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ABSTRACT

Five dithiocarbamate ligands were synthesized from morpholine, thiomorpholine, N-(2-
hydroxyethyl)aniline, 4-methylpiperidine, and 4-benzylpiperidine. Five lead(ll) dithiocarbamate
and five tin(Il) dithiocarbamate complexes were synthesized from the dithiocarbamate ligands.
The ligands and their respective lead(I1) and tin(I1) complexes were analyzed by NMR, FTIR, UV-
Vis, elemental analysis and mass spectrometry. Two of the lead(ll) complexes were characterized
by single-crystal X-ray crystallography. The infrared spectra studies confirmed bidentate
coordination of the dithiocarbamato anions to the metal(ll) ions to form four coordinate
complexes. Single crystal X-ray structures of bis(4-methylpiperidine-1-carbodithioato)-lead(ll)
and bis(4-benzylpiperidine-1-carbodithioato)-lead(ll) confirmed four coordinate distorted

tetrahedral geometries.

The synthesized lead(l1) and tin(I1) complexes were used as single-source precursors to prepare
fourteen metal sulfide nanoparticles. The optical and morphological properties of nanoparticles
were studied using UV-Visible spectroscopy, photoluminescence (PL), powder X-ray diffraction
(p-XRD), high-resolution transmission electron microscopy (HRTEM), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). Nine lead sulfide
nanoparticles were prepared using Pb(Il) complexes as single-source precursors. Three lead(Il)
were thermolyzed at 180°C to investigate the effect of the precursor on the structural and optical
properties of the PbS nanoparticles. To study the effect of capping agents on the structural and
optical properties of the nanoparticles, the other two lead(l1) complexes were each thermolyzed
using three different capping agents, hexadecylamine (HDA), octadecylamine(ODA), and

trioctylphosphine oxide (TOPO). The p-XRD diffraction patterns for all PbS nanoparticles were

XXVil



indexed to the face-centered cubic phase of PbS. The shape and particles sizes of the PbS
nanoparticles were determined using HRTEM which showed some agglomeration and varying
shapes from quasi-spherical to cubic shapes. Five Sn(ll) dithiocarbamate complexes were
thermolyzed at 180°C to study the effect of precursor on the morphological and optical properties
of the SnS nanoparticles. The p-XRD patterns revealed that the SnS nanoparticles have
orthorhombic phase of SnS. SEM images showed varying surface morphology with different
precursor and the EDX confirmed the presence of sulfur and metals in the particles. The optical
studies revealed that the PbS and SnS nanoparticles are quantum confined as the calculated energy
band gaps showed blue shift relative to bulk. The interaction of the capping agents with the

nanoparticles was confirmed with FTIR.

The as-prepared PbS and SnS nanoparticles were used as photocatalysts for the decomposition of
methylene blue, rhodamine B, phenol and brilliant green. The photodegradation efficiencies of 47-
75% for methylene blue, 30 - 45% for rhodamine B, 11-32 % for phenol and 90- 93% for brilliant
green were observed. In the assessment of the influence of pH and recyclability studies of the as-
prepared nanoparticles, the dyes were found to degrade better in the alkaline medium than in an
acidic medium. The PbS nanoparticles were found to be recyclable up to four cycles and SnS were

reusable for five cycles of photocatalytic reaction with good stability.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

1.1.1 Nanomaterials

Nanoparticles have been around since the fourth century AD, when metal nanoparticles were
utilized to manufacture coloured glass. Some nanoparticles occur in nature, including organic as
well as inorganic compounds®. Weathering, volcano eruptions, wildfires, and microbiological
activities all contribute to the formation of these naturally occurring nanoparticles? 3. Richard
Feynman predicted nanoscience in his address at the American Physical Society annual
conference?, "There's Plenty of Room at the Bottom." The current wave of interest in
nanotechnology dates from 1996 to 1998, when major institutes and organizations began
sponsoring nanotechnology initiatives. Because of the necessity for solutions in real-world
applications, nanotechnology has grown into a significant field that has advanced in modern
research. The emergence of this field of study has led to advancements in analytical procedures
and equipment, as evidenced by Richard Zsigmondy's Nobel Prize in Chemistry in 1925 for his

work on the ultra-microscope and metal colloids®.

Nanotechnology has made a breakthrough as a multidisciplinary scientific discipline and is rapidly
expanding. Nanotechnology could help prevent water quality issues in the long run by utilizing
better filtration materials that allow for more water reprocessing and desalination. Other water

treatment technologies have achieved significant improvements in recent years by integrating



nanotechnology to address contamination issues and make future advancements. Another area
where nanotechnology has shown considerable promise is in the catalytic decomposition of dyes

and other harmful organic chemicals in wastewater treatment.

1.1.2 Semiconductor nanomaterials

Semiconductor nanocrystals are small crystalline particles with optical and electrical
characteristics that vary with size®. When compared to their typical bulk analogues and molecular
compounds, semiconductor nanostructures exhibit intriguing chemical and physical properties as
well as valuable functionalities. The most appealing aspects of these materials are their narrow
and intense emission, strong chemical stability, continuous absorption bands, and surface
functions. Amongst the distinctive features of nanomaterials, the electron flow and holes in
semiconductor nanoparticles is principally driven by the quantum confinement effect, while the
transportation of photons and phonons are highly influenced by the size and shape of the
materials”0. As particle size shrinks, there is an increase in bandgap energy and discrete energy
levels (Fig. 1.1), causing a drastic alteration in the particle's optical and electrical propertiest!. The
surface area and the ratio of surface area to volume increase significantly with decreasing material
size® 12, Size and morphology can be manipulated to modify the characteristics of the material for

various applications.
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Figure 1.1 Schematic image of the energy bands as a function of particle size'!

Semiconductors are potential materials for heterogeneous photocatalysis because their unique
electronic design enables a spatial separation of excited charge carriers when photons with
energies greater than or equal to the semiconductor energy band gap are absorbed*2. In reduction
or oxidation (redox) reactions, the spatially separated charge carriers can react with target species
adsorbed to the semiconductor's surface. Heterogeneous photocatalysis occurs when the

semiconductor stays unaltered following continuous and exothermic interfacial charge transfer.

1.1.3 Properties of PbS and SnS nanomaterials

Metal sulfides are plentiful and inexpensive because they occur naturally in many different
forms!4. The chemistry of metal sulfides is a vast subject given the diverse range of known forms

and their various attributes. Pigments, cathode ray tube luminescent materials, the preparation of



lubricants are all examples of industrial applications for bulk metal sulfide materials. The

increased, size-dependent characteristics of metal sulfide nanoparticles lead to new applications®®.

1.1.3.1 Lead Sulfide

Lead sulfide has a rock salt crystal structure and is a diamagnetic semiconductor. The small
bandgap (0.41 eV)'*: 17 and large Bohr exciton radius (18 nm)*® of lead sulfide make it ideal for
size-dependent optical properties. The mass of the hole in bulk lead sulfide (PbS) is almost
equivalent to the mass of the electron. Furthermore, PbS particles have a high dielectric constant
and high carrier mobility®®. Owing to these attributes, electrons, and holes, and hence the exciton
can be effectively confined. As a result, this system is a promising platform for studying exciton

in the strong confinement regime.

1.1.3.2 Tin Sulfide

Tin sulfide has attracted much research interest owing to its natural availability, cost-effectiveness,
and low toxicity?® 2%, Tin sulfide comes in three major phases??, each with a bandgap energy of
1.3 eV (SnS), 2.18 eV (SnSy), and 0.95 eV (Sn,S3). High hole mobility and absorption are
attractive properties of SnS phase. Hence it is a suitable candidate for use in a variety of fields
such as optoelectronics, solar cells, and photocatalysis. Tin sulfide is a p-type semiconductor that

exhibits an indirect bandgap of 1.09 eV and a direct bandgap of 1.3 eV,



1.1.4 Applications of nanoparticles

Manipulation of the size, shape, and composition of nanoparticles can be used to influence their

properties. The properties of these new compounds will be completely unique from those of their
bulk counterparts. As a result, industries can reengineer a wide range of existing items and create
new products or processes that perform at historically unprecedented levels. Some nanoparticle

applications are discussed below.

1.1.4.1 Solar cells

Solar cells based on semiconductor nanomaterials have the potential to replace silicon-based cells
because they are relatively inexpensive, have a configurable band gap, can generate multiple
electron-hole pairs, and exhibit a quantum size effect. Some metal chalcogenides such as PbSe?*,

PbS?, CdSe?®, and Ag.S?" have been employed in solar cells.

1.1.4.2 Anticancer

The use of metal-based treatments in cancer chemotherapy is becoming more difficult due to
decompositional behaviour that occur during carriage within the cell membrane, resulting in non-
selectivity of drug activity?®. Non-traditional nanomaterials used in the functionalization of
metallodrugs, on the other hand, offer distinct mechanistic forms of damaging cell DNA and
causing malignant cell destruction. Therefore, occupy a pioneering role in drug development and
design. Owing to their non-toxicity and magnetic composition, biostability, and cost-effectiveness,
iron oxide nanoparticles are among the most significant semiconductor nanoparticles with versatile

features, notably for cancer diagnosis and treatment?®-32,



1.1.4.3 Electronics

The possibility for cheaper costs than traditional silicon printed technologies has piqued interest
in the advancement of printed electronics in the past few years. Electronics printed with various
inks are projected to emerge speedily. These inks could also comprise carbon nanotubes, ceramic
and organic nanoparticles®. One-dimensional semiconductors and metals have unique structural,
electrical®, and optical features3* that make them ideal building blocks for photonic, electronic,
and sensor development®. Novel semiconducting materials are being explored at a rapid pace in
the electrical field currently. Nonetheless, as an alternative to vacuum tubes, diodes, and

transistors, as well as tiny chips, are used®®.

1.1.4.4 Sensing

Many natural events and human practices, such as wildfires, explosives, industrial wastes,
automobile exhaust, fossil fuel combustion, plastic, coal, natural gas, food processing, and
volcanoes, produce a large amount of pollutants that must be consistently monitored and
contained®” 3, Sensing has now become a vital aspect of environmental research as a result of
environmental issues to detect threats on the surroundings. A device is essentially a manufactured
electronic instrument used to determine surface changes when triggered by chemical substances®.
Semiconductor nanoparticles are widely employed as gas sensors due to their high electron
mobility, chemical and thermostability, high surface-volume ratio, ability to confine charges, and
crystalline nature. Colloidal quantum dots such as SnO2, ZnO%*, WO3*, and PbS** have been

utilized to detect compounds or pollutants, including NH3, NO2, CHa, ethanol, and H2S.



