of a feature of a nanoparticle
that is different from its bulk group material when its size is lower than its exciton
Bohr radius. Zinc selenide (ZnSe) is a significant 11-VI semiconductor that was
among the first to be discovered. It is also likely one of the most important
electronic and optoelectronic materials, with a wide range of applications including
logic gates, transistors, light emitting diodes (LEDs), nonlinear optical devices, flat
panel displays, and lasers. Due to its significant potential for both fundamental
physical study and applications in the construction of nanoscale electric and
optoelectronic devices, ZnSe nanostructures have recently attracted a lot of

attention.
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Because of its new characteristics, structure richness, and advanced
applications, nanostructured ZnSe has become one of the most popular
optoelectronic materials in recent years. ZnSe nanostructures having potential
morphologies and close fundamental physical attributes to their crystal structures

and lattice constants.

The Zinc selenide (ZnSe) is a light-yellow binary compound semiconductor
having a wide bandgap of 2.7 eV. The ZnSe compound exists in wurtzite
(hexagonal) and zinc blende (cubic) crystalline forms Figure (1.5), of which the
cubic phase is believed to be stable than others. ZnSe is generally produced as an
n-type semiconductor like most of the other I1-VI compounds. Zinc Selenide
(ZnSe) is one of the most attractive binary wide band gaps semiconducting
materials amongst 11-VI group materials.

l”lgle‘ﬂ -

Zinc blende Waurtzite

Figure (1.5): Crystal structure of zinc selenide showing zinc blende and wurtzite phases. 33)

ZnSe material can be formed using a variety of methods, including
electrodeposition technique, chemical vapour deposition, inert gas condensation
method, evaporation method, thermal evaporation, vacuum evaporation, chemical

bath deposition (CBD), molecular beam epitaxy, successive ionic Layer adsorption

13
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and reaction (SILAR) , cyclic voltammetry method etc. vacuum deposition
technique which is one of the fast synthesis methods to produce high-quality thin

films of large scale.

1.7 Capping agents in nanotechnology

Capping agents are materials that are added to nanoparticles during their
synthesis in order to regulate their surface properties, stability, size, and shape.
They are essential for the colloidal stability of nanoparticles because they keep
them from aggregating and guarantee and consequently, keeping their special
characteristics. The optical, electrical, and catalytic properties of nanomaterials can
be affected by the capping agent utilized; for example, gold nanoparticles are

stabilized by thiols, but silver nanoparticles may be stabilized by phosphines.

Furthermore, capping agents can improve their biocompatibility, which
qualifies them for use in biomedical applications including imaging and targeted
medication delivery. The potential uses of these cutting-edge materials in fields
like energy storage, environmental remediation, and sensing are further increased
by the ability to precisely control the interface between the capping agent and the

surface of the nanoparticles.

Capping agents' inherent capacity to firmly adsorbe on the surface of
nanoparticles, establishing a mono- or multi-layered protective covering, controls
the size, shape, and geometry of the particles, ensuring their long-term stability.
These factors all influence how nanoparticles behave in biological systems; of
particular importance is the notable improvement of several biological

characteristics that would otherwise be unachievable ¢4
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Figure (1.6): Diagram showing different capping agent.

Polysaccharides, proteins, dendrimers, cyclodextrins, organic ligands, amino
acids, polymers, and bio-extracts, are examples of capping agents. The capping
agents chosen are biocompatible, biodegradable, and non-toxic for the capping of
colloidal nanoparticles. The use of capped nanoparticles increases the possibility of
building intelligent drug delivery systems that may provide targeted distribution
and a slow, continuous release of drugs in the tumor microenvironment. With these
nanoparticles, hitherto unheard-of outcomes have been seen in bioimaging,
biosensing, and gene delivery. It has been observed that capping agents serve the
following main purposes: (1) regulating nanoparticle growth to attain desired size
and shape, and (2) reducing the surface energy of each individual nanoparticle to
stop it from clumping together, so that the particles remain apart instead of joining
forces. Although there is still more work to be done to bridge the current research
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gaps, this strategy offers the potential to assuage concerns about nano safety and
present opportunities for growth in nanomedicine and other important domains.
Different capping agents have demonstrated multifunctional properties and are
critical in augmenting the properties of nanoparticles in ways that make them
exceptionally well-suited for usage in a variety of nanomedicine applications. It is
certainly a difficult work to choose the right surface capping agent for the careful
design and synthesis of nanoparticles in order to accomplish the desired
breakthrough in nanomedicine. Furthermore, conducting highly optimized,
repeatable experiments pertaining to the production of shape/size-controlled
nanoparticles seems to be extremely challenging at this point. For instance, the
majority of nanotechnology research is currently done on a Due to the low stability
of nanoparticles in natural environments or environmental samples, high batch-to-
batch variability, and lack of multifunctionality, anomalies in overall performance
are observed in laboratory settings. Applying the right capping agents to the
surface of the nanoparticles can reduce or prevent these problems. It is challenging
to assess the capping agent's pure influence on a particular nanomedicine technique
when accounting for other factors, despite research demonstrating the capping
agent's remarkable advantages.

The amphiphilic structure of capping agents consists of a non-polar tail
submerged in the surrounding medium and a polar head affixed to the surfaces of
nanoparticles. The capping agents raise the overall percentile of atoms on the
nanoparticle surface even further, giving biological functioning, for example, an

increase in reactivity ©*)
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1.8 Ethylenediaminetetraacetic acid (EDTA)

EDTA is a multipurpose chelating agent that's often used in biology,
medicine, and chemistry. Because of the way it is structured (see Figure 1.7),
metals including calcium, magnesium, lead, and iron can be successfully
sequestered by binding metal ions through its two amine groups and four
carboxylic acid groups. Because of this characteristic,c, EDTA finds usage in
analytical chemistry to assist determine metal concentrations and in water
treatment to help avoid scale development by binding hardness ions. In the medical
field, EDTA is utilized in chelation therapy to treat atherosclerosis and heavy metal

poisoning by lowering calcium deposits.

Moreover, it can be widely used in the food industry to stabilize and
preservative food by absorbing metal ions that might cause food products to
become spoiled and discolored. EDTA can be also utilized in fertilizers to improve
plant uptake of vital nutrients by reducing metal ion precipitation and increasing
nutrient availability. Owing to its ability to serve as a chelating agent, EDTA
inhibits oxidation and radical reactions by chelating metal ions that are harmful to
human health, which is the primary benefit of EDTA in drug delivery systems.
EDTA has the ability to attract positive ions in addition to its electronegativity.

This characteristic is widely used in chemical and biological applications.
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Figure (1.7): The chemical structure of EDTA.

In the field of nanotechnology, EDTA has been used extensively because of
its capability to stabilize nanoparticles, which improves dispersion and inhibits
agglomeration by encircling the nanoparticles in a protective layer. Therefore, the
water soluble EDTA is one of the most important capping agents, which is utilized
in the formation of nanoparticles. EDTA helps to avoid agglomeration between the
nucleation and growth phases, and then regulate the production of nanoparticles in

term of their sizes and shapes.

EDTA was chosen in this work, for the first time, as a capping agent for the
formation of ZnSe nanostructures because the tetraacetate ions is able to form
strong complexes with zinc ions. The zinc cation in the complex is surrounded by
six strong donor atoms (two nitrogen and four oxygen) in EDTA, obtaining the
maximum number (6) of feasible donor—acceptor interactions. However, the
anionic nature of the ligand plays a role in the complex's stabilization in addition to

these charge transfer interactions. Strong electrostatic attraction can be established

18



Chapter One Introduction

between the trapped zinc cation and the four carboxylate oxygens, in particular, as

they each carry a negative charge.

1.9 Literature Review

Ethylenediaminetetraacetic acid (EDTA) was utilized as a capping agent for
preparing nickel oxide (NiO) nanoparticles prepared using coprecipitation method.
The findings showed that EDTA plays a role in controlling the size and the shape
of the resulting nanoparticles comparing with uncapped NiO nanoparticles. Their
XRD patteren showed that the prepared particles have Face-centered cubic (FCC)

phase and their crystallite sizes ranged from 28 to 33 nm. 39

In 2008, ZnSe nanoparticles capped with Thioglycolic were prepared using
low temperature (~ 80 °C) wet chemical technique that is easy to use and
reasonably priced. The effect of capping on the optical properties of ZnSe particles
was studies. TEM images showed that the shape of the samples was spherical with
an average size of about (6-18 nm) for all the nanoparticles. It was found that the
size of capped particles is strongly affected by changing the concentration of
thioglycolic. Due to their high luminescence and monodispersed nature, the

resulting particles have a wide range of potential uses. ©”

In 2010, the hydrothermal method was used to prepare ZnSe and ZnS
nanoparticles. The authors were used EDTA to tuning the properties of the
synthesized particles. The resulting nanoparticles were characterized by ultraviolet
spectroscopy, X-ray spectroscopy, photoluminescence emission spectra, and
surface area measurement. It is revealed that emission peaks with PL efficiencies
of 4.0 (for ZnSe-EDTA) and 2.4% (for ZnS:Mn-EDTA) were seen in the solution

PL spectra at 390 and 597 nm, respectively®®)
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DFT calculation was used to study the vibrational frequencies of Zn,Se, clusters (x
=1,2,3and 4y =1, 2, 3, and 4) and the authors found that the clusters of ZnSe
oscillate at 137.6 cm™ and the bond length for Zn-Se is 2.247.¢%)

Nano-sized ZnSe particles were successfully synthesized via chemical co-
precipitation using Sodium borohydride as capping agent. The authors found that
the capping agent plays a vital role in enhancing the optical and electrical
properties of ZnSe. The absorption wavelength of bulk ZnSe is 460 nm, whereas
the ZnSe nanoparticles absorbed UV-Vis light with wavelengths less than that.
According to the analysis of the XRD patterns single-phase ZnSe was effectively
synthesized, and the TEM-based particle size verified that the particles were nano-

sized 49

ZnSe nanoparticles were synthesized using a simple and cost-effective
chemical coprecipitation method with ethylenediaminetetraacetic acid (EDTA) as a
capping agent. EDTA's role was to stabilize the nanoparticles against aggregation
and provide chemical passivation. Utilizing Scherrer's equation to calculate XRD
patterns, the average size of the cubic zinc blende structure particles was
approximately 3-5 nm. Verifying the cubic phase of ZnSe, the SAED pattern
revealed three rings that corresponded to the (111), (220), and (311) planes. The
optical band gap energy of EDTA-capped ZnSe nanoparticles was significantly
higher than that of uncapped and bulk ZnSe, as demonstrated by the UV-Vis
absorption measurements, which also indicated a substantial quantum confinement
effect. Fluorescence spectra showed that ZnSe nanoparticles capped with EDTA
had a greater photoluminescence intensity than uncapped nanoparticles. The
Raman examination of the ZnSe nanoparticles with EDTA caps showed many

Raman peaks in resonance, suggesting a satisfactory level of optical quality. “"
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Using theoretical calculations from first principles, one can carefully
examine how one-coordinated atoms affect the properties of ZnSe clusters. The
coordination states and local bond lengths of the remaining surface atoms are
altered by the addition or removal of one-coordinated atoms. The HOMO, and
LUMO plots demonstrated that the changes only marginally impact the states at the
Fermi level region. The significance of the cluster core is shown by the fact that the
states close to the band gap margins are primarily ascribed to the internal Zn and
Se atoms. The ZnSe clusters' computed absorption spectra provide more evidence

that the cluster core's electron excitation is essential to the clusters' optical

characteristics.