1.1.4.5 Photocatalysis

A catalyst captures solar radiation or artificial UV light and converts it into energy that can
decompose a variety of substances*> 43, Solvent extraction, reverse osmosis photodegradation,
membrane-based filtration chemical precipitation, ion exchange, evaporation, and adsorption have
all been used to purify the water for consumption; however, some of the processes are either costly
or difficult to discharge the sludge after treatment. Because of the efficient high surface area of
semiconductor nanoparticles for adsorption, cost-effectiveness, photocatalytic function, wide
bandgap, and eco-friendliness, semiconductor nanomaterials are an appealing choice for removing

dyes, heavy metals, and harmful organic compounds from water.

Heller's early work on semiconductor photo-electrochemistry contributed significantly to the
development of photocatalysis*. There has been an increasing interest in using semiconductor
nanocrystals as photosensitizers for the total decomposition of contaminants. Semiconductors can
use solar energy to break down organic molecules in wastewater because of their distinctive
electronic properties, which include a full valence band and a vacant conduction band. An ideal
photocatalyst should be stable in air-saturated and water-rich environments because photocatalytic
reactions take place in these conditions. Additionally, the photocatalyst should be physically and
chemically stable after numerous uses*. The mechanism of photocatalysis is represented in Figure

1.2.
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Figure 1.2: Photocatalytic activation of a semiconductor nanoparticle®

1.1.5 Growth mechanism of nanoparticles

1.1.5.1 Theory

To make monodispersed particles with tunable size and morphology, researchers used a variety of
synthetic approaches. In these syntheses, two basic techniques are being used: top-down and
bottom up*” %8, The top-down technique uses physical methods to fabricate semiconductor
particles, while the bottom-up approach relies on solution-based colloidal chemistry. Top-down
approaches can produce large quantities of particles, but they are limited in size and morphological
control. On the other hand, Bottom-up approaches have advanced, particularly in synthesizing

monodispersed, size- and morphology-controlled particles.



1.1.5.2 The La Mer model for particle formation

La Mer developed this model to describe the generation of colloidal sulfur for the first time in
1950% 50, Many modern procedures are based on this concept. The La Mer model consists of three
stages (fig 3): In the first phase, the monomer is formed, and its concentration rises. Phase two
begins when the growing monomer concentration reaches supercritical saturation, resulting in fast
point nucleation of particles. As the monomer is consumed by nucleation, its concentration drops
rapidly, and no additional nucleation events occur once it falls below the critical nucleation level.
In phase three, dispersal of the leftover monomer of the precursor onto the particle surface allows

the particles to continue to develop.
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Figure 1.3: Plot of La Mer model®!



1.1.5.3 Ostwald ripening

Particle ripening takes place after particle growth. Wilhelm Ostwald was the first to describe this
phenomenon in 1896. The formation of big particles appears to happen by consuming material
from the smaller ones during the Ostwald ripening process, limiting the size distribution®% %2, This
occurs because it is much more thermodynamically desirable for small particles to shed their
monomer, and bigger particles grow from the material drawn from smaller particles. This causes
small particles to disappear completely, decreasing the total number of particles in the system.
Adding monomers, applying capping agents, or reducing the reaction temperature can all help to

prevent this.

1.1.6 General synthetic methods

Thermal evaporation, spray pyrolysis, screen-printing, sputtering, electrodeposition, and solution
chemistry methods have been employed to synthesize metal chalcogenides. Nevertheless, these
techniques have a number of advantages as well as some drawbacks. Some of these methods are

described below.

1.1.6.1 Colloidal route

As detailed in the La Mer model, this approach is based on chemical processes that result in the
nucleation and development of nanomaterials in a solution. The colloidal route relies primarily on
a controlled precipitation reaction that produces very dilute solutions of monodispersed colloidal
particles®®. Separated nucleation and particle growth, rapid nucleation, and slow growth are the
best ways to grow monodispersed nanoparticles with uniform size. As a result, the reaction should

10



be carried out with stabilizers present to prevent aggregation and additional growth. This synthetic
process demands a completely air-free environment due to the high heat and use of extremely

hazardous chemicals that are sensitive to air®.

1.1.6.2 Solvothermal route

The solvothermal reaction is the process of converting reagents in a closed system, commonly an
aluminium autoclave, at a specific temperature for a specified period and at high pressure® %, The
reaction requires a temperature that is above the solvent's boiling point. After the autoclave has
cooled, the as-prepared sample is collected, left to dry, and then later analysed. The inability to
regulate the shape of the nanoparticles is a drawback of this synthetic approach. The procedure is
known as hydrothermal when water is utilized for synthesis, and the synthesis is normally carried
out below the supercritical temperature of water®’. Solvothermal reactions can be heterogeneous
or homogeneous and occur at subcritical or supercritical conditions, depending on the

experimental parameters.

1.1.6.3 Sol-gel

The fabrication of metal oxide nanoparticles has long relied on sol-gel procedures requiring a
regulated breakdown of precursors, then after the resultant gels are processed by heat®®. Precursors
produce colloidal solutions, which grow into a gel of solid nanomaterial scattered in a liquid phase
over time. Low reaction temperatures, as well as very adjustable conditions such as concentration,
reaction duration, pH, and reagent addition rate, enable for regulated nanoparticle formation than

the solid-state approaches. Sol-gel approaches generally produce very homogeneous materials
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with controlled size and dispersity; nonetheless, the nanoparticles typically have poor crystallinity
and contain some impurities, necessitating additional post-synthesis heating processes, which adds
costs and time, and the heat treatment®® could lead to undesirable sintering, lowering the quality
of the nanoparticles. Because the regulated nature of the growth needs low concentrations and
extended reaction periods, the synthesis route's scalability in an industrial setting is limited®°.
Regardless, sol-gel methods remain a preferred approach to nanomaterials due to the convenience
of the approach with regards to the lack of sophisticated instruments and the cost-effectiveness
combined with the level of control. NiO®3 SiO,%* Sn0,%, TiO,% nanoparticles have been

synthesized using this method.

1.1.6.4 Co-precipitation

The aqueous solution of the metal salt is combined with a base that functions as a precipitant in
co-precipitation methods, yielding a co-precipitated powder that comes out of the mixture. Similar
to sol-gel approaches, the simplicity of the procedure and limited use of specialized tools make
this technique popular for nanomaterial fabrication. The precursor employed, the temperature of
the reaction, and the solution pH®’ all influence particle size, shape, and composition, with certain
situations exhibiting poor size distribution. The nanomaterial product is recovered by rinsing,
drying, and calcining the resulting powder. NiFe,048, Zn0®: 79 and other nanoparticles’*-"* have

been prepared using this method.
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1.1.6.5 Single-source precursor

Precursors with two or more constituent elements in a single molecule are known as single-source
precursors’. The precursors are technologically significant and are intended to comprise all of the
necessary components in the proper ratio. The use of a single-source precursor enables nanocrystal
formation under favourable reaction conditions with higher synthetic control over particle
distribution and crystallite size’®. Many researchers have been interested in using single-source
precursors to synthesize thin films and nanocrystals”’-7°. Many studies on single-source precursors
have proven that they are an effective approach to high-quality, crystalline monodispersed
semiconducting nanoparticles’” 881 A suitable selection of single-source precursors, whose form
substantially influences the size, shape, and nanostructure composition of the resulting material,

plays a key role in tailoring material attributes.

Single-source precursors have several distinct advantages over other approaches’. These
properties include a high level of volatility and moisture stability®?. Preformed bonding can result
in particles with less defects and improved stoichiometry®. In an inert atmosphere, metal (11)
sulfide is generated due to the presence of preformed M-S bonds and the absence of M-C bonds
in these precursors™ 8, Many of the molecular precursors have appreciable air and moisture
stability, making them better to work with and analyse. The potential to lessen the environmental
impact of material processing also motivates the utilization of single-source precursors. This is
due to the minimal amount of solvent used during synthesis. The thermal decomposition of these
precursors produces high-yield nanoparticles®*. Additionally, because there is only one precursor

involved, washing and separation is simple.
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Dithiocarbamates complexes are commonly employed as a single-source precursor in the synthesis
of metal sulfides®-#., Dithiocarbamates have the ability to stabilize a broad range of oxidation
states. Moreover, C—S bonds are easier to break than, e.g., P—S bonds, which is vital for
precursor decomposition to leave only metal and sulfur when synthesizing nanoparticles. DTC
compounds can adopt four structural geometries when no other coordinating ligands are present,
i.e., octahedral coordination geometry, square planar coordination geometry, four coordinate
dimers, and five-coordinate dimer®®. The most prevalent structural configurations are square planar
and octahedral. The square planar structure is observed in bis(dithiocarbamate) complexes of the
type [M(DTC).], where M = metal (a). Cu(DTC); and Au(DTC); are examples
of tris(dithiocarbamate)transition metal complexes with an octahedral structure (b) in which six
sulfur atoms encircle the coordination sphere of the metal ion. In copper and zinc complexes,

dimeric forms (c and d) are common.
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Figure 1.4: Structural configurations of dithiocarbamate complexes®
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1.2 Literature review
1.2.1 Single-source precursor route

1.2.1.1 Pb(I1) dithiocarbamate complexes for the synthesis of PbS nanoparticles

Lead(ll) dithiocarbamate complexes [Pb(S2CNRR').] as single-source precursors were first
reported by Trindade and co-workers®. The effect of experimental factors, such as precursor,
growth time, and temperature, on the nanocrystals were investigated. Optical and morphological
studies of the lead sulfide nanocrystallites revealed that they greatly depend on the temperature of

synthesis rather than on the composition of the precursor.
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Figure 1.5: R and R’ groups used to prepare Pb(Il) dithiocarbamate complexes

Nyamen et al.?3 reported the synthesis of two dithiocarbamate complexes (illustrated in figure 1.5),
as well as their application as single-source precursors for anisotropic PbS nanoparticles synthesis.
The complexes were thermolyzed at different temperatures using capping agents such as tri-n-
octylphosphine oxide, hexadecylamime, decylamine, and oleylamine. The prepared PbS particles
came in a variety of forms, from spheres to cubes and rods, depending on the reaction

parameters and compound used.
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Figure 1.6: Heterocyclic dithiocarbamate complexes used to synthesize PbS nanoparticles

Sathiyaraj and Thirumaran® synthesized and conducted spectral studies on nine Pb(Il)
dithiocarbamate complexes based on benzyl and furfuryl groups. The spectroscopic studies
showed that the carbon-nitrogen bond character in the complexes is enhanced as the length of the
alkyl chain attached to the nitrogen is increased. Angeloski et al.% synthesized and characterized
Pb(ll) dithiocarbamate complexes. The two single-source precursors exhibited different
decomposition properties, with (1) decomposing at a higher temperature than its melting point and
(2) decomposing at a temperature where the compound was still solid. The decomposition of the
precursors produced PbS nanocrystals. The results show that the size and morphology of the
nanocrystals is influenced by the link between the melting point and the temperature at which the

precursor decomposes (the DTC ligand has an effect on this).
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Figure 1.7: Compound (1) and (2) used for the synthesis of PbS nanoparticles

The molecular structure of bis(piperidinedithiocarbamato)lead(ll) complex was described by
Mlowe et al.?, and it was then used to form thin films. Aerosol-assisted chemical vapour
deposition and annealing approaches were used to prepare the PbS films. The deposition at

different temperatures revealed that the formation of PbS thin films was dependent on temperature.
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Figure 1.8: Pb(I1) dithiocarbamate complex used to prepare PbS thin films

Oluwalana and Ajibade® used single-crystal X-ray crystallography to describe two DTC
complexes of Pb(Il). The compounds’ molecular structures showed a distorted tetrahedral

geometry around the Pb(ll) ions. Bis(N-ethyl-N-phenyldithiocarbamato)Pb(Il) formed a dimeric
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structure  comprising of  Pb---Pb and  Pb---S  contacts, = whereas  bis(N-

benzylmethyldithiocarbamato)Pb(11) formed a monomeric complex having weak C---H contacts.