An experimental work by Sridevi’s group has showed that the catalytic
activity of ZnSe can be improved by introducing Mercaptothion (C,HsOS), and
hydrazine hydrate (N,H,;) to the growth process of ZnSe. With the use of UV-
visible diffuse reflectance spectroscopy, the optical band gap (Eg) value of ZnSe
NPs was examined and determined to be approximately 2.6 eV. Researchers expect
that capped- ZnSe particles will provide an exciting new opportunity for enhancing
semiconductor performance in the field of removing dyes from aqueous
solutions.*® Very recently Gupta et al. have prepared both ZnSe nanorods and

nanoparticles nanoparticles through co- co-precipitation method“*)
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1.10 Aims of the Study
The Study aim to:

The aim of this work is to show the chemical precipitation approach to explain the
growth process of zinc selenide nanostructures. One objection of the key aim is to
demonstrate the use of capping agent to see whether this allows access to particles
with larger band gap than observed without agents. This study therefor included the
addition of a EDTA to the starting materials, which will hopefully control the
growth of ZnSe nanostructures, reduce the aggregation of particles and form small
particles with wide band gap. These may have a number of uses including optical
applications where the scattering of light plays a role in enhancing signals.

This study also intended to use the density functional theory (DFT) to study the
electronic features of ZnSe nanoparticles. This would be a promising study to
compare results experimentally and theoretically. Thus, a quantitative prediction of
a research case made and confirmed through experiment shows that the theoretical
study of that particular experiment is comparable to the theoretical study using
DFT theory.
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1.11 THEORETICAL METHODS

1.12 Introduction

One of the most well-known and frequently applied theories to study and
understand the electrical characteristics of molecules is the density functional
theory. The quantum states of atoms, molecules, and solids, as well as ab-initio
molecular dynamics, may now be computed with great efficiency. Thomas and
Fermi presented an early, approximative version of density functional theory in
1927, not long after quantum mechanics was established. After that, a density
functional theory of the quantum ground state was developed by Hohenberg, Kohn,
and Sham, which outperformed the theories of Thomas-Fermi and Hartree-Fock

and allowed a multitude of applications involving real physical systems. “°

Molecular computing techniques, electronic characteristics, and the
Schrodinger equation ara all be covered in this chapter. The methods of density

functional theory, semi-empirical theory, and HF are also discussed.

1.13 Schrédinger Equation

A system of interacting particles has a total energy that, according to
classical mechanics, is equal to the product of its kinetic and potential energies;

this may be found in;“®
E=T+V (2-1)

T: represents the kinetic energy, which is the energy associated with the motion of

particles or a system.

V: represents the potential energy, which is the stored energy in the system due to
forces such as electrostatic, nuclear, or elastic forces.
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Exchange of the classical kinetic and potential energy is Schrédinger's correct

explanation for the wave nature of particles.
{T+V 3 W=E"y
Or
H Y=E" ¢
Alternatively, where PEO is the potential energy operator, Potential Energy

Operator (PEO) and Eigenvalues
* The potential energy operator V" represents the potential energy in the system.

* The eigenvalue D" (which seems to be a notation issue, and it is likely referring
to E) corresponds to the total energy of the system, obtained from the Hamiltonian

operator H".

« 1 is the eigenfunction (wave function) that describes the motion of the electron in

the system.

D" is the eigenvalue of the Hamiltonian H", and 1 is the eigenfunction that
characterizes the electron motion of the system. To grasp the essence of density-
functional theory, it is useful to step back and review some basic quantum physics.
We can in quantum mechanics that a system's wave function contains all of the
information we could ever know about it. Schrodinger's equation is used to obtain
this wave formula nonrelativistic ally. For a single electron moving in a potential

(r), this equation can be expressed as:*’
-7+ Vo |u) = Ewe) (2-3)

Here:
« V2 is the Laplacian operator, representing the spatial variations of the wave
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function.
« fi is the reduced Planck’s constant.
* m 1s the mass of the electron.

* E is the energy of the electron.

The total Hamiltonian of the system, which includes n electrons and N nuclei, can

be expressed as follows:
H=TN(R)+Te(r)tVeN (r, R) +VNN(R)+Vee(r) (2-4)

Atoms have kinetic energy operators T(R) while electrons have Kkinetic
energy operators Te(r). Nuclei-nuclei, electron-electron, and electron-nuclei have
the following potential energy operators: V' (U, R), VNN(R), and Vee(U),
respectively. whereas r represents electron coordinates, R stands for nuclear

coordinates.
So, equation (2-4) can be given by [4]:

H=-122% NI=1VI2MI-h22% ni=1Vi2mi-X N-1I=1% ni=1e2ZIrli+X N-1I=1%
NJ=I+1e2ZI1ZJRI]

+X n—1i=1% nj=itle2rij (2-5)

Where ZI and ZJ are the charges of the nucleus of atoms I and J; ali is the
distance between nuclei I and electron i; RI]J is the distance between nuclei I and J;

and rij is the distance between electrons i and j.

The electron-electron interaction, the interaction with the external potential,
and the kinetic energy are the three terms that make up the energy function, as the
Schrodinger equation has demonstrated.

Equation (2-5) can be write using an atomic unit value (e2, h2and m =1) as follow:
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A longstanding fundamental challenge in quantum mechanics has been the
determination of molecular eigenfunctions. There are precise analytical solutions to
the Schrodinger equation only for the hydrogen atom and the molecular hydrogen
ion. Only for more complicated systems, using approximation approaches, can

eigenfunctions be generated in an approximate manner. “
Approximation Methods Used in Quantum Computations
* Molecular Mechanics Methods (MM).

* Ab -initio Method.

» Semi-Empirical Methods (SE).

1.14 Molecular Mechanics Methods (MM)

Molecular mechanics (MM) is the term used to describe the use of
Newtonian mechanics to explain molecular systems. Molecular dynamics
simulations, ligand docking simulations, and molecular structure refinement all
frequently employ molecular mechanics techniques. Material assemblies
comprising dozens to millions of atoms, small compounds, and large biological
systems can all be examined with MM. Using all-atomistic MM techniques, every
atom is simulated as a single hard spherical particle with a radius and a constant
net charge. Additionally, bound interactions are regarded as "springs,” having
equilibrium distances and harmonic force constants that match the vibrational

frequencies and bond lengths predicted or determined through experimentation. “

By optimizing or modifying the spatial organization of the compounds under
study, the MM approach determines energy dependencies that lead to the lowest
energy. Without accounting for electrons, the particles are treated as if they were

balls connected to one another by springs. The tensile and bending energies of the
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new bond, as well as the true bond length and angle between each pair of atoms,

must all be determined in order to calculate the energy value. ©0)

1.15 Ab -Initio Methods

The Latin phrase "from first principles" or "from scratch,” or ab-initio,
describes calculations that are performed solely on the basis of theoretical concepts
and do not require the application of empirical data. Most often, this corresponds to
an approximate computation in quantum physics. Employing a simplified
functional form of a function or estimating an approximate solution to a

differential equation are two examples of popular mathematical approximations.
51

The Hartree-Fock HF computation is the most common ab-initio calculation,
and it uses a central field approximation as a first approximation. The approximate
energy is typically less important than the energies from HF calculations. Because
of the central field approximation, they gravitate to a particular value known as the
Hartree Fock limit. For HF computations, the second approximation requires that
the wavefunction be represented by a functional form, which is accurate for a

limited number of electron systems.

However, new users often have problems regarding which basis set to use, if
electron correlation corrections are necessary, and other relevant matters. To
provide the essential information and respond to these queries is the aim of ab
initio Molecular Orbital Theory (MOT). An overview of computational techniques

and ab initio theories is provided at the outset. ©?

Due to the massive number of particles in the systems, computer programs

are also used to carry out the necessary calculations to solve the Schrédinger
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equation. These computations include numerous challenging integrals for complex
systems. Using ab-initio arithmetic techniques, all of these integrals may be solved
without rounding. The most dependable approaches are ab-initio ones for small

and medium-sized systems, but they take a lot of time for larger systems.

1.16 Semi-Empirical Methods

In solid-state chemistry, semi-empirical methods have a lengthy and fruitful
history dating back several decades. Approximate molecular orbital simulations
provided the foundation for later ab initio methods when computational resources
did not permit more exact procedures. The necessity of semi-empirical approaches

is questioned in light of the increasing capacity of computers.

The following techniques are categorized as semi-empirical methods:®*

)Austin Model 1 (AM1), Modified Intermediate Neglect of Differential Overlap
(MINDO), The Modified Neglect of Diatomic Differential Overlap (MNDO),
Parametric Model number 3 (PM3), and Parametric Model number 6 (PM6). Zero-
Differential Overlap (ZDO), Intermediate Neglect of Differential Overlap (INDO)
& Complete Neglect of Differential Overlap (CNDO), The Neglect of Diatomic
Differential Overlap (NDDO).

1.17 Density Functional Theory (DFT):

The theoretical basis for all computations of electronic structure can be used
to determine a wide range of measurable solid properties. Density functional
theory (DFT) is a highly potent theory that outperforms semi-empirical, Ab-initio,
and Hartree-Fock theories in terms of accuracy. DFT can be used for solids, heavy

atom-containing molecules, atoms, nuclei, quantum, and classical fluids. ©>
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It gives a system's ground state features, and an important factor is the
electrical density. Many different molecular features, including molecule structure,
atomization energies, vibrational frequencies, electrical and magnetic properties,

and ionization energies, are predicted by density functional theory.

The electron density has substantially lower dimensionality than the wave
function, which is a benefit. As a result, DFT may now be used to analyze
considerably bigger systems with hundreds or even thousands of atoms. DFT also
has a low computational cost. Due to these factors, DFT is now frequently used in
first-principles calculations intended to describe—or even predict—the

characteristics of molecules and condensed matter systems (:56 - 57)

To find the energy for the electron density, one uses a density functional,
which is a function defined by another function. Accordingly, the wave function
and the electron density are functions, and the energy that depends on either of
them is a functional. ®® Two articles summarized the early work on density
functional theory: one by Pierre Hohenberg (Hohenberg and Kohn, 1964) ©%. and
the other by Lu J. Sham (Kohn and Sham, 1965) ©?.

1. The Hohenberg-KohnTheorem (HK):

The theorems that Hohenberg and Kohn developed in 1964 Y serve as the
formal foundation for DFT. Two of the Hohenberg—Kohn theorems (HK) gave
DFT a solid theoretical foundation. The initial HK theorems were valid only for
non-degenerate ground states in the absence of a magnetic field, but they have
subsequently been included in their generalization. ®
The two theorems that make up the theory state and demonstrate, respectively,

what Hohenberg and Kohn
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1st HK Theorem: According to the first HK theorem, an electron density that
depends only on three spatial dimensions can determine a many-electron system's
ground state features uniquely. By using the functional of the electron density, it
establishes the foundation for reducing the many-body issue of N electrons with
3N spatial coordinates to 3 spatial coordinates.®® Aside from an additive constant,
the ground-state electron density po(r) uniquely determines the external potential

Vext(r) for any system of interacting particles in an external potential Vext(r).

2nd HK Theorem: The second HK theorem defines an energy functional for the system
and proves that the correct ground state electron density minimizes this energy
functional.

The Hohenberg-Kohn theorems, however, are not nearer to a practical method, also the
exact evaluation of the Hohenberg-Kohn functional FHK would require us to solve the
many-particles Schrodinger equation.®* The Kohn-Sham (KS) scheme, a reformulation of
the theory based on the KS orbitals instead of the mere density, is the starting-point of

most of the actual calculations.

2. The Kohn-Sham Scheme:
With the use of the Kohn-Sham formalism and density functional theory, one can
effectively solve a single particle-like equation to precisely ascertain the ground-state

properties of complicated systems of interacting particles.

In order to compute the ground state properties of atoms, molecules, and solids in a

self-consistent manner, Kohn-Sham density theory is frequently employed.

The underlying principle of the Kohn-Sham approach is the creation of a
fictional system of non-interacting particles, usually electrons, that produces the same

density as any real system of interacting particles. The imaginary system is made up
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of separate electrons that are all subjected to the identical external potential, or

effective potential, Vext (r) .

The Kohn-Sham DFT (KS DFT) paradigm simplifies the unsolvable many-
body issue of interacting electrons in a static external potential to a manageable
problem of non-interacting electrons moving in an effective potential. Along with the
effects of the Coulomb interactions—such as the exchange and correlation
interactions—Dbetween the electrons, the effective potential also takes into account the

external potential. KS DFT is a challenge for modeling the last two interactions.
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2.1 Equipment

A variety of devices, all listed in Table (2-1), were utilized in this work to
synthesize and characterize zinc selenide nanoparticles.

Table (2.1): Instrumentation

No Instrumentation Type, Company Place

1 | Spectrophotometer  UV- | UV-Vis 1800 Shimadzu- | University of Kerbala

Visible Double Beam- | Japan “College of Science -
1800 Graduate Studies Laboratory”
2 | Fourier transform infrared | IRAffinity1S, University of Kerbala
(FT-IR) SHIMADZU College of Science - Graduate
Studies Laboratory
3 | Centrifuge-Hettich Universal -Germany University of Kerbala

College of Education for Pure
Sciences / Department of
Chemistry / Graduate Studies

Laboratory
4 | X-Ray Diffraction | Analytical company University of Tehran
Spectrophotometer
(XRD)
5 | Oven Me mort LODO080+NLabtech, University of Kerbala
Korea College of Education for Pure

Sciences / Department of
Chemistry / Graduate Studies
Laboratory

6 | Field Emission Scanning | Inspect of 50 femes FEI | University of Tehran
Electron Microscope (FE- | company

SEM)
7 | Heater and magnetic | ISO 9001 CERTIFIED | University of Kerbala
motor College of Education for Pure
- Sciences / Department of
Chemistry / Graduate Studies
Laboratory
8 | Raman spectroscopy Tafsanj Fanavari Arnik | University of Tehran
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2.2 Chemical Materials

Table (2-2) shows the chemical materials that were used in this work. All

experiments were performed using deionized water as a solvent.

Table (2.2): Chemical materials and their formula

No Chemicals Chemical Formula Purity Company supplied
%
1 Sodium hydroxide NaOH 98 % | BDH chemicals Ltd Poole,
England
2 Zinc acetate Zn (CH3C00),.2H,0 99.5% | Sigma-Aldrich (now part

of Millipore Sigma),
Fisher Scientific, VWR

International, Alfa Aesar,

TCI Chemicals
3 Sodium Selenide Na,Se >09% | European Chemicals Agen
cy (ECHA)
4 Ethylenediaminetetraac | C10H14N20g.H20 80%
etic acid (EDTA)
5 Hydrochloric acid | HCI 99% | SD Fine Chem limited,
(HCI) India
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2.3 Method of Chemical Precipitation

2.3.1 Preparation the NaOH solution

To prepare (0.25) g (1) M of sodium hydroxide flakes were dissolved in 100
mL of deionized water while being continuously stirred for roughly 15 minutes at
25 °C.

Figure (2.1): Images for sodium hydroxide flakes (a) and the NaOH solution (b)

2.3.2 prepared of Na,Se solution

In the beginning (0.207) M of sodium selenium were dissolved in 150
milliliters of deionized water to create 0.5 M of Na.Se Figure (2.2): It took 30

minutes to thoroughly mix the prepared solution.
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Figure (2.2): Images for sodium selenide prepare (a) and the Na,Se solution (b).

2.3.3 Zinc acetate Preparation
in the binging (0.485) M of Zn(CHsCOO)2:2H20 was dissolved in 150 milliliters
of deionized water to create 0.01 M Zn(CHsCOO).-2H-O solution after dilution.

The resultant solution was stirred for 30 minutes and then put somewhere dry.

Figure (2.3): Images for Zinc Acetate prepare (a) and the Zinc Acetate solution (b).
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2.3.4 Preparation of Ethylenediaminetetraacetic acid (EDTA)

In a beaker with 160 mL of deionized water, an appropriate quantity of
ethylenediaminetetraacetic acid (EDTA) (4.67 g) was added to create the polymer
solution. A magnetic stirrer was then used to shake the beaker for 15 minutes, or
until no more particles were visible. In Figure (2.4)

Figure (2.4): Images for EDTA prepare (a) and the EDTA solution (b).

2.4 Synthesis of ZnSe nanoparticles

The chemical precipitating approach was used to create ZnSe nanoparticles.
The starting ingredients used were sodium selenide Na,Se and zinc acetate,
Zn(CH3CO0),.2H,0. (0.5 M) in the prepare quantity was dissolved in 100 ml of
deionized water and vigorously agitated for approximately half an hour. Following a
brief period of stirring at room temperature using a magnetic stirrer, 0.5 M sodium
selenide was gradually added to the Solution of Zinc acetate. Zinc selenide
nanoparticles were generated with the formation of a white solution after an hour.
Three rounds of washing the precipitate with deionized water were employed to
remove unwanted materials. We used a 4000-rpm centrifuge for 15 minutes in order
to separate the precipitate. For three hours at 80 °C, the specimen was dried in a
drying oven. Figure (2.5) summarizes the stages involved in the creation of ZnSe

nanoparticles.
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Synthesis process of ZnSe nanoparticles

Sodium selenide (Na,Se) 0.5
M

zinc acetate (C4H s 042Zn) 0.5
M

|

l

Magnetic Stirrer for 1/2 h

Magnetic Stirrer for 1/2 h

Mix Solution1(zinc acetate) to Solution 2 (Sodium <

I

ZnSe Solution

!

Heating at 80 °C 5 hr

U

Washing +centrifuge

I

ZnSe nanoparticles (White powder)

Figure (2.5): A schematic diagram showing the formation process of ZnSe nanoparticles by

chemical precipitation method.
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[ Synthesis of ZnSe-EDTA Nanoparticles ]
[ Sodium selenid (Na ,Se) 0.5 M } [ zinc acetate (C,H s 04Zn) 0.5 M }
L, Magnetic Stirrer for 1/2 h J

{4

Mix zinc acetate + EDTA

L 4

Sodium selenid (Na ,Se)

4

ZnSe - EDTA

4

[ Heating 80 °C 5 ]

U

{ Washing +centrifuge J "‘ :
@ sl LN L.\

EDTA-capped ZnSe nanopatrticles (White powder) ]

Figure (2.6): Diagram illustrating the stages involved in producing nanoparticles while is

present.
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2.5 Examination of nanostructure:

The production of both capped and uncapped ZnSe nanostructure can be
confirmed wusing an easily technique (UV-visible spectroscopy). FT-IR
spectrophotometer was used to determine the functional groups which are expected
to be found on the surface of the ZnSe particle. This technique can also confirm the
production of ZnSe particles. One of the most interesting things about this type of
FTIR spectroscopy is that a little sample is used; instead of being combined with
KBr like in conventional FTIR spectroscopy, the sample is placed on a tin selaned
lens.

Field emission scanning electron microscopy (FESEM) was used to study
the size and shape of the prepared particles. It provides a high resolving power
estimated at nanometers due to the high energy of the electron beams. The
extremely small size of the electron beam spot produces high-resolution images of
the surface of the material when compared with the magnification of the optical
microscope (500,000 times larger than the optical microscope. ©®

Finally, FESEM requires the sample chamber to operate in high vacuum, so
it requires the preparation of a completely dry and solid sample. Energy dispersive
X-ray spectroscopy (EDS) was used to identify the presence of elements in ZnSe
sample.

XRD technique was used to determine crystal size and crystal structure. The
XRD pattern is used as a kind of "thumbprint" to identify the material by
comparing the sample's chart with the data in well-established global information
repositories like the Center International Data Diffraction (ICDD). ©°)

The basic principle of XRD technique is that the colliding of fast electrons
with a target surface leads to producing an x-ray. The electrons of the atoms that

are present in the crystal will interact with this ray. The atomic planes permit some
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of the beam to pass while reflecting the remainder. The incidence angle (0) is equal
to the reflected angle, which is also referred to as the Bragg angle which can be
calculated from Bragg’s law nAk =2dsin 8, where 6 is Bragg angle; A is the
wavelength of x-ray; n is an integer called the order of reflection (n=1, 2, 3); and D
is the distance between the set of levels (°”

For the rays to interfere constructively, this path difference must be an
integral number of wavelengths. The possible d-spacing defined by the indices h,
k, | are determined by the shape of the unit cell. Rewriting Bragg ‘s law we get:

n A =2dsin 6

Imcident
beam

Reflected
o beam

dsinf

Figure (2.7): Schematic diagram of X-ray diffraction process.