S
S\Pb\/ S S /
c/\ > N—C// \Pb/ \C—N
N/ \ / \S/ \S//

Bis(N-ethyl-N-phenyldithiocarbamato)Pb(1I)
bis(N-benzylmethyldithiocarbamato)Pb(II)

Figure 1.9: Structures of the two Pb(l1) dithiocarbamate compounds

Baba et al., % revealed the crystal structure lead(I1) DTC complex (shown in figure 1.7), in which
the Pb ion is coordinated in an anisobidentate fashion with the dithiocarbamate. The interaction of
the double-bonded S atoms of neighbouring dithiocarbamato groups with the Pb---S contacts

raises the four-coordinate geometry to six, resulting in a chain structure for the molecule.

N4<S\Pb/S N

bis(N-cyclohexyl-N-ethyldithiocarbamato-S,S")lead(II)

Figure 1.10: Structure of bis(N-cyclohexyl-N-ethyldithiocarbamato-S,S”)lead(II)
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1.2.1.2 Sn(ll) dithiocarbamate complexes as single-source precursors

Kevin and colleagues® synthesized tin(11) complexes and isolated the crystal of N, N-ethylbutyl
amine dithiocarbamate. The structure was described as a distorted square pyramid in which the
dithiocarbamate ligands coordinated with the tin(I1) ion in a bidentate fashion and the lone pair of

electrons at the top of the pyramid.

Figure 1.11: Structure of the isolated Tin(Il) dithiocarbamate complex

The influence of thermolysis temperature and capping agents on the morphological and optical
properties of the SnS nanoparticles from as-prepared bis(phenylpiperazine dithiocarbamato)tin(ll)
(shown in Scheme 1.1) were studied by Oluwalana and Ajibade!®. At 150°C, all capping agents
produced nanocrystals with sizes ranging from 10 to 28 nm; however, at 230°C, bigger sizes
ranging from 35 to 80 nm were obtained. Oleic acid produced monodispersed spherical-shaped

SnS nanoparticles, whereas octadecylamine resulted in aggregated cubic nanocrystals.
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+

l/\N
+ NaOH + CS, —_— ©/N\) + H,O0

Scheme 1.1: Synthesis of bis(phenylpiperazine dithiocarbamato)tin(I1)

Meyer et al.’%! prepared SnS nanoparticles from thermal decomposition of mixed-ligands tin(I1)
complex (shown in figure 1.8). The orthorhombic structure of SnS nanoparticles with an average
crystallite diameter of 14 nm was validated by powder X-ray diffraction. The indirect bandgap
energy of 1.22 eV and direct bandgap energy of 1.35 eV were obtained, which indicated a redshift

when compared to bulk SnS.

T A p >
N—< “Sn, >~N
% >—

bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(II) complex

Figure 1.12: Tin(ll) dithiocarbamate complex used to prepare SnS nanoparticles
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Koktysh et al.1% used solvothermal decomposition route to synthesize SnS nanoparticles with an
orthorhombic structure from tin(l1) dithiocarbamate complex in oleylamine at high temperatures
(170 °C or 205 °C). Effects of temperature, time, and capping agents were also studied where it
was found that longer reaction time results in bigger nanoparticles, and the size and morphology

of the SnS NPs is greatly dependent on the nature of the capping agent.

v
VS

Bis(diethyldithiocarbamato)tin(II)

Figure 1.13: Bis(diethyldithiocarbamato)tin(ll) used as a precursor for the synthesis of SnS

nanocrystals

1.2.2 Photocatalysis

1.2.2.1 PbS nanoparticles as photocatalysts

The effect of capping agents on the photocatalytic performance of solution-processed PbS films
was investigated by Abargues et al. 1%, Tetrabutylammonium iodide (TBALI), oleylamine (OA), 3-
mercaptopropionic acid (MPA), and 1,2-ethanedithiol (EDT) were among the ligands examined.
The research shows that PbS films coated with MPA and EDT have improved photocatalytic

performance for methyl orange photodecomposition when exposed to sunlight. It was observed
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that the PbS QD films from MPA and EDT were more stable compared to the others, allowing
them to work effectively for up to 8 photocatalytic cycles. Wu et al.?%* prepared PbS nanoflowers,
nanorods, nanodendrites, and nanoplates. The photocatalytic activity test was carried out under
visible irradiation on PbS with a particular geometric configuration (dendrites) against
nanoparticles for the decomposition of Rhodamine B. Compared to nanoparticles, PbS dendrites

showed greater photocatalytic activity.

Pourahmad?%® synthesized PbS nanoparticles by ion exchange route. The nanoparticles were used
for the photodegradation of methylene blue, and the effect of parameters such as the amount of
catalyst, PbS loading, pH, and dye concentration were investigated. The degradation efficiency of
45% was achieved after an irradiation time of 60 minutes. The degradation rate was found to
increase as the amount of catalyst increased, and the photodegradation efficiency of the dye
declined as the concentration was increased. The maximum degradation efficiency of over 80%
was achieved for methylene blue in an alkaline pH 9. In the recyclability studies, the nanocatalysts'

activity declined slightly and steadily after two cycles.

Spherical, cubic, and chain-like nanostructures of lead sulfide are synthesized by simple chemical
bath deposition. PbS samples exhibited well a clearly pronounced photocatalytic behavior in the
degradation of methylene blue dye solution. The degradation of methylene blue in the presence of
chain-like PbS was about 50%, 56% for cubic PbS nanoparticles, and 60% for small spherical PbS
nanoparticles in 60 min. This result revealed that PbS nanoparticles of smaller size have greater

photocatalytic activity than bigger size PbS nanoparticles.

22



1.2.2.2 SnS nanoparticles as photocatalysts

Chowdhury et al.1%” explored the photodecomposition of brilliant green and eosin yellow dyes
using 2.5-3 nm SnS QDs. Complete decomposition was observed after 60 minutes for eosin yellow
and 90 minutes for brilliant green. Hedge and co-workers'® used a wet chemical route to prepare
cubic SnS nanoparticles with triethanolamine coordinating agent and orthorhombic phase SnS
nanoparticles using ethylene glycol. The photocatalytic properties of the materials were
investigated by photodecomposition of methylene blue for 45 min. The degradation efficiencies
of 88% for cubic SnS NPs and 98% orthorhombic SnS NPs were reported. Biacchi and
coworkers. % studied the effect of the shape of the SnS nanoparticles (cubes, sheets, and spherical)
used on the photodegradation of methylene blue dye. The cubes were considerably more efficient
at methylene blue decomposition than the spherical polyhedra, and sheets were found to be the

least effective.

Tang et al.'’® synthesized SnS nanoparticles with an average particle size of 5 nm. The
photocatalytic activity of SnS nanoparticles was studied by photodecomposition of rhodamine b
dye. The adsorption experiment revealed that SnS nanoparticles are much more adsorbent than
P25 TiO2. The as-prepared SnS nanoparticles degraded RhB completely in 90 minutes, but P25
only decomposed 25% of RhB in the same period, suggesting that SnS has a substantially
better photocatalytic activity than P25 under visible light. SnS nanoparticles were prepared by
Jamali-Sheini et al.*!! using a sonochemical method with sonication frequencies of 20 and 50 kHz.

In comparison to the nanoparticles produced by 50 kHz sonication, the SnS NPs produced by 20
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kHz sonication had a smaller diameter. The study showed that the smaller-sized SnS NPs

synthesized at 20 kHz exhibited superior photodegradation of methylene blue.

Zhang et al.?! investigated the photocatalytic activities of SnS nanoflowers and nanoparticles
prepared with ethylene glycol solvent and triethanolamine complexing agent. Nanoflowers
outperformed nanoparticles in terms of absorption and visible light photocatalytic activity
achieving a degradation of 55% of RhB in 180 min. Das et al.1*? used the precipitation method to
synthesize orthorhombic structured SnS nanorods. Rapid degradation of trypan blue of more than

95% in 4 h by the nanorods was reported.

1.3 Problem statement

There is a huge range of nanomaterials with attributes that differ from those of bulk counterparts,
but finding experimental parameters that yield the preferred nanomaterial for a specific application
is still difficult. Researchers have been interested in finding a way to regulate nanoparticles sizes,
resulting in a surge of low-cost, and eco-friendly synthetic procedures'®3. This has sparked interest
in a cost-effective approach that does not alter the target product but allows for greater control
over its phase and size'. The cost and safety of starting materials, reaction time, and the exposure
of nanomaterials to the environment*> before and after use are all crucial factors to consider in

order to better understand and then explore the prospective applications of these nanomaterials**®.
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The content of organic dyes in industrial effluents from the textile, garment and paper
manufacturers pollutes the environment significantly. Such dye-polluted wastewater contains
cancerous, non-biodegradable, and colour pigments that can harm humans!’. Dyes are visible in
water and adversely degrade aquatic habitats even at trace quantities (below one ppm)& 119 As a
result, it is critical to remove organic dyes from waste streams. Adsorption!?° and coagulation'?
are popular strategies for removing organic pigments from industrial effluent in traditional
treatment. However, because dyes are typically transformed from a liquid to a solid phase, these
procedures result in secondary toxic contamination. As a result, additional treatments are required
to address the issue of secondary contamination?? 123, Nanomaterials have found functionality in
water treatment; however, the typically utilized materials for organic contaminants removal are
limited to their large bandgap and UV area, which accounts for a small percentage of solar energy,
limiting their application in photocatalysis'?. This has resulted in the adoption of metal-based

semiconductors.

1.4 Motivation and rationale for the study

The adoption of a single-source precursor method is advantageous because it is not time-
consuming or energy-intensive since all of the essential atoms are present, implying fewer
synthesis steps®? and the absence of harmful organometallic compounds. This approach produces
nanoparticles with enhanced crystallinity and size control, as well as reliable results and a high
yield. Nanomaterials have a vital quantum confinement effect, which means they could be used to
clean water. Metal sulfide-based semiconductors are the most prevalent photocatalysts for the
degradation of dyes in wastewater industries, offering cheap, environmentally benign, and long-

term treatment options for pollution control*?®, Also, the use of solar energy, which is a sustainable
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and environmentally beneficial alternative, has the potential to alleviate the current societal energy
shortage dilemma??6. By modifying the bandgap of nanostructured materials, we can investigate
their potential as photocatalysts. Studying morphological changes to nanomaterials is crucial for
developing mechanisms involved from electron-hole pair interactions on the nanomaterial's
surface. Amongst metal sulfides, lead sulfide (PbS), and tin sulfide (SnS), the I1V-VI
semiconductors with distinctive characteristics are extremely promising materials for application
in photocatalysis due to their high degradation efficiency, chemical stability, and optical activity

in the near-infrared.

1.5 Aim and Objectives of the study

1.5.1 Aim of the study

The aim of study was to prepare PbS and SnS nanoparticles from Pb(I1) and Sn(ll) dithiocarbamate
single source precursors, study their optical and structural properties and evaluate the potentials as

photocatalysts for degradation of organic dyes.

1.5.2 Objectives

The objectives of the study are to:

1. Prepare five dithiocarbamate ligands and their corresponding Pb(Il1) and Sn(ll)
dithiocarbamate complexes.
2. Characterize the ligands and complexes using NMR, FTIR, mass spectrometry, UV-Vis,

and single-crystal X-ray crystallography.
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3. Usethe Pb(11) and Sn(ll) dithiocarbamate complexes as single-source precursors to prepare
PbS and SnS nanoparticles.

4. Study the influence of precursor and capping agents on the optical and structural properties
of as-prepared PbS and SnS nanoparticles.

5. Study the optical and morphological properties using absorption and emission
spectroscopic techniques, XRD, TEM/HRTEM, SEM, and EDS.

6. Evaluate the photocatalytic degradation of methylene blue, rhodamine B, phenol, and
brilliant green dyes by the as-prepared PbS and SnS nanoparticles.

7. Evaluate the effect of irradiation time, pH and recyclability of the as-prepared PbS and SnS

nanoparticles.
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CHAPTER TWO

EXPERIMENTAL

2.1 Materials

Sodium hydroxide, potassium hydroxide, carbon disulfide, morpholine, thiomorpholine, N-(2-
hydroxyethyl aniline), 4-methylpiperidine, 4-benzylpiperidine, lead nitrate, tin chloride dihydrate,
diethyl ether, methanol, hexane, chloroform, DCM, toluene, acetonitrile, deuterated dimethyl
sulfoxide, deuterated water and DMSO are analytical grade reagents purchased from Sigma

Aldrich, and they were used without any further purifications.

2.2 Physical Measurements

The colour, percentage yield and melting points of the compounds were determined and

summarized under each ligand.

2.2.1 Solubility

The solubility of the dithiocarbamate ligands was determined using water and alcohols and
different solvents like DMSO, DCM, toluene, chloroform, and acetonitrile were used for the
complexes. In most solvents, the complexes were only partly soluble. Therefore, DMSO was used
to dissolve the complexes for further analysis since it does not interfere with important

characterization peaks.
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2.2.2 'H and *C NMR spectroscopy

Bruker 400 MHz and 100 MHz spectrometers were used to acquire *H and *C NMR spectra,
respectively. The chemical shift results were expressed in ppm in comparison to the internal

standard, tetramethylsilane reference in D20 and de-DMSO, respectively.

2.2.3 FTIR spectroscopy

Data was collected using an Agilent Cary 630 spectrometer with Agilent MicroLab PC 5.1.22
equipped with ATR Diamond-1 Bounce with 30 background scans and 30 sampling scans in the
range 4000 — 650 cm with a resolution of 4 cm™. The data processing for peaks and smoothing

was done using ResolutionPro 5.0.0.395.

2.2.4 UV-Vis spectroscopy

A Perkin Elmer Lamda 25 spectrophotometer was used to measure the absorption spectra of the
ligands and complexes in the region of 200-700 nm. The samples were loaded in 1-centimeter
quartz cuvettes. The solvents selected were determined by the compounds' solubility and stability

in each solvent. For all solution measurements, analytical grade solvents were utilized.

2.2.5 Mass spectrometry

The molecular mass and purity of the as-synthesized ligands and complexes was determined using

mass spectrometry. The LC Premier micro-mass spectrometer was used to collect mass spectra.
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2.2.6 Single-crystal X-ray crystallography

The crystals were grown by slow evaporation of chloroform/hexane. Suitable crystals were
selected and placed in paratone oil on an MITIGEN holder attached to a Bruker APEX-I1 CCD
diffractometer (Billerica, MA, USA). The crystals were kept at 102 K throughout the analysis.
Olex2! and structure solution program SHELXS? were used to analyse the structure using direct

methods and simplified with the refinement programme SHELXL? by least squares minimization.

2.3 Preparation of dithiocarbamate ligands

2.3.1 Preparation of sodium morpholine dithiocarbamate L1

A procedure from the published works* was adopted as presented in Scheme 2.1. The solution was
prepared by dissolving sodium hydroxide (2 g, 0.05 mol) in a small volume of distilled water,
followed by the addition of morpholine (4.37 mL, 0.05 mol), while stirring at room temperature.
After 30 minutes, cold carbon disulfide (3.00 mL, 0.05 mol) was introduced. The resultant solution
was agitated for 4 h in an ice bath. A pure white flocculate was suction filtered and splashed with
diethyl ether. Yield = 79%, 7.3098 g. FTIR (cm™): 1457 (vC—N), 970 (vsC—S), 1018 (vasC—S).
'H NMR (D20): & 3.75 (t, 4H); & 4.38 (t, 4H). 1*C NMR (D20): & 209 (C—S); 5 66 (N—CH>); &
51 (O—CHy). Anal. Calc. for CsHgNOS, (%): C: 27.14, H: 5.47, N: 6.33. Found: C: 26.69, H:

5.47,N: 6.06. MS: m/z [M*] 162.
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Scheme 2.1: Preparation of sodium morpholine dithiocarbamate

2.3.2 Preparation of sodium thiomorpholine dithiocarbamate L2

Scheme 2.2 showed the synthetic procedure used to prepare the ligand®. An amount of 5.03 mL
(0.05 mol) thiomorpholine was introduced into an aqueous solution of 2.00 g (0.05 mol) sodium
hydroxide, followed by the addition of 3.00 mL (0.05 mol) cold carbon disulfide, and the reaction
was stirred over 4 h. A cream-white precipitate was vacuum filtered and washed with diethyl ether.
Yield = 91%, 9.1930 g. FTIR v(cm™): 1458 (vC—N), 923 (vsC—S), 996 (vasC—S). 'H NMR
(D20): & 3.50 (t, 4H); & 1.63 (t, 4H). 3C NMR (D20): & 209 (C—S); & 54 (N—CH>); & 27 (S—
CHy). Anal. Calc. for CsHgNS3 (%): C: 25.30, H: 5.10, N: 5.90. Found: C: 26.99, H: 5.34, N: 5.95.

MS: m/z [M*] 178.

S S
\C/ \Na

S
+ NaOH + CS, —> H,0
4 hrs
N
H

Scheme 2.2: Preparation of sodium thiomorpholine dithiocarbamate
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2.3.3 Preparation of potassium N-(2-hydroxyethyl)phenyl dithiocarbamate L3

Scheme 2.3 shows the synthesis of N-(hydroxyethyl)phenyl dithiocarbamate ligand. Carbon
disulfide (3.00 mL, 0.05 mol) was introduced into a cold mixture of N-(hydroxyethyl)aniline (6.27
mL, 0.05 mol) dispersed in 10 mL of tetrahydrofuran and aqueous potassium hydroxide (2.80 g,
0.05 mol). The resulting yellow precipitate was suction filtered, splashed with diethyl ether. Yield
= 47%, 5.9569 g. FTIR v(cm™): 1496 (vC—N), 988 (vsC—S), 1050 (vasC—S). *H NMR (D0): &
3.48 (t, 2H); 5 4.59 (t, 2H); & 6.88 (t, 1H); 5 7.27 (t, 2H); 5 7.52 (d, 2H). CoH10NOS; (%): C: 37.61,

H: 4.91, N: 4.87. Found: C: 36.32, H: 3.90, N: 4.55. MS: m/z [M*] 212.

D N
i T
0°C N o
+ KOH + CS§, ——> + H,)0

4 hrs

Scheme 2.3: Preparation of potassium N-(2-hydroxyethyl)phenyl dithiocarbamate

2.3.4 Preparation of sodium 4-methylpiperidine dithiocarbamate L4

The ligand was prepared following a literature procedure®. In an ethanolic solution of 0.05 mol
(4.9585 g) 4-methylpiperidine and 0.05 mol (2.00 g) sodium hydroxide, carbon disulfide (3.00
mL, 0.05 mmol) was gently introduced. The mixture was agitated for 4 h, resulting in a white
precipitate that was separated by suction filtration and splashed multiple times with cold diethyl
ether. Yield: 6.9112 g, 70.15%. Mp: 139.6°C — 143.3°C. FTIR v(cm™): 1468 (vC—N), 945 (vC—

S), 1017 (vay,C—S). HNMR (D20): § 0.91 (3H, d, CH3), § 1.69-1.73 (1H, s, CH), § 1.11-1.21
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(4H,'s, CHy), § 3.11-3.18 (4H, s, CHz). 3C-NMR (D20): & 20.5 (CHs), & 30.1 (CH), & 33.6 (CH>),

§52.2 (CH2), 3 205.5 (CSy).

0°C
—>
+ NaOH + CS, 4 hrs + H,0
N
N |
Na
S/C\S/

Scheme 2.4: Preparation of sodium 4-methylpiperidine dithiocarbamates

2.3.5 Preparation of sodium 4-benzylpiperidine dithiocarbamate L5

A procedure from the published works’ was adopted as presented in Scheme 2.5. Carbon disulfide
0.03 mol (1.80 mL) was slowly introduced to an equimolar mixture of sodium hydroxide 0.03 mol
(1.20 g) and 4-benzylpiperidine 0.03 mol (5.2581 g). The resulting white product was isolated,
splashed with diethyl ether, and suction dried. Yield: 3.0452 g, 37.17%. Mp: 128.2°C — 131.4°C.
FTIR v(cm™): 1417 (vC—N), 945 (vsC—S), 1017 (vasyC—S). H-NMR (D20): & 1.19-1.31 (2H,
m, CH2), § 1.67-1.70 (2H, d, CH2), & 3.05-3.12 (2H, s, CH2), & 5.35-5.38 (2H, d, CH2), & 1.86-1.97
(1H, m, CH), & 2.56-2.58 (2H, d, CHy), & 7.22-7.36 (5H, m, CeHs). 3C-NMR (D20): & 126.1-
129.2 (CsHs), 8 141.4 (C—CeHs), 41.7 (CHy), 5 37.8 (CH), 5 31.7 (CH2), 5 52.0 (CHy), & 205.9

(CSy).
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Scheme 2.5: Preparation of sodium 4-benzylpiperidine dithiocarbamate ligand

2.4 Preparation of Pb(I11) and Sn(I1) dithiocarbamate complexes

2.4.1 Preparation of bis(morpholinyldithiocarbamato)Pb(l1)

To a 30 mL aqueous solution of morpholinyldithiocarbamate sodium salt (0.93 g, 0.005 mol),
aqueous Pb(NO3)2 (0.83 g, 0.0025 mol) was introduced. A white product appeared instantly and
was agitated for 2 h. The product was removed by suction filtration and splashed with a 3:1
mixture of methanol and distilled water. The reaction Scheme is shown in Scheme 2.6. Yield:
81%, 1.1067 g; Melting point: 313.7 — 315.3 °C. *H-NMR (De): & 3.61 — 3.63 (t, 8H, O—CHy), §
4.04 — 4.06 (t, 8H, N—CHy). FTIR v(cm™): 989 (vC—S) and 1428 (yYN—CS;). TOF MS ES*

(m/z): 552.93.