An efficient technique for differentiating between capped and uncapped
nanoparticles is Raman spectroscopy, which examines the variations in vibrational
spectra. Peak changes, intensities, and the emergence of new peaks can be used to
help researchers better understand the chemistry and characteristics of nanoparticle
surfaces. Raman affect can be seen in molecules that have no net dipole moment
and so no pure rotational spectrum, but it also depends on the polarizability of the
molecule. Through this technique, details regarding the molecule's structure and
moment of inertia can be discovered. There is very little impact from light
scattering by molecules or crystal lattices. Spectral analysis shows the presence of
a strong line that corresponds to the wavelength of the light source when

monochromatic light is dispersed by molecules or crystal lattices. Furthermore,
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lines with lower intensity can be seen at wavelengths that differ from the
wavelength of the light source. These lines are known as Raman lines, named for
the Indian physicist Chandrasekhara Venkata Raman. Though these lines were
known to exist in theory, Raman was the first to really demonstrate them in
1928(%%

2.6 Theoretical part

2.7 Functional Hybrids

Hybrid functions are a class of approximations to the exchange and
correlation energy function in density functional theory (DFT) that incorporate a
part of the exact exchange from Hartree-Focke theory. The core of the hybrid
functionals is a GGA correlation functional with an exchange contribution that was
obtained partially from the HF theory, which accurately calculated the exchange
energy, and partially from an exchange functional. ®® Different hybrid approaches
have different ratios for the two GGA functionals and the HF exchange energy,
which are frequently changed to fit a set of experimental data. Although hybrid
approaches are the most accurate, they have the disadvantage of calculating the HF
exchange energy requires the use of four-center integrals. The result is GGA
calculations are less expensive computationally than hybrid DFT calculations. ™
)For instance, the common BLYP functional combines the gradient-corrected
exchange functional developed by Becke and the gradient-corrected correlation
functional developed by Lee, Yang, and Parrs (Becke, 1986; Lee et al., 1988). For
molecular simulations with basis sets of at least 6-31G(d), the B3LYP hybrid
functional, also known as Becke3LYP, is most frequently used. For many organic
molecule calculations, the B3LYP methodology is the go-to method due to its

often-high accuracy vs. CPU time trade-off. ™ Due to its youth and ongoing
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evolution as new functionals are created, DFT performance is unclear. Depending
on the amount of theory used, Cramer provides a comprehensive overview of the
applications and effectiveness of DFT. A thorough evaluation of the advantages
and disadvantages of DFT versus MO theory is also given. This issue would be
avoided by hybrid functionals, which combine DFT and HF and group the

exchange and correlation components of each approach. ?

2.8 Introductory

Density functional theory is one of the most well-known and frequently
applied theories that have been developed to study and understand the electrical
characteristics of molecules. Nowadays, DFT is widely acknowledged as an
effective technique for calculating ab-initio molecular dynamics as well as the
guantum states of atoms, molecules, and solids. Thomas and Fermi devised an
early, approximative variant of density functional theory in 1927, not long after the
development of quantum mechanics. A density functional theory of the quantum
ground state was later developed by Hohenberg, Kohn, and Sham, which
outperformed the theories of Thomas-Fermi and Hartree-Fock and allowed for a

wide range of applications for real physical systems ("®

2.9 Density Functional Theory (DFT)

Density Functional Theory (DFT) is known for being an effective research
instrument for verifying experimental findings or describing unexplored

possibilities. ¥

Electronic structure is found in the chemical and physical domains by the
application of DFT, a quantum mechanical modeling technique "> ’Computational
approaches that provide precisely superior scales in chemical interactions and

combinations phenomena, such the DFT method, are not only affordable but also
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theoretically predictive of material design through geometrical structures(®
)Furthermore, the greater the number of quantitative predictions of phenomena that
are made and validated by experiment, the more a theory is accepted overall when
it comes to a specific experiment that is "confirmed" by theoretical study. In. "
Some theoretical studies have been mentioned and taken into consideration,
nevertheless, as gas sensors in practical applications. ("®’In recent times, ZnSe DFT
theory has been used to study the structural and electrical characteristics of

molecules as nanotubes with different concentrations of ZnSe atoms.

2.10 The Technique of Density Functional Theory (DFT)

This technique, known as DFT, has been more and more common since the
late 1980s. Functions whose solution yields another function, i.e., the function of

the function, are referred to as functional [2].

The Schrodinger equation is the foundation of this approach, as it is of the ab
initio and semi-empirical approaches. Except that it uses the electronic density
function in place of the wave function. DFT's fundamental tenet is that a system's

density can be used to determine its energy:
E=E(p) (2.1)

The DFT theory reformulates the quantum issues by using an electronic
density function, which reduces the many-particle system problem to a single-
particle problem. The latter minimizes the number of variables utilized as a
foundation for measurement in the calculation by only requiring three variables to

be calculated.
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Quantum mechanics has many applications, and DFT is one of the most
popular. These days, chemistry and physics frequently employ it to compute things
like the band structure of materials and the binding energy of molecules. First
applications are emerging in domains like biology and mineralogy, which are
typically thought to be further removed from quantum mechanics. DFT has been
applied to the study of relativistic effects in heavy elements and atomic nuclei,
superconductivity, atoms in the center of intense laser pulses, classical liquids, and
alloy magnetic properties 2%

2.11 The Roothaan — Hall Equations and the Linear Combination of Atomic
Orbitals (LCAO) Theoretically

The Roothaan — Hall equations can be derived by applying linear summation
of atomic orbitals (LCAOS) and the principle of variation to the high frequency
equation. On the other hand, in order to solve problems related to HF with respect
to atoms. This can be done by using any traditional technique to solve the
differential integration equations, and through the integration of the number, the

HF limit can be achieved.

2.11.1 Slater-Type Orbitals (STOs):

When linear combination of atomic orbitals (LCAOSs) are used to calculate
molecular properties, slater type orbitals (STOs) for multiple atoms have been
widely used. The STO approach relies primarily on the basis functions used for
the patterns on the electronic distribution they provide. Slater calculations take
enormous time but are more accurate than Gaussian calculations in this way (Pople
and Beveridge 1970). The wave function is given by the spherical polar

coordinates:
LPnlm S(T‘, 8,¢) = Rnl(r_))Ylm(H, (D) (22)
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YumS(r, 8,¢) : Total wavefunction. Represents the probability of finding an
electron at a given point in space.
Variables: Depends on spherical coordinates ( 8, ¢).
n: Principal quantum number.
I: Azimuthal (orbital) quantum number.
m: Magnetic quantum number.
S: Spin quantum number.
Rn(r"): Radial wavefunction. Describes how the electron density changes with
the radial distance r from the nucleus. Depends on the radial distance r.
n: Determines the energy level of the electron.
I: Defines the shape of the orbital

Where Y1(0, @) is a spherical harmonic, n, I, and m represent the principal,

orbital, and magnetic quantum numbers, respectively and R (r) is the radial part of

the atomic functions Rni(r") for (STOs) is expressed as:

Rni(r) = Nnr n—1 exp(—(r) (2.3)
And:

Y(6, ¢) =01 (6)pm(¢) (2.4)
Where N normalization constant, and ¢ is the orbital exponent and given by:
{ = z—sl nx (2.5)
Where:

1: s is a protection parameter

2: z IS the number of atoms

3: n* is active principal quantum number

4: The shielding parameter s, is offer an empirical value based on n and L.
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2.11.2 Gaussian-Type Orbitals (GTOs):

Since Gaussian orbits (GTOs) are calculated much faster than Slater's
calculations, i.e., they do not take much time, therefore Gaussian orbits are used in
molecular and atomic calculations at the present time, and because Gaussian orbits
(GTOs) do not have a limit in the first place, therefore they are considered
representations of atomic orbits and are less satisfactory than orbits (STOs). The
general shape of GTOs is the same as that of STOs, but alpha is the normal
coefficient difference instead of zeta (r) in GTOs raised to the square. That is, the
orbits of STOs depend on exp(-(r)) opposite in GTOs. This type of orbit depends
on the radial type on exp (-(r%)) and it is known that solving electron-electron
integrals is difficult, but the limit of exp ((-(r%)) It makes the solution of these
integrals analytically possible. While in STOs it can only be solved numerically:
Ynlm G(r, 6,¢) = Rnl(r)YIm(6, ®) (2.6)

Rnl(r) = Nnr n—1 exp(—{r 2) (2.7)

The radial type in GTO depends on exp(—{r2) rather than exp(—{r). As
aresult whereas with STOs they can only be solved numerically, the electron-
electron repulsion can now be calculated analytically as integrals.

The fundamental drawback of GTOs is that they lack the correct "cusp"
near the nucleus, as illustrated in Figure (2.8), and the exponent goes to zero

extremely quickly as r increases.
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0.9 + — STO

Wave function

Figure (2.8): Comparison of the wave of a STO and GTO functions. '

2.12 Basis Sets

A basis set is a group of mathematical operations that are utilized to build a
system's quantum mechanical wavefunction. €

The electron distribution surrounding each atom is represented by a variety
of basis functions, which are frequently focused on atomic nuclei. The electron
distribution across the molecule is obtained by integrating the atomic basis
functions. A Slater-type orbital (STO) basis function is a specific kind of basis
function that approximates atomic orbital wavefunctions with good accuracy. Yet,
is challenging to evaluate; as a result, most basis sets approximate the STOs using
different combinations of Gaussian-type orbitals (GTOs). To fully characterize
every electron on every atom in a minimal basis set, only the bare minimum of
basic functions is needed ")

Base groups are a set of fundamental functions used to describe both

molecular and atomic orbitals. In order to obtain valuable results from chemical
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calculations, the appropriate base set must be selected. The basic criterion for
choosing the base set depends on its flexibility to evaluate a specific problem, the
cost of calculating the required integrals, and other computational factors. ®2)The

following are some of the several basic set types:

2.12.1 Minimal Basis Sets

It is the basic set that contains a few basic functions and provides less
accurate results compared to the rest of the other base sets ®)STO 3G This
symbol indicates a base set that utilizes one reduction of three Gaussian functions
to approximate the STO orbit. The minimum baseline groups (Al-Adley) are used
for qualitative results and for very large results, where accuracy is affected. The
minimum group is computationally inexpensive compared to its counterparts from

other base groups.

2.12.2 Split Valence Basis Sets

In this type of base group, the electrons are divided into two groups, the first
group is the group of electrons, the inner layer, and the second group is the layer of
electrons, the outer layer or valence electrons, this permits the alteration in orbital
size that takes place during bonding. The common split-valence 6-31G basis
defines the contraction scheme ®* )The dash marks the separation between the

valence (on the right) and the core (on the left).

2.12.3 Polarized Basis Sets

An important basic concept that is still being used is the polarized basis set,
which is a nominal function with a higher angular number. The basis group is
remarkably close to the exact electronic energy in the phase modulation of the

wave function. At least one set of (d) functions is included in the base set.
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Polarization functions have additional functions added to the base to strengthen its
flexibility, especially in the bonding regions, to provide a better description of the
electron density. Can be added as (d) or * type: d-type functions added on to atoms
other than hydrogens. It can be introducing as (d, p) or ** type: p-type functions

added on to Hydrogens. ®

Ex: 6-31G(d) or 6-31G*.

2.12.4 Diffuse Basis Sets

The conventional valence-size functions are opposed to diffuse functions.
The s- and p-type functions are enlarged in this function. They make it possible for
orbitals to cover more space. Basis sets with diffuse functions are beneficial for
systems in which have electrons that are spread out from the nucleus, such as
anions, effective negative charge systems, lone pair molecules, excited states
systems, low ionization potential systems, and so on. For instance, in addition to
the 6-31G+ + (d) basis set, the 6-31+ G(d) basis set includes plus diffuse functions

for heavy atoms. ®°

2.13 Electronic Properties

2.13.1 Total Energy (Et)

The kinetic and potential energy terms of the Kohn-Sham Hamiltonian
together make up the molecule's total electronic energy. The energy of a system
with no interacting electrons is represented by the first term, while the effective
potential energy (Kohn-Sham potential) is represented by the second. There are
three terms in it; the first is electrostatic repulsion. The exchange-correlation term
comes third, it precedes it to be in second place the classical coulomb interaction

between the nuclei (see Eqg. 2. below). This indicates that the energy needed to
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combine all of the atoms and electrons is what accounts for the energy's extremely
negative value. Geometry optimization is the process of determining the
equilibrium positions of atomic nuclei within a specific symmetry restriction.
Geometric improvements that take into account both computations. ©”

[p] =] vext(r)p(r")dr + Ts [p] + J[p] + Exclp] (2.8)

Where: EXc[p] is the exchange-correlation energy.

Ts[p]: is the kinetic energy of the KS pseudo particle system.
[p]: is the Coulomb energy which is a known functional of the density.

The big advantage of the KS approach is now, that T[p] — Ts [p] is small, this
means, Ts [p] accounts for most of the kinetic energy contributions of the many
body system, the remaining fractions of the exact kinetic energy are contained in
Exc[p].

2.13.2 Energy Gap (Eg)

The difference between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), as per the Koopmans theorem,

is known as the energy gap. ©®

Eg = ELumo — Enomo

The energy differential that LUMO and HOMO produce has an impact on
the molecule's kinetic stability, chemical reactivity, and interactions with other
species. High levels of chemical reactivity and polarizability are exhibited by

molecules with narrow energy gaps.

48



Chapter Two Experimental Part

2.13.3 lonization potential (1E):

For a molecule is the amount of energy needed to extract an electron from a
molecule or isolated atom, and it is represented by the energy difference between
the neutral (E(n)) and positive charged (+E), or the HOMO energy needed to

within the context of Koopman's theorem, compute (IE) as follows ©#**%

IE= - EHOMO

2.13.4 Electron affinity (EA)

A molecule or atom's electron affinity (EA) is the energy change that occurs
when an electron is added to a neutral atom to form a negative ion. EA is expressed
as the energy difference between the neutral energy (En) and the negatively
charged energy (-E). Koopman's theorem uses the LUMO energy to calculate EA.

(91)

Ea=-ELomo

2.13.5 Chemical Potential (Cp)

The energy that can be released or absorbed during a chemical interaction or
phase change is known as chemical potential, and it is contingent upon the number
of electrons in the molecule. When an electron system reaches absolute zero

temperature, it's also known as the ferry energy in a semiconductor. Cp = —y,

2.13.6 Global Hardness (1)

Determines how resistant an atom is to a charge transfer. According to IE
and EA, the hardness is equal to half of the energy difference between two frontier

orbitals, as expressed by the following formula:
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n=1P-EA/2

2.13.7 Chemical Softness (S)

Chemical softness of molecules, which has a smaller energy gap than
hardness, is a feature that indicates the degree of a chemical reaction. We thus have
modest excitation energies in softness. It follows that the soft molecule's electron
density varies more readily than that of the hard molecule, and we observe that the
ion is the inverse of hardness based on the equation that determines softness.

S=1n

2.13.8 Electronegativity ()

One of a material's fundamental characteristics is its electronegativity, or the
molecular capacity to draw electrons to itself. It is a measurement of an atom'’s
capacity to draw electrons into chemical bonds.

v =IP+EA/ 2 (2.9)

2.13.9 Electrophilicity (w)

When electrons are added to a chemical system to bring it closer to
saturation, the system's electrophilicity is determined by thermodynamic properties
as well as an assessment of the favorable energy shift. It can be calculated using

the equation below. ® = —y 2/ 2n

2.13.10 Nucleophilicity (g)

It is known as the antithesis of electrophilicity and is represented by the

equation below *

e=1w
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2.13.11 Molecular Electrostatic Potential (MEP) Surface

The Minimum Energy Potential (MEP) is the energy required to transfer a
single positive charge from infinity to any given location.”® It is a local three-
dimensional attribute that can be assessed anywhere in the system's space. It can
show the charge distributions inside the molecule in three dimensions. Using color
grading, can be specify the size, shape, and electrostatic potential of molecules ©¥
The relationship between molecular structure and the physicochemical properties
of compounds like biomolecules and medications has been shown to be incredibly
helpfully examined using the MEP surface. It can be utilized to differentiate
between the regions on the surface where there are fewer electrons (nucleophilic
attacks) more electrons (electrophilic attacks). ®High electrostatic potential
energy indicates a relative lack of electrons, while low electrostatic potential

energy indicates an abundance of electrons (96)

2.14 Infrared Spectrum (IR)

The emergence of the infrared spectrometer was the reason for the
emergence of spectral data processing techniques, Recently, methods of rapid
analysis of spectra have become increasingly important due to ease of
measurement, speed and accuracy, as the digitization of the spectra allows spectral
analyzers to extract information within a period of time that does not exceed a few
seconds Through infrared spectroscopy, we can know the functional groups present
in the sample. The sample can vibrate in different patterns, each pattern of which is
related to a distinct energy. The number of patterns in the molecule is determined
by the number N of its constituent atoms. If the molecules are linear, the number of
patterns is known through the relationship (3N-5), In the case of the non-linear
molecule, it is determined through the relationship(3N-6). °") For a molecule to be

effective in infrared spectroscopy, it has a spectrum, it must possess a second pole
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moment. * The compounds and their functional groups can be identified as shown
in the figure (2.9).
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Figure (2.9): The compounds and their functional groups
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2.15 Vibrational Frequencies

Vibrational modes of active molecules in infrared or Raman spectra
correspond to specific bends or stretches that can be determined by their frequency.
The characteristics of these modes can vary depending on whether they are
vibrational patterns that are stretching or bending. Bending modes change the bond
angles while keeping the bond length constant, whereas stretching modes change
the bond length while maintaining the bond angles. In addition to a variety of
bending modes, such as scissoring, wagging, twisting, and rocking, there are two
types of stretching modes: symmetric and asymmetric stretching. These modes are
illustrated in Figure (2.10). ¥

Bending modes, which are frequently used in IR spectroscopy in various
materials or chemical compounds, may be able to discriminate between amino
acids in what is referred to as the fingerprint region. Stretching modes are much
more common than terminating modes. In Raman spectroscopy, bending modes
are rarely observed because they do not change the bond length or polarizability.
For the same reason, asymmetric spans are also rare. Because the bond length
varies, but does so uniformly for both molecules, indicating that the overall
distance does not vary, Raman spectroscopy has been able to see these phenomena.
In the symmetric stretching modes, the variation of both bond lengths affects the
polarizability of the molecule. Due to the fact that numerous vibrational modes

observed in Raman spectroscopy appear to be symmetric stretching modes. %
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Figure (2.10): The Bending modes

2.16 Theoretical part:

2.16.1 Computer used
1. Laptop Think pad

2. System: Windows 10 - 64-bit
3. Hard disk: 500 GB

4. RAM: 8.00 GB

5. Intel Core i7-5600U CPU @ 2.60GHz 2.59 GHz
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2.16.2 Programs

Gaussian 09W and Gauss View 6.0 are computational programs used in
physical chemistry to study and analyze molecules using quantum mechanics.
Gaussian 09W calculates molecular properties such as energy, shapes, and
vibrational frequencies, while Gauss View 6.0 provides a graphical interface for
visualizing molecular structures and analyzing computational results in an easy-to-

understand way.

2.16.2.1 Gaussian 09W

Numerous chemists and chemical engineers utilize this computer program in
physical biochemistry, fundamental applications of quantum mechanics to forecast
energies, compositions, and elemental combinations of the ultraviolet and infrared
resonance spectra, and Gaussian This computer program has being continuously
updated and developed by a research group at the University of The phrases orbital
and gaussian are the sources of the name Carnegie-Mellon, which was first used in
advertising in 1970. Starting with the basic concepts of quantum mechanics,
Gaussian predicts the energies, molecule shapes, and vibrational frequencies of
molecular systems in addition to many other molecular attributes derived from
these core computation types.

It can be applied to investigate molecules and processes in various contexts, such
as those involving compounds and difficult stable species. The Gaussian program,
which is based on solving the Roothaan-Hull equation, can be used to determine
the most elements in the periodic table. The basis set or quantity of wave functions

used determines how accurate the calculations in this program are.
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2.16.2.2 Program Gauss View 6.0

Gauss View application interface was used to construct a graphic depiction
of the chemical structures after extensive experimentation with the program's
interface. The major functions of Gauss View 6.0 are used in conjunction with the
routine works. A visual depiction of molecular structures can be obtained as a
result. The input files were exported into Gauss View to provide an example. the
dimensional photo's output files for the Gaussian software. In addition to the
Gaussian calculations, which are not utilized as calculation steps, the Gaussian
view is a software that makes the Gaussian program's work easier.
The main goals of the Gaussian perspective are %%, First, molecules—especially
large ones—are easily drawn. This allows for fast rotation, transfer, and
modification of atomic bonds and angles.

Second, the Gaussian view makes it possible to use geometrical methods, such as
balanced molecular patterns, molecular orbitals, and electronic surface density, to
verify the outcomes of Gaussian calculations.

Third: Several Gaussian computations can be accomplished with the help of the
Gaussian perspective, simplifying the complicated input required for both common

tasks and sophisticated techniques. **¥

2.17 Energy Gap, LUMO, and HOMO

Within the molecular orbitals, the two most significant ones are the lowest
unoccupied orbital (LUMO) and the highest occupied orbital (HOMO). Located
near the outermost limits of the molecules' electrons, these orbitals are known as
the frontier orbitals. Acting as an electron donor is the orbital with the highest
energy (outermost) containing electrons, or HOMO. Within the theory of
molecular orbitals, the most significant are the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO). Conversely, the
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Lowest Energy Orbital (LUMO) is the innermost orbital with the least amount of
space for electrons to enter. In terms of the band gap, the difference in energies
between the HOMO and LUMO levels (Egap = ELUMO — EHOMO) and the
resulting energy gap not only dictate how the molecule interacts with other species,

but also helps characterize its kinetic stability and chemical reactivity.