S S
Y \Na
N
2 / \ /
+ Pb(NO;); —— o o +2NaNO;
0

Scheme 2.6: Preparation of bis(morpholinyldithiocarbamato)Pb(l1l)
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2.4.2 Preparation of bis(thiomorpholinyldithiocarbamato)Pb(11)

Pb(NO3), (0.83 g, 0.0025 mol) was dispersed in 20 mL of water and gently introduced to
thiomorpholine dithiocarbamate (1.01 g, 0.005 mol) in 30 mL of water with continuous stirring as
shown in Scheme 2.7. The white precipitate that formed instantaneously was agitated for 2 h at
ambient temperature. The product was isolated by vacuum filtration and rinsed with a 3:1 solution
of methanol and water. Yield: 89 %, 1.2576 g; Melting point: 271.2 — 274.9 °C. *H-NMR (De): &
2.69—2.71 (t,8H, S—CHy), § 4.29 —4.31 (t, 8H, N—CHy). FTIR v(cm™): 948 (vC—S,) and 1451

(vN—CS;). TOF MS ES+ (m/z): 564.07.

S S
\( N
N
2 /\ /
+ Pb(NO3)2 — S +2NaNO3
S

Scheme 2.7: Preparation of bis(thiomorpholinyldithiocarbamato)Pb(I1)

2.4.3 Preparation of bis(N-(2-hydroxyethyl)phenyldithiocarbamato)Pb(11)

As illustrated in Scheme 2.8, 10 mL of Pb(NO3). (0.07 g, 0.00020 mol) was mixed with 15 mL of
N-(2-hydroxyethyl) phenyl dithiocarbamate (0.10 g, 0.00040 mol). The instantly formed black
product was agitated for 2 h. After filtering and rinsing with distilled water, the product was kept
at room temperature to dry. Yield: 93 %, 0.1163 g; Melting point: 103.1-104.7°C. *H-NMR (De):

§3.07 — 3.10 (t, 4H, CHy), 5 4.29 — 4.33 (t, 4H, CHy), 5 4.83 (s, 2H, OH), & 7.07 — 7.11 (t, 2H,
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CH), 5 7.33 — 7.38 (t, 4H, CH), § 7.66 — 7.68 (d, 4H, CH). FTIR v(cml): 1059 (vC—S,) and 1592

(VN—CS3). TOF MS ES+ (m/z): 664.05.

N
“O/ ~"OH 4 PhNOy), ——m g f)}’h \2 KNO;
0

HO H

Scheme 2.8: Preparation of bis(N-(2-hydroxyethyl)phenyldithiocarbamato)Pb(11)

2.4.4 Preparation of bis(4-methylpiperidinedithiocarbamato)Pb(l1)

Bis(4-methylpiperidine-1-carbodithioato)-lead(ll) complex was synthesized using a previously
reported method®. Pb(NO3), ( 0.8280 g, 0.0025 mol) dispersed in 20 mL of distilled water was
gently introduced to 4-methylpiperidine dithiocarbamate (0.9852 g, 0.005 mol) in 30 mL of water.
The precipitate formed instantly, and it was agitated for 2 h. The white precipitate was removed
by vacuum filtration and rinsed with distilled water. Yield: 1.5731g, 91.58%. Mp: 261.5-
263.4°C. 'H-NMR (DMSO): & 0.90 (6H, d, CHs), 5 1.71-1.74 (2H, t, CH), & 1.03-1.12 (8H, q,

CHy), 5 2.99-3.05 (8H, g, CH2). FTIR v(cm™): 958 (vC—S,) and 1429 (vN—CSy).
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Scheme 2.9: Preparation of bis(4-methylpiperidinedithiocarbamato)Pb(I1)

2.4.5 Preparation of bis(4-benzylpiperidinedithiocarbamato)Pb(l1)

The bis(4-benzylpiperidine-1-carbodithioato)-lead(ll) complex was prepared as presented in
Scheme 2.10. Pb(NOs). (0.8280 g, 0.0025 mol) was dispersed in 20 mL of distilled water and
gently introduced to 4-benzylpiperidine dithiocarbamate (1.3653g, 0.005 mol) in 30 mL of water.
The product formed instantaneously, and it was agitated for 2 h to ensure a complete reaction. The
resulting white product was removed by vacuum filtration and splashed with distilled water. Yield:
1.6316 g, 92.16%. Mp: 211.2°C — 214.6°C. Selected FTIR v(cm™): 1478 (vC—N), 961 (vC—S).
IH-NMR (Ds): & 1.19-1.31 (2H, m, CHy), 5 1.67-1.70 (2H, d, CHy), & 3.05-3.12 (2H, s, CH2), &
5.35-5.38 (2H, d, CHy), 5 1.86-1.97 (1H, m, CH), § 2.56-2.58 (2H, d, CHy), & 7.22-7.36 (5H, m,

CeHs).
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Scheme 2.10: Preparation of bis(4-benzylpiperidinedithiocarbamato)Pb(I1)

2.4.6 Preparation of bis(morpholinyldithiocarbamato)Sn(Il)

To a 20 mL methanolic solution of morpholine dithiocarbamate (0.9260 g, 5 mmol), cold 0.5641
g of SnCl,:2H20 (2.5 mmol) was introduced. A pale yellow product formed instantly and was
agitated for 2 h under nitrogen. The fine powder product was removed by suction filtration and
splashed with a 3:1 solution of methanol and distilled water. The reaction is illustrated in Scheme
2.11. Yield: 59%, 0.6590 g; Melting point: 248.1 -250.0 °C. *H-NMR (De): & 3.83 — 3.86 (t, 8H -

O—CHy), 8 3.93 - 3.95 (t, 8H -N—CH>). FTIR v(cm™): 985 (vC—S;) and 1499 (VN—CSy).

™
N

5 [ j + SnCl,2H,0 ——> 0 *</ O + 2Na(l
0

Scheme 2.11: Preparation of bis(morpholinyldithiocarbamato)Sn(Il)
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2.4.7 Preparation of bis(thiomorpholinyldithiocarbamato)Sn(l1)

SnCl>:2H20 (2.5 mmol, 0.5641 g) was dropwise introduced to a 30 mL methanolic solution of
thiomorpholine dithiocarbamate (1.0060 g, 5 mmol) with continuous stirring under nitrogen as
shown in Scheme 2.12. The orange precipitate that formed instantaneously was agitated for 2 h at
ambient temperature. The product was vacuum filtered and rinsed with a 3:1 solution of methanol
and water. Yield = 58%, 0.6896 g. Melting point: 214.3 - 217.1 °C. *H-NMR (De): 6 2.80 — 2.82
(t, 8H -S—CHy), 8 3.25 — 3.27 (t, 8H -N—CHjy). FTIR v(cm™): 939 (vC—S,) and 1497 (VN—

CSy).
Y N
[ + SnCl2H,0 —> —</ S + 2NaCl

2 2 \ /

Scheme 2.12: Preparation of bis(thiomorpholinyldithiocarbamato)Sn(ll)

2.4.8 Preparation of bis(N-(2-hydroxyethyl)phenyldithiocarbamato)Sn(l1)

Scheme 2.3.3 shows the synthesis of the Sn(I1) N-(hydroxyethyl)phenyl dithiocarbamate complex.
0.5189 g of SnCl2:2H-0 (2.3 mmol) was introduced N-(hydroxyethyl)phenyl dithiocarbamate (4.6
mmol, 1.1479 g) in 20 mL of methanol. A light-yellow product formed instantly and was agitated
for 2 h under nitrogen. The fine powder was suction filtered and rinsed with distilled water
followed by diethyl. Yield = 21%, 0.2588 g. Melting point: 223.4 - 226.5 °C. FTIR v(cm™): 996

(vC—Sy) and 1489 (yN—CS,). H-NMR (De): 8 3.07 — 3.10 (t, 4H, CHy), 8 4.29 — 4.32 (t, 4H,
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CHy), 5 4.53 (s, 2H, OH), 5 7.06 — 7.09 (t, 2H, CH), § 7.31 — 7.37 (t, 4H, CH), & 7.42 — 7.50 (d,

4H, CH).

s\(s\K go
N\/\OH . 4</s§n/s/ N + 2KCl

2 + SnCl;2H,0 — >

H

HO

Scheme 2.13: Preparation of bis(N-(2-hydroxyethyl)phenyldithiocarbamato)Sn(ll)

2.4.9 Preparation of bis(4-methylpiperidinedithiocarbamato)Sn(ll)

The Sn(ll) 4-methylpiperidine dithiocarbamate complex was synthesized at room temperature
(Scheme 2.14). In separate beakers, SnCl»2H,O (2.5 mmol, 0.5641 g) and sodium 4-
methylpiperidine dithiocarbamate (5 mmol, 0.9852 g) were dissolved in 20 mL of distilled water.
Thereafter, the aqueous solutions were gently combined and agitated for around 2 h to make sure
that the reaction was complete. The filtered yellow fine powder was splashed with distilled water.
Yield: 1.0243 g, 76%. *H-NMR (DMSO): & 0.992 (6H, d, CH3), § 1.58-1.64 (2H, t, CH), § 1.01-

1.10 (8H, g, CHy), 5 2.84-3.03 (8H, g, CH2). FTIR v(cm™): 945 (vC—S,) and 1468 (vN-—CSy).
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s\ /s
2 + SnCl;2H,0 — > 4<:>N<</ /Sn\ />7N<:>> + 2NaCl
N s S
g )\S /Na

Scheme 2.14: Preparation of bis(4-methylpiperidinedithiocarbamato)Sn(ll)

2.4.10 Preparation of bis(4-benzylpiperidinedithiocarbamato)Sn(ll)

The tin(I1) 4-benzylpiperidine dithiocarbamate complex was prepared according to Scheme 15.
The tin salt, SnCl,:2H20 (2.5 mmol, 0.5641 g) dispersed in 20 mL of water was gently introduced
to the sodium 4-benzylpiperidine dithiocarbamate (5 mmol, 1.3653 g) in 20 mL of water and
agitated for 2 h. The filtered orange fine powder was splashed with distilled water. Yield: 1.7001
g, 84.21%. FTIR v(cm™): 1422 (vC—N), 945 (vC—S). IH-NMR (Ds): & 1.19-1.31 (2H, m, CH>),
8 1.63-1.69 (2H, d, CHy), 6 3.09-3.13 (2H, s, CHy), 8 5.35-5.38 (2H, d, CH>), 5 1.79-1.88 (1H, m,

CH), § 2.77-2.81 (2H, d, CHy), 5 7.15-7.32 (5H, m, CsHs).