More polarizable and typically linked to strong chemical reactivity and low kinetic
stability, a molecule with a tiny frontier orbital gap is also known as a soft
molecule. Figure 2.11 represents the band gaps and energy levels of (HOMO) and
(LUMO) interactions between two different molecules. However, Figure 2.12
clearly illustrates the movement of electrons from the ground state to the excited
state—also referred to as the excited state—through the filling of open molecular

orbitals %%
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Energy

Figure (2.11): The band gap diagram and HOMO-LUMO of two interacting molecules
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Figure (2.12): The ground state and excited states' HOMO-LUMO diagram.'®
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3.1 Structural properties of ZnSe Nanoparticles
3.1.1 Field Emission Scanning Electron Microscopy
3.1.1.1 FE-SEM of uncapped ZnSe

Figure 3.1 shows an insight into the surface morphology of uncapped ZnSe
nanostructures. Short, elongated structures with large spherical particles were seen
when the ZnSe formed without the addition of the capping agents. A possible
explanation for the formation of these structures derives from the agglomeration of
some nanoparticles. In other words, the additional atoms of Zn and Se will
approach the existence ZnSe particles and agglomerate to form irregular elongated

structures %),

—

il LG . Y ¥
6/4/2024 HV  mag o det| pressure WD 3 pm
3:42:43 PM|30.00 kV 30 000 x ETD|2.97e-3 Pa 7.3 mm inspect f 50-FEI Compan

. - e 3 .
6/4/2024 HV  mag det | pressure | WD | - 1um
3:42:22 PM 30.00 kV 60 000 x ETD|2.97e-3 Pa|7.3 mm inspect f 50-FEI Company

Figure (3.1): FE-SEM images for uncapped ZnSe nanostructures. The scale bar for images (a)

and (b) are 1 um and 3 pum, respectively.
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3.1.1.2 Surface morphology of EDTA-capped ZnSe nanostructures

It is clear from the FE-SEM images in Figure 3.2 that EDTA plays a role in
changing the shape of the prepared structures. ZnSe structures formed without the
addition of EDTA have an elongated shape with few spherical particles
(see section 3.1.1.1). It was thought that these elongated structures could be formed
as a result of particles agglomeration. However, by introducing EDTA to the
formation process, the shape was altered and became quasi-spherical. Our
explanation is that the EDTA molecules prevent additional atoms from being
attached to the already formed ZnSe particles. By lowering the surface energy and
enabling electrostatic repulsion between the particles, this is accomplished " In
other words, EDTA acts as a stabilizing agent, which reduces the coalescence of

ZnSe particles.

M ' a\
6/4/2024 | HV | mag o | det W —— 500 nm ——
3:46:27 PM|30.00 kV|120 000 x ET 9e-3 Pa|7.3 mm__inspect f 50-FEI Company

6/4/2024 HV |mag o

W
3:47:42 PM 30.00 kV|60 000 x|ETD|2.59e-3 Pa|7.3 mm inspect f 50-FEI Company

Figure (3.2): FESEM images for ZnSe nanoparticles formed in the presence of EDTA (capping

agent). The scale bars of image (a) and image (b) are 500 nm and 1pm.
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3.1.2 Energy-dispersive-X-ray (EDX) analysis
3.1.2.1 EDX for uncapped ZnSe nanostructures

The elemental analysis of ZnSe formed in the absence of EDTA was studied
using EDX. Figure 3.3 (a) conforms the presence of Zn and Se in the sample in
addition to the appearance of small peak for carbon atoms which has probably
come from the coating process of our sample in order to make the sample

conductive.

Elemental mapping was used to confirm the elemental analysis of the
sample. It seems from Figure 3.3 (b and c) that the majority of a sample is
composed of zinc (Zn) and selenium (Se) atoms suggests that these two elements
are the main constituents of the substance under study. According to the statement,
the sample is composed of the combined concentration of Zn and Se, which are

both probably present in considerable levels.

s () iy ey

—— 40 prm —— = e g '|.|.rr| —

Figure (3.3): EDX chart for ZnSe nanoparticles in the absence of EDTA (a), elemental map of
Zn, Se, and C of ZnSe nanostructures (b-d)
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3.1.2.2 EDX of EDTA-capped ZnSe

The EDX chart for ZnSe structures capped with EDTA shows that in
addition to the presence of expected elements (Zn and Se) in the sample, there are
two peaks for oxygen and nitrogen elements, which are properly raised from the
EDTA components. As seen in Figure 3.4 (a) there is a peak for carbon element,
which is attributed to the coating of the sample with carbon element to make it

conductor.

The elemental map for each element distributes inside EDTA-capped ZnSe
particles is represented in Figure 3.4 (b-f). Each color in the map represents a
distinct element. The element's concentration in that area of the sample determines
how intense the color is. Accordingly, the Zn and Se atoms are the dominant

components in EDTA-capped ZnSe sample.
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i i 4 fil ] 3 p—— 40 ym ———
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Figure (3.4): EDX for EDTA-capped ZnSe (a) and EDX mapping which shown the distribution
and concentration of of Zn, Se, C, O, and N inside the sample (b-f).
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3.1.3 FTIR characterization

3.1.3.1 FTIR for uncapped ZnSe nanoparticles

FTIR spectra for ZnSe nanoparticles formed without any addition of capping
agent was recorded in the range 500- 4000 cm™ and shown in Figure 3.5. The
peaks that appear in the region between 500 -600 cm™ can be assigned to the Zn-Se

stretching vibration bond,'® conforming to the formation of zinc selenid.

Additionally, several other absorption peaks appear at different wavenumber
values, which may be attributed to residual materials from the synthesis process or
interactions with other functional groups. The decrease in transmittance at these

peaks indicates high absorption by these bonds in their respective spectral regions.

Overall, this spectrum confirms the formation of ZnSe nanoparticles
without capping agents, as indicated by the characteristic Zn-Se bond absorption in

the expected region.
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Figure (3.5): FTIR spectrum of uncapped ZnSe nanostructures

A broad absorption peak centered at 3415 cm™ representing the stretching
mode of O-H, which probably comes from the present of water on the surface of
ZnSe nanoparticles . The peak appears at 2927 cm™, suggesting the asymmetric
stretching mode of C-H bond.* The appearance of additional peaks in the region of
700 to 900 cm™ could be attributed to the surface defects phenomenon which can
be observed in the FTIR spectrum of nanosized materials due to their high surface-

to-volume ratio®?)
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3.1.3.2 FTIR for EDTA-capped ZnSe nanostructures

The FTIR spectra for EDTA-capped ZnSe nanoparticles was also recorded
in the range 500- 4000 cm™ as shown in Figure 3.6. Same peaks were observed as
in uncapped ZnSe spectrum. However, the peaks at 1563 cm™ and 1400 cm™ are
attributed to the presence of C=0 stretching vibrations and the intensity in the case
of capped sample is high compared to uncapped sample which could be from the
presence of carboxylate anion in ETDA molecules. *** Peak appear at 535 cm™ is

assigned to Zn-Se vibrations, indicating the formation of ZnSe.**?
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Figure (3.6): FTIR spectrum of ZnSe nanoparticles formed in the presence of EDTA.
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3.1.4 X-Ray Diffraction of uncapped and EDTA-capped ZnSe nanostructures

The crystal structure of the synthesized zinc selenide was investigated using
X-ray pattern (see Figure 3.7, upper panel)). The appearance of sharp and intense
peaks at 20 positions of 24°, 28° and 29.5° indicating the formation of well-
crystallized ZnSe nanostructures. According to the most dominant Bragg peaks in
the XRD chart and especially at 2theta angle of 29.5°, which corresponds to 111
plane, the prepared zinc selenide has zinc blend structure. The crystallite sizes of
ZnSe particles were obtained via Scherrer equation ™3 )using the high intensity

peaks at a diffraction angle of 29.5°.
D=K A/Bcosh ....... 3.1

Here, the wavelength of the Cu Ka is 0.15406 nm, 0 is the diffraction angle,
k is a constant (equal to 0.9), and B is the full width half maximum of the peak. The

crystallite size is reported to be 22.124 nm.

Uncapped ZnSe
—— EDTA-capped ZnSe

TS L NTTR—

WUMWMM

20 40 60 80
2 Theta (degree)

Intensity (a.u.)

Figure (3.7): XRD pattern for uncapped ZnSe nanoparticles (upper panel) and EDTA-capped
ZnSe nanoparticles (lower panel).
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In order to see if the EDTA has an effect on the crystal structure of ZnSe, the
XRD chart of ZnSe in the presence of EDTA was recorded in the range of 10° to
80°. As can be seen in figure 3.7 (lower panel) the diffraction peaks for EDTA-
capped ZnSe nanoparticles are consistent with those of cubic structure, according
to JCPDS Card no. 01-088-2345. ™% Capping ZnSe nanocrystals with EDTA leads
to enhance the intensity of the diffraction peaks, suggesting the formation of more
crystal structure of ZnSe. This finding which is quite similar to the previous work
reported in the literature when the researchers capped ZnSe particles with
mercaptopropionic acid (MP1): ™ The crystallite size was also calculated using

Scherrer equation and it was 22.23 nm.

3.1.5 Raman Spectroscopy

The vibrational properties of the uncapped and EDTA-capped ZnSe
nanostructures were studied using Raman spectroscopy at room temperature. It is
known that the Raman spectrum of bulk ZnSe has two sharp peaks: Longitudinal
Optical (LO) mode at 250 cm™ and Transverse Optical (TO) mode at 200 cm™.(*1®)
Moving to the nanoscale levels, the peak position, width and intensity could be
altered due to the size effect. A notable shift was seen in both spectra in Figure 3.8
with respect to the bulk ZnSe, because the phonon modes may change to lower or
higher frequencies as the particle size decreases. In uncapped ZnSe spectrum, a
strong peak appears at 140 cm™ could relate to TO phonon mode, another wide
peak was observed at 478 cm™. These peaks were shifted towards higher
wavenumbers (blue shift) when the particles capped with EDTA. This can be
explained by the fact that smaller particles have distinct phonon modes. The
Raman peaks for EDTA-capped ZnSe nanoparticles exhibit broadening compared
to uncapped ZnSe nanoparticles. The reasons for this broadening are phonon

scattering, size effects, and a higher surface-to-volume ratio.
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Figure (3.8): Raman spectra for ZnSe formed without the addition of EDTA and with the
addition of EDTA.

3.2 Optical properties of ZnSe nanostructures
3.2.1 The absorption spectrum of uncapped ZnSe nanostructures

It is well known that the properties of nanomaterials can be easily changed
by altering their shape and size. Therefore, in this section we amid to study the
optical properties of ZnSe nanomaterials in the absence and presence of the
capping agent (EDTA). After mixing the precursors, the color of the solution
changed from colorless to white, which can be attributed to the formation of ZnSe
nanoparticles. The UV-Visible spectrum of uncapped ZnSe nanomaterial was
shown in Figure 3.9(a). A notable peak at 363.8 nm can be seen, which is in a blue
shift with respect to the bulk ZnSe (460 nm),**” suggesting the formation of nano-
sized ZnSe structures.
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Figure (3.9): The absorption spectrum of zinc selenide nanoparticles before the addition of
EDTA (a) and the optical band gap energy of ZnSe nanoparticles (b).

The band gap energy for the prepared samples was calculated using Tauc
equation:™®

ahv=C (hv-EQ)".........3.2

The direct electronic transition (n) is equal to 0.5.*°, where (@) is the absorption
coefficient, (h) is planks constant (6.626 x107%), (Eg) is the band gap energy and C
is the constant. The value of band gap energy was estimated from the extrapolation
of the linear part of UV-Visible curve?® **"and it is 3.32 eV. Generally, the band
gap energies of uncapped ZnSe nanoparticles are larger than that of bulk ZnSe (2.7

eV), confirming the quantum size effect.
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3.2.2 UV-Vis spectroscopy for EDTA-capped ZnSe nanoparticles

The effect of introducing EDTA (capping agent) on the optical properties of
ZnSe nanostructures was studied using UV-Vis spectroscopy. The UV-Visible
absorption band in the EDTA-capped ZnSe nanoparticles spectrum (see Figure
3.10 (a)) is shifted towards shorter wavelengths (~360.61 nm) compared with pure
ZnSe nanoparticles (~363.8 nm) and bulk ZnSe (460 nm). This shift can be
attributed to the dependence of the absorption band on the size and shape of the
prepared particles. In other words, EDTA plays a role in reducing the
agglomeration of ZnSe particles because they prevent further atom from being add

to the exist parts, leading to the reducing and stabilizing their morphology and size.

74 EDTA-capped ZnSe
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Figure (3.10): The absorption spectrum of zinc selenide nanoparticles in the presence of EDTA

(a) and the optical band gap energy of EDTA-capped ZnSe nanoparticles (b).
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From the UV-Visible curve, one can estimate the value of band gap energy
be extrapolating the linear portion of the curve via the energy axis as shown in
Figure 3.10 (b). The band gap energy of EDTA-capped ZnSe was found to be 3.54
eV, which is larger than that of pure and bulk ZnSe. A proper explanation for the
formation of small nanoparticles in the presence of EDTA is that the EDTA has the
ability to bind to Zn*? ions via amine and carboxylate groups, leading to form
stable compound. The binding zinc ions exhibit lower reactivity in comparison to
free Zn*? ions. This can potentially attenuate the rate of ZnSe nanoparticle

nucleation and growth, resulting in a more regulated particle size.
As a result, by introducing capping agent into the growth process of nanoparticles,

one can be able to tuning the band gap energy according to the desired

applications.
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Second part Theoretical Results

The second part in this work involving theoretical investigation using DFT
calculations with hybrid B3LYP (Becke, three-parameters, Lee-Yang-Parr) and a
basis set with 6-311G**, where the first asterisk above basis G represents the
polarization set d — function for heavy atoms. However, the second sign indicates
the polarization of p-functions of hydrogen atoms or sometimes has to be written
as 6-311G (d, p) **?
3.3 Computational details

The density functional theory (DFT) has been used to examine the electronic
structure and behavior of many-electron systems, and this has had an impact on the
development of the quantum mechanical approach. To comprehend the electron
density distribution, functional analysis is being used by physics and chemical
disciplines. This study illustrates how DFT can be used to determine the ground
state (GS) and other properties of a many-electron system. In the fields of
computational chemistry and physics, DFT is by far the most widely used and
flexible approach. It has also shown to be quite effective at estimating the ground
state characteristics of materials. The method used in this work is a basis set with
6-311G** and DFT theory with hybrid B3LYP (Becke, three-parameters, Lee-
Yang-Parr). Everyone who Gaussian 09 and Gaussian View 6.0 involved equations

and theories.

3.3.1 Minimize Energy

To achieve accurate results, the geometries of molecules were optimized
precisely to lower the convergence thresholds. Furthermore, Frequencies of normal
vibrations were calculated to confirm the minimal energy at geometric optimization

by solving the equation of self-consistent field (SCF).
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Figure 3.11 (-a) demonstrates the complete optimization of the geometric
structure of the model of a cluster of three Zn atoms and three Se atoms (Zn3Se3),
either (-b) clarifies the cluster of Zns;Se; after adding EDTA, as adsorption process of
EDTA on Zn;Se; surface.

(a) (b)

e\ ”.ﬂ" | %j‘g:(’

Figure (3.11): The optimized structures of (Zn3Sez) before adding EDTA (a), and after adding
EDTA (b) using the DFT method with basis set 6-311G**.

3.3.2 Total Energy

Using the B3LYP method, the electronic energy was obtained. The value of the
total electronic energy of the Zn;SesNPs and Zn;SesNPs/EDTA are found to be ( -
12542.628and -15846.135) Hartree, respectively indicating that the second value to a
stronger structure. This is due to the complexity of structure and the overlap of
orbitals between the O atom and Zn atom. Furthermore, Tables (3.1) and (3.2) present
the properties summary of Gaussian calculations for mentioned two molecules

involving electronic and thermal characterizations at the stable structure conditions.
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Table (3.1): Overview properties of Zn3Se; composite by RB3LYP method and 6-311G (d,p)

basis set.

Properties Numerical values Unit
Calculation Type FREQ
Calculation Method RB3LYP
Basis Set 6-311G(d,p)
Charge 0
Spin Singlet
Solvation sctf=check
Electron Energy -12542.628 Hartree
RMS Gradient Norm 0.000138 Hartree/Bohr
Imaginary Freq 0
Dipole Moment 0.003297 Debye
Polarizability () 140.0223 a.u
Imaginary Freq 0
Temperature 298.150 Kelvin
Pressure 1.00000 Atm

Table (3.2): Overview properties of Zn;Ses/EDTA composite by RB3LYP method
and 6-311G (d,p) basis set.

Properties Numerical values Unit
Calculation Type FREQ
Calculation Method RB3LYP
Basis Set 6-311G(d,p)
Charge 0
Spin Singlet
Electron Energy -15846.135 Hartree
RMS Gradient Norm 0.000 Hartree/Bohr
Imaginary Freq 0
Dipole Moment 12.4488 Debye
Polarizability (o) a.u
Temperature 298.150 Kelvin
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3.4 Electronic Properties

3.4.1 HOMO-LUMO Energy Gab

Their significance as quantum mechanical descriptors stems from their ability to
regulate a wide range of chemical reactions. The base set BALYP 6 _31G** was
used to compute the Homo Lumo energies for the PC. The polarization set d-
function for large atoms is represented by the first asterisk above basis G. The
polarization of hydrogen atoms' functions is indicated by the second sign, which is
sometimes required to be represented as 6-311G (d,p). The electrons in the lumo
orbitals are vacant because they are inherently preserved in the homo ground state.
The reason for this is that lumino orbitals have greater energy than homo orbitals.
There are two electrons with alpha (ms = 1 /2) or beta (ms = — 1 /2) spin in the
electron-occupied MO orbitals, which results in Zero net spin Since all of the alpha
and beta electrons are located in the same orbital, the lack of unpaired electrons
serves as evidence that there is zero multiplicity and zero total spin. The energy

gap (Eg), as shown in Table (3.3), is determined using the following formula; ™.

Eg = ELumo — Enomo (3.3) .
Table (3.3): HOMO-LUMO energy values of B3LYP 6_31G  (dp).

Total energy (eV)

Property B3LYP
Zn3Se3
EHOMO -0.0087404518 Hartree = -0.23784 eV
ELUMO -0.0073318514 Hartree = -0.19951 eV
Eg -0.0014086004 Hartree = 0.03833 eV
anseglEDTA
EHOMO -0.0089422 Hartree =-0.19543 eV
ELUMO -0.00435148 Hartree = -0.05746 eV
Eg 0.00459072 Hartree =0.13797 eV
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HOMO HOMO
Eg = -0.0014086004 Hartree = 0.03833 eV

Figure (3.12): Frontier molecular (HOMO&LUMO) orbitals and Eg of ZnzSescluster (on left),
for Zn3;Ses-EDTA (on right). An increase in Eg around eV with adding EDTA polymer
indicates the enhancement for nano features.

Figure (3.12) clarifies HOMO and LUMO MOs for mentioned molecules, where
the a energy gap Eg increases with adding polymer indicating the effect of the EDTA
molecule on the ZnSe particles as a capping agent indicating the quantum
confinement concept strongly, the greater value for the band gap (the smallest
nanoparticle diameter). Fig. (3.13) demonstrates a schematic of molecular orbitals that
are filled with electrons (pair of electrons at each level) and the empty levels. Also,
Frontier molecular (HOMO&LUMO) orbitals were determined with yellow colour and
Eg by green dashed lines for Zn;Se;-EDTA (a) and Zn;Se; (b)
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(b)

@

Figure (3. 13): A schematic of molecular orbitals that are filled with electrons and empty levels
for Zn3Se3- EDTA (a) and Zn3Se3 (b).

3.4.2 lonization Potential (IP) and Electron Affinity (EA):

The Homo orbital energy, or lonization Potential (IP), is a measure of the
amount of energy required to break the structural unit of the weakest electron
connection to the nucleus. Increasing the ionization energy makes it more
challenging to extract the electron, while electron affinity ( EA ) is related to the
Lumo orbital energy which is the amount of energy discharged when an electron is
added to a gaseous atom, after identifying the Highest Occupied (HOMO) and
Lowest Unoccupied (LUMO) molecular orbitals energies , According to the
equations, the values of IP and EA were lower for Zns;Se; 0.23784 eV and
0.19951 eV respectively, while the IP and EA values for ZnSe - EDTA were within
0.19543eV and 0.05746eV respectively.

3.4.3 Electronegativity(y), Electrophilicity(w)

Electronegativity is a property that describes the ability of molecules, ions,

or atoms to attract electrons to them through chemical bonds. The nucleophilic and

electrophilic properties of molecules are determined by electrophilicity which is a
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measurement of the energy lost during the transfer of an electron from a source to
an acceptor. A higher electrophilicity value indicates electron (acceptor) properties.
While the low value electronegativity indicates higher capacities of electron donors
(donor), the electronegativity values of Zns;Se; and Zn;Se; EDTA with respect to
B3LYP were within the limits of 0.21867, 0.126445 eV respectively. The
electrophilicity values of ZnsSe; and ZnsSe; EDTA with respect to B3LYP were
within the limits of -1.247, - 0.115882 eV.

3.4.4 Global Hardness (1) and Chemical Softness (S)

The concepts of hardness and softness have made it simple to comprehend
how chemical systems behave. Hardness controls a molecule's ability to polarize,
while softness measures the degree of charge transmission inside that molecule. In
terms of interaction, when the arithmetic value of hardness is high, the molecules
are fewer interactive and stronger than the delicate molecules. The arithmetic
value of hardness and ductility is calculated using B3LYP according to the
following equations. the arithmetic value of hardness was for Zns;Se; (0.01917)
,Zn3Se;_ EDTA ( 0.068985) While the arithmetic value for ductility was Zn;Se;
(52.164) , Zn;Se;_ EDTA(14.495).

3.4.5 Chemical Potential(Cp)

It is the energy that can be emitted or absorbed when a change in the number
of particles, and Cp can also be known as ferry energy in semiconductors when the
system is at a temperature of absolute zero, according to the following equations,
the arithmetic value of Chemical Potential was for ZnsSe ; (- 0.21867),
Zn3Se; EDTA (- 0.126445) The arithmetic value of Chemical Potential is
calculated as per the equation given below.

Table (3.4) demonstrates the electronic properties of ZnSe—NPs clusters
before and after adding EDTA at room temperature. It was observed an agreement

of Eg experimentally and theoretically around (3.32 ) (grey shaded) and ( 3.54 )
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eV respectively for the ZnsSes cluster. In the same manner, concerning ZnsSes -
EDTA, are (eV - Exp) and (eV - DFT), where the experimental findings were

obtained from the first part of this work.

Table (3.4): Computed electronic features of Zn;Ses before and after adding EDTA polymer at

lab temperature.