2 + SnCL;2H,0 —— > m 1S + 2NaCl

N_ S | si|
™ &
S

Scheme 2.15: Preparation of bis(4-benzylpiperidinedithiocarbamato)Sn(ll)

o1



References

1. Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.; Puschmann, H., OLEX2:
a complete structure solution, refinement and analysis program. J. Appl. Crystallogr. 2009, 42 (2),
339-341.

2. Sheldrick, G. M., A short history of SHELX. Acta Crystallogr. A. 2008, 64 (1), 112-122.

3. Sheldrick, G. M., Crystal structure refinement with SHELXL. Acta Crystallogr. C. 2015,
71 (1), 3-8.

4, Balakrishnan, S.; Duraisamy, S.; Kasi, M.; Kandasamy, S.; Sarkar, R. P.; Kumarasamy,
A., Syntheses, physicochemical characterization, antibacterial studies on potassium morpholine
dithiocarbamate nickel (I1), copper (I1) metal complexes and their ligands. Heliyon 2019, 5.

5. Solomane, N.; Ajibade, P. A., Synthesis and crystal structure of
bis(thiomorpholinyldithiocarbamato)Cu(ll) complex and its use as precursor for CuS
nanoparticles photocatalyst for the degradation of organic dyes. J. Sulfur Chem. 2021, 42 (2), 167-
179.

6. Nath, P.; Bharty, M. K.; Prasad, L. B.; Butcher, R. J.; Jasinski, J. P., A piperidinium-
carbodithioate salt: Synthesis, crystal structure, spectral, cation-interaction and electrochemical
studies. J. Mol. Struct. 2019, 1189, 51-56.

7. Paca, A. M.; Ajibade, P. A.; Andrew, F. P.; Nundkumar, N.; Singh, M., Synthesis, X-ray
crystal structures and anticancer studies of four Pd(l1) dithiocarbamate complexes. Arab. J. Chem.
2021, 14 (9), 103326.

8. Sathiyaraj, E.; Thirumaran, S.; Selvanayagam, S., Bis[N-benzyl-N-(2-
phenylethyl)dithiocarbamato-k?S,S']lead(11). Acta Cryst. E. 2012, 68 (9), m1217.

52



CHAPTER THREE

SPECTROSCOPIC CHARACTERIZATION OF DITHIOCARBAMATE
LIGANDS, Pb(I1) AND Sn(I1) COMPLEXES

3.1 Introduction

Dithiocarbamates are organosulfur compounds that are classified as monoanionic 1,1-dithiolate
ligands'. Other commonly used ligands include dithiophosphinates?, dithiophosphates?®,
dithiocarbimates®, and xanthates®. Dithiocarbamates are a well-studied group of compounds with
a broad variety of applications. These applications include vulcanization accelerators in
agriculture® and rubber industry’, antifungal®, antimicrobial®, pharmaceuticals, and
electrochemical sensors?®. The extensive use of the dithiocarbamates is due to their ability to form
strong bonds with both main and transition metal ions. The dithiocarbamate exists in two

resonance form; hence it can stabilize metals of both high and low oxidation states*!.

R
N+
N

R/ )

Dithiocarbamate Thioureide

Scheme 3.1: Resonance forms of the dithiocarbamate ligand
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The dithiocarbamate resonance form consists of a single bond between the nitrogen atom and the
sulfur-bearing carbon, and the -1 charge is delocalised between carbon and the two sulfur atoms.
In the thioureide form (Scheme 16), the nitrogen is sp? hybridized. The former resonance best
suited to stabilize soft metals at lower oxidation states'?. In contrast, the latter type is labelled a
hard ligand, stabilizing metal centers with high oxidation states. Dithiocarbamates complexes find
extensive use as single-source precursors for the fabrication of metal sulfide nanoparticles®1,
This chapter presents the characterization of the dithiocarbamate ligands, Pb(ll) and Sn(ll)
complexes by 'H and ®C-NMR spectroscopy, mass spectrometry, UV-Vis, FTIR and single

crystal X-ray crystallography.

3.2 NMR spectra studies

The ligands were dissolved in deuterated water for NMR analysis; therefore, all of the ligands' *H
NMR showed a solvent peak at 4.7 ppm. There are no specific shifts expected from proton NMR.
The peak of the carbon atom in the NCS; group of the dithiocarbamate ligands which appeared
downfield around 200 ppm® on the ¥3C NMR. These position of these chemical shifts vary
depending on the compound structural arrangement of R group coordinated to the nitrogen atom.
The signal intensity is quite low, which is typical of quaternary carbon signals’. Due to the poor

solubility of the complexes, 3C-NMR could not be done.
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3.2.1 NMR spectra of sodium morpholine dithiocarbamate and its lead(ll) and tin(ll)

complexes

The 'H NMR spectrum of morpholine dithiocarbamate ligand in Figure 3.1(c) shows the
methylene protons of carbon bonded directly to thioureide nitrogen (N—CHy) in the range 4.36—

4.39 ppm, and the methylene protons of carbon directly bonded to an oxygen atom (O—CHy)

- / /\
o S~ - —_—
................................................................................................................................................................................................
an 3.99 3.98 3.97 3.96 3.95 3.94 3.93 3.92 3.91 3.90 3.89 3.88 3.87 3.86 3.85 3.84 3.83 3.82 3.81 pr
4.05 4,00 3.95 3.90 3.85 3.80 3.75 3.70 3.65 3.60 ppr
‘ :
4.9 4.8 4.7 4.6 4.5 4.4 4. 4, 4.1 4.0 9 3.8 3.7 pPpm
: .
200 150 100 50 o [epm]

Figure 3.1. *H NMR spectra of sodium morpholine dithiocarbamate ligand (a), its Pb(11) (b), Sn(l1)

complexes (c) and 3C NMR of sodium morpholine dithiocarbamate (d)
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appeared between 3.83— 3.85 ppm?*8. The deuterated solvent peak was found at 4.7 ppm. In the
spectrum of Pb(ll) morpholine dithiocarbamate (Fig. 3.1(b)), a downfield shift was observed for
methylene protons of O—CH, and N—CH> peaks at 3.62 ppm (t, 8H) and 4.05 ppm (t,8H),
respectively. The proton NMR spectrum of Sn(Il) morpholine dithiocarbamate (Fig. 3.1(a)) also
showed a triplet at 3.83-3.86 ppm that is due to O—CHo,. The second triplet appeared at 3.75-
3.77 ppm, which is for N—CHo,. The peaks are also down-shifted compared to those of the plain
ligand due to the bonding of the ligand to the metal center. The *C NMR of morpholine
dithiocarbamate (Fig. 3.1(d)) showed a peak assigned to the O—CH> carbon at 51.42 ppm, the

N—CH carbon peak at 66.15 ppm, and the signal assigned to —CS2 appeared at 209.35 ppm?°.

3.2.2 NMR spectra of sodium thiomorpholine dithiocarbamate and its lead(l1) and tin(Il)

complexes

'H NMR spectrum of thiomorpholine (Fig. 3.2(c)) displays two triplets around 3.50 — 3.48 ppm (t,
4H) and around 1.65 — 1.62 ppm (t, 4H) corresponding to the -CH; of N—CH, and S—CHy,
respectively. Pb(Il) thiomorpholine dithiocarbamate (Fig. 3.2(b)) also showed two downfield
shifted methylene protons of S—CH, and N—CH at 2.7 ppm (t, 8H) and 4.3 ppm (t, 8H),
respectively. The spectrum of the Sn(Il) thiomorpholine dithiocarbamate (Fig. 3.2(a)) showed the
N—CHy: protons upfield as a triplet at 3.25-3.27 ppm and S—CH; protons signals at 2.80-
2.82 ppm, which is a downfield shift compared to that of the ligand. In the 2*C NMR of the ligand
shown in Figure 3.2(d), the peak at 26.79 ppm is due to the C atom in the S—CH,, while 53.85

ppm peak is ascribed to the C atom in N—CH'°. The signal observed at 208.90 is due to —CS,.
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Figure 3.2. 'H NMR spectra of sodium thiomorpholine dithiocarbamate ligand (a), its Pb(ll) (b),

Sn(11) complexes (c) and 3C NMR of sodium thiomorpholine dithiocarbamate.
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3.2.3 NMR spectra of N-(2-hydroxyethyl) phenyl dithiocarbamate and its lead(l1) and tin(I1l)

complexes

The *H NMR spectrum of K(hepdtc) (Fig 3.3 (c))shows two triplets for the alkyl chain protons at
3.46-3.49 ppm for methylene protons on the carbon bonded to the hydroxyl the other at 4.56-4.59
ppm assigned to the methylene protons directly bonded to the nitrogen. The peak observed at 4.76
is due to the proton of the OH group, and the peaks at 6.86-7.50 ppm are attributed to the protons
of the phenyl group. In the proton NMR spectrum of Pb(ll) N-(2-hydroxyethyl) phenyl
dithiocarbamate (Fig 3.3 (b)), two methylene protons of the alkyl chain split into triplets at 3.06
ppm and 4.28 pm, and the aromatic protons are observed around 7.07-7.67 ppm. The proton of the
OH group appeared as a singlet at 0 4.82 ppm in the free ligands as well as in the complex which
confirmed that that the OH group of the ligand is not coordinated to the metal ion. For the Sn(ll)
complex (Fig 3.3 (a)), the alkyl chain protons were also split into triplets and deshielded to 3.07
and 4.29 ppm. The protons assigned to the phenyl appeared at 7.32-7.46 ppm. The deshielding
effect upon coordination is caused by the lone pair electron distribution from the nitrogen to the

sulfurs, and electronegativity of the protons is increased as a result.
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Figure 3.3. *H NMR spectra of potassium N-(2-hydroxyethyl)phenyl dithiocarbamate ligand (a),

its Pb(11) (b) and Sn(ll) complexes (c).

3.2.4 NMR spectra of sodium 4-methylpiperidine dithiocarbamate and its lead(I1) and tin(I1)

complexes

The free 4-methylpiperidinyl dithiocarbamate ligand proton spectrum (Fig 3.4(c)) shows a doublet
due to the methyl group at 0.91 ppm the multiplet at 1.69-1.78 ppm due to the hydrogen between
the piperidine and the methyl group. The N—CHj; protons are also observed around 3.11-3.18

ppm. The methyl group protons were upfield shifted to 0.90 ppm and 0.86 ppm in the Pb(Il) and

59



Sn(La

T T T T T T T T T T T T T T T T T d
29 28 27 26 25 24 23 22 21 20 19 1.8 1.7 1.6 15 14 1.3 1.2 11 1.0 09 08 ppm
Ph{IL4

T T T T T T T T 1
4.5 4.0 35 3.0 25 2.0 1.5 Lo ppm

205.3140
- 52.2365

336045

30.1084
- 205230

(d)

T T T T T
200 150 100 50 o ppm]

Figure 3.4. 'H NMR spectra of sodium 4-methylpiperidine dithiocarbamate ligand (a), its Pb(Il)

(b), Sn(11) complexes (c) and 3C NMR of sodium 4-methylpiperidine dithiocarbamate
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Sn(Il) complexes, respectively. A shielding effect was also observed for the N—CH> protons in
both complexes. This may be due to the electron delocalization upon complexation. The *C NMR

spectrum of the ligand (Fig 3.4(d)) reveals the significant peak attributed to the —CS; at 205 ppm.

3.2.5 NMR spectra of sodium 4-benzylpiperidine dithiocarbamate and its lead(l1) and tin(l1)

complexes

Sny
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Figure 3.5. 'H NMR spectra of sodium 4-benzylpiperidine dithiocarbamate ligand (a), its Pb(ll)

(b) and Sn(I1) complexes (c) and 3C NMR sodium 4-benzylpiperidine dithiocarbamate
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The 'H NMR data of Na(4-Bpipdtc) in Figure 3.4 (c) shows a multiplet for the aromatic ring at
7.22-7.36 ppm and a doublet at 1.67- 1.70 ppm ascribed to the methylene protons directly bonded
to the benzyl. The multiplet at 1.86-1.97 ppm is ascribed to the hydrogen on the carbon between
the methylene group and piperidine, and the peaks around 3.05-3.12 ppm are attributed to the N—
CH of the piperidine?’. Upon complexation with Pb(Il) metal ion, the aromatic ring peaks were
shifted to about 7.11-7.30 ppm and 7.15-7.31 ppm for Sn(Il). The N—CH. protons were also
significantly upfield shifted around to 2.77-3.10 for Sn(ll) complex and 2.87-2.93 ppm for the

Pb(11) complex. The ¥*C NMR of a free ligand in Figure 3.5(d) exhibits the —-CS; peak at 205 ppm.

3.3 Mass spectrometry of the dithiocarbamate ligands and lead(ll) and tin(ll)

dithiocarbamate complexes

The molecular ion base peaks for all the dithiocarbamate ligands appeared in the negative ESI
spectra. N-(2-hydroxyethyl)phenyl dithiocarbamate has a molar mass of 250.42 g/mol and the M~
of 212 m/z when K* is excluded. Na* was also not observed in the base peaks of morpholine
dithiocarbamate (185.23 g/mol) and thiomorpholine dithiocarbamate (201.30 g/mol), and their M~
was 162 m/z and 178 m/z, respectively. The TOF mass spectrometry of all the Pb(I1) and Sn(ll)
complexes was also done and the complexes might have been unstable or decomposed which

resulted in mass spectra with unexpected M™.
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3.4 Absorption spectra studies of the lead(11) complexes

3.4.1 Absorption spectra of morpholine dithiocarbamate and its lead(ll) and tin(Il)

complexes

The electronic spectrum of the morpholine dithiocarbamate showed three characteristic absorption
bands?l. The band at 207 nm is attributed to 7—z* transition of the N-C=S group, another 7—z"
transition of the S-C=S dithiocarbamate moiety is found at 260 nm, and the band at 286 nm is
ascribed to n—z" transition of the sulfur atoms. Upon complexation, the LMCT transitions for
[Pb(morph)2] and [Sn(morph).] were found at 270 and 359 nm, respectively. The complexes have

no observable d-d transition, since they are d'° system.

0.7
Morph DTC
—— [Pb(morph), |
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Figure 3.6 Absorption spectra of morpholine dithiocarbamate and its Pb(Il) and Sn(ll) complexes
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3.4.2 Absorption spectra of thiomorpholine dithiocarbamate and its lead(ll) and tin(Il)

complexes

Thiomorpholine dithiocarbamate and its corresponding complexes absorption spectra are
presented in Figure 3.7. The ligand spectrum exhibited n—n* transitions® at 204 and 262 nm,
owing to the N-C=S and S-C=S of the dithiocarbamate moiety, respectively. The third band at
286 nm is ascribed to n—z" transition on the sulfur atoms. Both complexes exhibited only one

band each ascribed to LMCT transitions at 272 nm for [Pb(Tmorph)z] and 370 nm for

[Sn(Tmorph)z].
. Tmorph DTC
——— [Pb(Tmorph),]
—— [Sn(Tmorph), |
0.6
=3
s
S
£ 0.4
=
2
o
-
0.2
oo /

T T 1
200 300 400 500
Wavelength (nm)

Figure 3.7 Absorption spectra of thiomorpholine dithiocarbamate and its Pb(ll) and Sn(ll)

complexes
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3.4.3 Absorption spectra of N-(2-hydroxyethyl)phenyl dithiocarbamate and its lead(l11) and

tin(11) complexes

The spectrum of the ligand in Figure 3.8 exhibited two absorption bands at 234 and 301 nm, which
are assigned to m—n* and n—n* transitions??, respectively. The absorption spectra of the Pb(ll)
and Sn(Il) complexes exhibit broad bands at 261 nm and 377 nm, respectively, which is attributed
to the active LMCT transition. Being a d'° system, the Pb(Il) and Sn(ll) complexes show no d-d

transition in the visible region.
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Figure 3.8 Absorption spectra of N-(2-hydroxyethyl)phenyl dithiocarbamate and its Pb(ll) and

Sn(Il) complexes
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3.4.4 Absorption spectra of 4-methylpiperidine dithiocarbamate and its lead(l1) and tin(l1)

complexes

The electronic spectrum of 4-methylpiperidinecarbodithioate in Figure 3.9 showed n—mn*
transitions at 204 nm and 258 nm corresponding to -NCS and -SCS systems??, respectively. The
peak at 281 nm corresponds to n—x* transition owing to the sulfur atoms' lone electron pairs. The
prominent LMCT transitions are seen in the absorption spectra of the Pb(I1) and Sn(ll) complexes
at 266 nm and 267 nm, respectively. The complexes have no observable d-d transition since they

are a d'%system.
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Figure 3.9 Absorption spectra of 4-methylpiperidine dithiocarbamate and its Pb(ll) and Sn(ll)

complexes
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3.4.5 Absorption spectra of 4-benzylpiperidine dithiocarbamate ligand and its lead(l11) and

tin(11) complexes

The ligand's absorption spectrum in Figure 3.10 revealed three distinct absorption bands. The
n—7* transition on the -NCS group is responsible for the band at 205 nm. The 262 nm band is
also attributed to =—=* transitions; however, this instance is within the -SCS dithiocarbamate
group?®. The band at 282 nm is assigned to the n—a* transition on sulfur atoms. After
complexation, absorption peaks for [Pb(4-Bpip)2] and [Sn(4-Bpip)2] were found at 263 and 258

nm, respectively. This band is ascribed to a LMCT transition.
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Figure 3.10 Absorption spectra of 4-benzylpiperidine dithiocarbamate and its Pb(Il) and Sn(ll)

dithiocarbamate complexes
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3.5 Fourier-transform infrared spectroscopy of the dithiocarbamate ligands and Pb(l1) and

Sn(I1) dithiocarbamate complexes

Free dithiocarbamate ligands normally exhibit distinct v(C-S) bands around 1055 cm™ and 961
cm due to v(CS2)asym and v(CSz)sym, respectively. These bands determine the binding form of the
dithiocarbamate to the metal ion. In the instance of a bidentate complex formation, these are
supplanted by a single sharp peak at roughly 1000 + 70 cm™. Conversely, the split of a band with
a gap of about 20 cm™ over the same area indicates the dithiocarbamate ligand's monodentate
configuration.'?. The infrared spectra of dithiocarbamate complexes exhibited three diagnostic
bands, namely, the thioureide v(C=N), the v(C-S), and v(M-S), and they have direct structural
relevance'® 24, The band around 1450-1550 cmis associated with v(C-N) thioureide vibration
representing the partial double bond behavior. The v(C-S) vibration is usually observed in the 950-
1050 cm* area, whereas the v(M-S) band appears in the far-infrared region of 350-450 cm which

indicates the complexation.
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3.5.1 Infrared spectra of morpholine dithiocarbamate and its lead(l1) and tin(I1) complexes.
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Figure 3.11 Infrared spectra of morpholine DTC and its lead(Il) and tin(11) complexes

The superimposed spectra of the morpholine dithiocarbamate ligand, lead(ll), and tin(ll)
complexes are shown in Figure 3.11. The dithiocarbamate ligand showed two vibrations assigned
to V(CS2)sym and v(CSz)asym at 970 and 1018 cmt, which merged and moved to 984 and 988 cm'?
upon complexation with tin(1l) and lead(l1), respectively. The bare ligand spectrum also displays
C-N vibration at 1457 cm-t; however, this band moved to 1428 cm™ and 1498 cm in the lead(ll)
and tin(ll) complexes which fall in between C-Nand C=N infrared absorption bands,

demonstrating the partial double bond nature.
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3.5.2 Infrared spectra of thiomorpholine dithiocarbamate and its lead(ll) and tin(ll)

complexes.
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Figure 3.12 Infrared spectra of thiomorpholine dithiocarbamate and its lead(ll) and tin(Il)

complexes

Figure 3.12 depicts the overlaid spectra of thiomorpholine dithiocarbamate and its
corresponding lead(lI1) and tin(1l) complexes. The bare ligand exhibits two v(C-S) vibrations at
922 cm™ and 995 cm*. In the spectra of the complexes, the v(C-S) vibrational band appeared as
a single band, suggesting that the ligands are coordinated to the metal centers in a symmetrical

bidentate fashion. Tmorph DTC also displays the C-N stretching vibration at 1458 cm™.
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[Sn(Tmorph)2] and [Pb(Tmorph),] complexes spectra exhibit bands corresponding to the
thioureide moiety at 1497 and 1451 cm™, respectively. These frequencies are in the middle of a C-
N (1250-1350 cm™) and a C=N (1640-1690 cm™), implying a partial double-bond nature and

consequently w-electron density distribution around the dithiocarbamate group.