Properties Zn3S; (DFT) Zn3S;— PEG (DFT)
EHOMO -0.23784 - 0.19543
ELUMO -0.19951 - 0.05746
Ef/eV - 0.218675 - 0.126445
Eg/ eV 0.03833 0.13797
Eg/eV (Exp) 3.32 (Exp) 3.54
IP /eV 0.23784 0.19543
EA/eV 0.19951 0.05746
CpleV - 0.21867 - 0.126445
x / eV 0.21867 0.126445
n /eVv 0.01917 0.068985

S /(eV)?! 52.164 14.495
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w /eV -1.247 - 0.115882

3.4.6 Molecular Electrostatic Potential (MEP) Surface

In order to assess the relationships and non-covalent interactions between
molecules at a distance from one another and to look into repulsive or attractive
interactions Density of the electron with charge, the molecular electrostatic
potential (MEP) diagram *¥ B3LYP calculations using basis set 6-311G(d,p), and
nonlocalized dispersion among the structure’s reactions were used . Figure
provided a description of these interaction zones for the molecule to depict three
areas of contacts based on the electron density function. Blue zones illustrate the
nature of hydrogen bonding. Green zones denote the Van der Waals bonding
(VdW), while red areas represent repulsive interactions “*>. Moreover, the benefit
the molecular electrostatic potential scheme is a helpful instrument to look into
how responsive the systems under study are to either nucleophilic or electrophilic
assaults, depending on the charge distribution. The color-coded system for two
regions is represented by the colored line in Fig. (3.13) supper border: the red and
blue regions between -8.065x10-2 and 8.065%10._,, and the Zn3Se3 cluster's range
from -4.036x10-4 to 4.036x10-4. The red-colored negative charge concentrations
indicate the acceptor of an H-bonding molecule. In contrast, the second zone
shows the donor of the H-bonding's positive charge densities in the blue ruler 2.
The MEP diagram (as shown in Figure 3.13) provides a visualization of interaction
zones within the molecule, categorizing them based on electron density
distribution:

* Blue zones: Represent hydrogen bonding interactions.

* Green zones: Indicate Van der Waals (VdW) bonding.
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* Red zones: Correspond to repulsive interactions due to high electron

density.

Additionally, the MEP scheme is a valuable tool for examining the system’s

reactivity to nucleophilic or electrophilic attacks, depending on charge distribution.

The red regions indicate negative charge concentrations, representing H-
bond acceptor sites, whereas the blue regions correspond to H-bond donor sites,

where positive charge densities are concentrated.

2D-Zn3Se;-EDTA 3D-Zn;Se;-EDTA

Figure (3.14): charge densities distribution as colour-coded ruler in upper adage (red colour for
negative charge and blue for positive), MEP is surface surfaces diagram of ZnsSe; (a)
Zn38e3_EDTA.
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3.5 Vibrational frequencies
3.5.1 Modes of Vibration of Zn;S; molecule

The number of normal vibration modes of non-linear molecules can be
computed using the equation (3N-6), where N is the number of atoms. As a result,
for the six-atom Zn3Se3 molecule, twelve vibrational modes were found From the
pattern's lowest frequency to its highest mode, these frequencies are shown in
Table 3.5. In the range (290.94 291.62) cm-1.

Table (3.5): The range of normal vibrational modes for Zn;Se; from lowest to

highest frequency.

No. Mode Frequency/ cm
MODE 1 61.27
MODE?2 61.35
MODE3 85.42
MODE4 85.42
MODES5 93.55
MODE®6 152.67
MODE7 169.10
MODES 169.64
MODE9 174.18
MODE10 271.59
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MODE11 290.94

MODE12 291.62

MODE 1 MODE?2 MODES
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MODE7

&

MODE10

3.5.2 Modes of Vibration of Zn;Se;-EDTA molecule

MODES8

MODE11

MODE9

MODE12

All connections to the polymer of ethylene diamine tetra acetic acid are

planar, forming the C1 point symmetry group. The number of normal vibration

modes for non-linear molecules can be computed using the equation (3N-6), where
N is the number of atoms "2 .Therefore, for the 111-atom (Zns;Se;-EDTA)

molecule, 327 vibrational modes were found. From the lowest frequency of the

patterns to the highest mode, these frequencies are displayed in Table 3.5. The

frequency range of 3818.35-3852.17 cm™ contains the highest frequency modes
(320 and 327). The DFT-B3LYP levels with the 6-311G** .

Table (3.6): Some range of normal vibrational modes for Zn;Se; EDTA from

lowest to highest frequency

| No. Mode | Frequency/cm-1 | No. Mode | Frequency/cm-1 | No. Mode | Frequency/cm-1 |
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MODE1 |5.79 MODE 120 | 555.44 MODE 240 | 1351.30
MODE 2 | 6.57 MODE 121 | 557.89 MODE 241 | 1351.52
MODE 3 | 7.56 MODE 122 | 569.93 MODE 242 | 1357.48
MODE 4 | 10.76 MODE 123 | 576.53 MODE 243 | 1358.33
MODE5 | 11.38 MODE 124 | 583.65 MODE 244 | 1361.67
MODE 40 | 111.44 MODE 160 | 942.20 MODE 280 | 1993.10
MODE 41 | 117.72 MODE 161 | 943.01 MODE 281 | 2025.57
MODE 42 | 121.48 MODE 162 | 947.37 MODE 282 | 2035.52
MODE 43 | 125.56 MODE 163 | 950.46 MODE 283 | 2805.25
MODE 44 | 130.38 MODE 164 | 952.78 MODE 284 | 2822.15
MODE 80 | 368.84 MODE 200 | 1161.73 MODE 323 | 3845.21
MODE 81 | 373.82 MODE 201 | 1175.70 MODE 324 | 3845.28
MODE 82 | 379.83 MODE 202 | 1179.82 MODE 325 | 3846.55
MODE 83 | 384.51 MODE 203 | 1186.51 MODE 326 | 3850.51
MODE 84 | 398.70 MODE 204 | 1188.44 MODE 327 | 3852.17

Interpretation of Frequency Ranges
 Low-Frequency Modes:
« Example: MODE 1 (5.79 ecm™), MODE 2 (6.57 cm™), MODE 3 (7.56 cm™), etc.

* These low values typically correspond to collective or large-scale movements of

the molecule, such as torsions or bends.
* Intermediate-Frequency Modes:

» Example: Modes around MODE 120 (555.44 cm™) to MODE 244 (1361.67

cmt).

* These frequencies generally relate to moderate-energy vibrations that might

involve bending or stretching of certain bonds.

* High-Frequency Modes:
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» Example: The highest frequency modes, such as MODE 323 (3845.21 cm™)
through MODE 327 (3852.17 cm™).

» These modes are associated with very high energy vibrations, often
corresponding to strong bond stretching (like X—H bonds) or other localized, high-

frequency vibrations.
Significance in Molecular Analysis
* Spectroscopic Analysis:

* The complete spectrum of 327 vibrational modes provides a detailed fingerprint
of the molecule. Each mode can be associated with specific movements within the
molecule, which can be observed in vibrational spectroscopy (e.g., IR or Raman

spectroscopy).
 Understanding Molecular Dynamics:

* Analyzing these modes helps in understanding the dynamics, stability, and
chemical behavior of the ZnsS;-EDTA molecule. It provides insight into which
bonds are more flexible and which are more rigid, and how the molecule might

interact with light or other molecules.
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MODE327

3.6 Fourrerrrarrsform Infrared Spectroscopy IR Spectra Analysis

IR spectra of the studied structure were calculated at the range (500 — 4000)
cm™ using DFT- B3LYP levels with the 6-311G** basis set. The comparison of
the FTIR spectra between theoretical and experimental spectra is illustrated in
Figure (3.14) for Zn3Se3 and ZnzeSs-EDTA, observing a strong agreement

between them.

ZnsSes (Red Spectrum): The low intensity in the red spectrum indicates a lack of
active or functional groups on the surface of the material, which are typically
detected in the FTIR range. The absence of prominent absorption peaks suggests
the material has a limited number of polar bonds, resulting in weak spectral
activity.

ZnsSes-EDTA (Black Spectrum): The distinct absorption peaks are attributed to the
addition of EDTA, a chelating agent with functional groups. Prominent Absorption
Peaks: 3500-3200 cm': Correspond to O-H and N-H stretching vibrations from
EDTA groups. 1700-1600 cm™': Represent carbonyl (C=0) stretching vibrations in
EDTA carboxyl groups.1500-500 cm™: Reflect changes due to interactions
between Zn and Se and new bonds formed due to EDTA addition, such as Zn-O or
Zn-N. Comparison Between ZnsSes and ZnsSes-EDTA:

The peaks observed in ZnsSes-EDTA indicate chelation between ZnsSes and
EDTA, where EDTA’s carboxyl and amine groups form bonds with Zn.The spectral
changes highlight that EDTA addition increases the material’s complexity and
enriches it with active groups, enhancing absorption in the FTIR range.
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Zn;Se;-EDTA
Zn;Se;
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Figure (3.15): Theoretical comparison of IR spectra for Zn;Se; before and after adding
EDTA.
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3.7 Conclusions

This study focused on the synthesis and comprehensive characterization of both
uncapped and EDTA-capped ZnSe nanoparticles, examining their optical,
structural, and electronic properties. The main conclusions are summarized as
follows:

1. Synthesis of Nanoparticles:

» ZnSe nanoparticles, both uncapped and capped with EDTA, were successfully
synthesized using the chemical precipitation technique.

* The introduction of EDTA as a capping agent significantly reduced nanoparticle
aggregation, leading to the formation of distinct individual particles as observed in
microscopic images.

2. Enhanced Optical Properties:

* The presence of EDTA improved the optical properties of the ZnSe nanoparticles
by widening the band gap, indicating an enhancement in their optical performance.
3. Theoretical Investigations:

* For the first time, the structural and electronic features of a ZnsSes cluster

(consisting of three Zn atoms and three Se atoms) were theoretically investigated
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using density functional theory (DFT) with the hybrid B3LYP functional and the 6-
311G(d,p) basis set.

» These theoretical findings provide a deeper understanding of the molecular
structure and electronic behavior of the ZnSe nanoparticles.

4. Spectral Analysis:

* FTIR spectral analysis was conducted, and a detailed comparison was made
between the experimental spectra and the theoretical predictions.

» The agreement between experimental data and computational models confirms
the reliability of the theoretical approach used.

5. Energy Gap Evaluation:

* The energy gap (Es) was assessed by calculating the energies of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).

* These calculations provide valuable insights into the electronic properties of the

synthesized nanoparticles.
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3.8 Future Studies:
Some future studies can be suggested:

1. To Study the photo catalytic activity of ZnSe nanoparticles.

2. Possibility of preparing nanofilm from ZnSe and studying its electronic
properties

3. To Studying the bioactivity of ZnSe nanoparticles.
4. To show the nonlinear properties of a ZnSe solution using the Z_scan technique.

5. To Study the possibility of using ZnSe nanoparticles in the medical field
including cancer treatment or bacterial infections.
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