3.5.3 Infrared spectra of N-(2-hydroxyethyl)phenyl dithiocarbamate and its lead(ll) and

tin(11) complexes

N-(2-hydroxyethyl)phenyl dithiocarbamate and its corresponding tin (I1) and lead(Il) complexes
infrared spectra are presented in Figure 3.13. All spectra exhibit significant vibrations of the
dithiocarbamate moiety. The C-S vibration was identified as a broad single band in the ligand
spectrum about 990-1040 cm™, and it emerged at notably lower frequencies in the complexes. The
single band suggested that the ligands were coordinated to the metal ions in a bidentate fashion.
Hep DTC revealed the C-N vibration at 1496 cm-* which dropped to 1484 cm* and 1488 cm in
the lead(Il) and tin(Il) complexes. The apparent drop in stretching vibrations of the thioureide
bands of [Pb(Hep)-] and [Sn(Hep)2] compared to those obtained in the bare ligand spectrum could
be attributable to sulfur atoms binding to metal ions, which enhances the C=N double-bond

character.
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Figure 3.13 Infrared spectra of N-(2-hydroxyethyl)phenyl dithiocarbamate and its lead(ll) and

tin(I1) complexes

3.5.4 Infrared spectra of 4-methylpiperidine dithiocarbamate and its lead(l1) and tin(I1)

complexes.

All of the spectra showed significant dithiocarbamate moiety vibrations. The 4-methylpiperidinyl
ligand exhibited the C-N vibration at 1468 cm™, which downshifted to 1430 cm™ and 1417 cm™*
in the lead(1l) and tin(11) complexes, respectively, owing to ligand chelation to the metal ion. The
symmetric and asymmetric (C-S) vibrations are responsible for the bands found in the ligand

spectrum at 945 cm™ and 1018 cm™. Lead(l1) and tin(11) complexes each had a single peak at 958

72



cm and 947 cm, respectively. This is attributable to the ligand's bidentate coordination with the

metal ions.
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Figure 3.14 Infrared spectra of 4-methylpiperidine dithiocarbamate and its lead(ll) and tin(ll)

complexes

3.5.5 Infrared spectra of 4-benzylpiperidine dithiocarbamate and its lead(ll) and tin(l1)

complexes.

The overlay spectra of the 4-benzylpiperidine dithiocarbamate ligand, lead(ll), and tin(ll)

dithiocarbamate complexes are presented in Figure 3.15. All three spectra exhibited the significant
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vibrations of the dithio-moiety. At 945 cm™ and 1017 cm?, the bare ligand spectrum revealed
V(CS2)sym and v(CS2)asym. For the tin(11) and lead(11) complexes, these were combined into single
peaks at 962 cm™ and 961 cm, respectively, suggesting bidentate coordination. In the 4-Bpip
DTC, the C-N vibration was found at 1469 cm-, but in the [Sn(4-Bpip):] and [Pb(4-Bpip)-] this

was detected in relatively lower frequencies.

[Sn(4-Bpip)2]
— [Pb(4-Bpip)2]
4-Bpip DTC

Transmittance (%)

r r I r r I r r I
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm ™)

Figure 3.15 Infrared spectra of 4-benzylpiperidine dithiocarbamate and its lead(ll) and tin(ll)

complexes
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3.6 Molecular structures of the complexes

3.6.1 Molecular structure of bis(4-methylpiperidine-1-carbothioato)-lead(l1)

The structure crystallizes in the C2/c space group of the monoclinic crystal system. The compound
is four-coordinate with two bidentate monoanionic piperidinyl ligands chelating the lead(ll) ion,
forming a neutral chelate. The distorted configuration (illustrated in Fig. 3.16) indicates the

existence of a stereochemically active 6s? lone pair? 2, Identical coordination arrangements have
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Figure 3.16: The molecular structure of bis(4-methylpiperidine-1-carbothioato)-lead(ll)
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Figure 3.17: Crystal packing of bis(4-methylpiperidine-1-carbothioato)-lead(Il)

been observed for related molecules?’- 2. The data in Table 3.2 depicted a few significant aspects
of the molecular structure, and the relevant bond distances and angles are listed in table 3.1. The
S1-Pb1-S2 bond angles within the ligand are quite acute, averaging 64.02°. The S1-Pb1-S21
bond angles are not restricted by the ligand and hence exhibit a greater angle of 83.57°, which
deviates from that of a perfect tetrahedron. The Pb—S bonds are not equal in length, as is common
in chelates of this type, displaying a short and one greater bond distance per ligand. The lengths
of the S-C bonds are nearly equal, indicating that electrons are delocalized over this region of the
ligand. The crystal packing of the compound (Figure 3.17) shows six molecules within the crystal

packing arranged in group of three molecules that are parallel to each other.
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Table 3.1: Bond lengths and angles for bis(4-methylpiperidine-1-carbothioato)-lead(ll)

Bond Length Bond Angles
Bond Length(A) Bonds Angle(°)
Pb1-S2 2.7097(10) S2-Pb1-S21 97.63(5)
Pb1-S21 2.7097(10) S2-Pb1-S1 64.02(3)
Pb1-S1 2.8831(13) S21-Pb1-S1 83.57(3)
Pb1-S11 2.8831(13) S2-Pb1-S11 83.57(3)
S2-C1 1.736(4) S21-Pb1-S11 64.02(3)
S1-Cl 1.705(4) S1-Pb1-S11 130.63(5)
C1-N2 1.338(6) C1-S2-Pbl 90.67(14)
C1-S1-Pbl 85.60(15)

Table 3.2: Summary of crystal data and structure refinement of bis(4-methylpiperidine-1-

carbothioato)-lead(Il)

Compound [Pb(4-mpipdtc),]
Formula C14H24N2Pb Sy
Deaic./ g cm?3 1.951

wmm? 21.417

Formula Weight 555.78
Size/mm? 0.505x0.190x 0.055
TIK 102(2)

Crystal System Monoclinic
Space Group C2lc

alA 29.5086(10)

b/A 4.6830(2)

c/A 15.6621(5)
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o/ 90

B/ 119.0530(10)
v/ 90

V/A3 1891.99(12)
Z 4

Ominl’ 3.427

Omaxl’ 72.650
Measured Refl. 16061
Independent Refl. 1838
Reflections Used 100

Rint 0.0547
Parameters 97

Largest Peak 0.452
Deepest Hole -2.382
GooF 1.108

WR; (all data) 0.0870

WR> 0.0856

R: (all data) 0.0349

R1 0.0338

3.6.2 Molecular structure of bis(4-benzylpiperidine-1-carbothioato)-lead(11)

[Pb(4-Bpip)2] crystallized in the monoclinic C2/n space group. The crystallographic data is listed
in Table 3.3, and relevant bond distances and bond angles are presented in Table 3.4. The lead(Il)
ion is coordinated to the sulfur atoms of the benzylpiperidinyl ligands, forming a distorted
tetrahedron in the PbSs core. The Pb-S bond lengths are not equivalent and range between

2.6614(7) and 2.8779(8) A. In the constrained PbSs core, the S1-Pb1-S2 bond angles
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average to 64.68° while the remaining trans-intraligand S1-Pb1-S11 and S2-Pb1-S21 bond
angles are 136.31°and 91.56°, respectively. The results are consistent with previous findings for
various lead(l) complexes?®3!, Both NCS, moieties have N-C bonds equal to 1.323(4) and are
shorter than a typical N-C bond. The S—C bond lengths reveal no measurable variation with a
mean of 1.724(3), signifying the existence of a partial double-bond nature. The crystal packing of

the Pb(I1) compound is balanced by inter C-H---S interactions, as presented in Figure 3.19.

Figure 3.18: The molecular structure of bis(4-benzylpiperidine-1-carbothioato)-lead (1)
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Figure 3.19: Intermolecular (green lines) C—H---S interactions of [Pb(4-Bpip)2]

Table 3.3: Crystallographic data for bis(4-benzylpiperidine-1-carbothioato)-lead (1)

Compound [Pb(4-bpipdtc)]
Formula CosH32N2Pb Sy
Dcaic./ g cm3 1.724

pwmm-? 15.012

Formula Weight 707.96
Size/mm3 0.335x0.270 x 0.120
T/K 102(2)

Crystal System Monoclinic
Space Group C2/n

alA 25.5177(17)
b/A 9.1660(5)

c/A 12.0217(7)

o/ 90

B/ 104.015(4)
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v/ 90
V/IA3 2728.1(3)
Z 4
Onminl” 0.335
Omaxl’ 72.234
Measured Refl. 26753
Independent Refl. 2679
Reflections Used 123
Rint 0.0461
Parameters 150
Largest Peak 0.399
Deepest Hole -1.393
GooF 1.138
WR; (all data) 0.0563
WR> 0.561
R1 (all data) 0.0229
R1 0.0227

Table 3.4: Bond lengths and angles for bis(4-benzylpiperidine-1-carbothioato)-lead(Il)

Bond Lengths Bond Angles
Bond Length(A) Bonds Angle(®)
Pb1-S1 2.6614(7) S1-Pb1-S11 91.56(3)
Pb1-S11 2.6614(7) S1-Pb1-S21 84.75(2)
Pb1-S21 2.8778(8) S11-Pb1-S21 64.68(2)
Pb1-S2 2.8779(8) S1-Pb1-S2 64.68(2)
S2-C1 1.710(3) S11-Pb1-S2 84.76(2)
S1-C1 1.738(3) S21-Pb1-S2 136.31(3)
NI1-C1 1.323(4) C1-S1-Pbl 91.46(9)
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C1-S2-Pbl 84.94(9)
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CHAPTER FOUR

SYNTHESIS AND CHARACTERIZATION OF METAL SULFIDE
NANOPARTICLES

4.1 Introduction

Nano sized semiconductors have been explored among several classes of materials due to their
new features and possible application. With the decrease of dimension to the nanoscale range,
physical and chemical attributes of materials diverge from the bulk-3. The remarkable change in
characteristics of nanomaterials compared to the bulk is caused by two factors: a large surface area
to volume ratio, which favours surface and interface effects over volume effects, and an alteration
in electronic properties, which results in an increase in energy bandgap®. A great deal of work has
gone into controlling the size, shape, and crystallinity of these materials in order to tailor their
properties. The use of organometallic compounds for controlled synthesis of semiconductor
nanoparticles was introduced by Murray and colleagues®, however the harmful nature of the
starting materials necessitates the development of simpler and better synthetic approaches. As a
result, a single source precursor approach for the fabrication of semiconductor nanoparticles was
developed. This approach eliminates the usage of volatile and toxic chemicals at elevated
temperatures, resulting in nanomaterials with a uniform metal ion distribution at the molecular
level® 7. The goal of nanochemistry is to develop a low-cost, easy-to-manage, safe, and high-
yielding pathway to nanoparticle fabrication. Metal dithiocarbamate compounds are well-known
single-source precursors for metal sulfide nanoparticles synthesis® °. Amount of precursor,
temperature®, and capping agents® all have a significant impact on the structural properties of the

resulting nanoparticles. This chapter presents the use of Pb(Il) and Sn(ll) dithiocarbamate
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complexes as single-source precursor for the synthesis of PbS and SnS nanoparticles, the study of
the effect of precursor and capping agents on the morphology and optical properties of the as-
prepared nanoparticles and the characterization of the PbS and SnS nanoparticles by powder X-
ray diffraction (p-XRD), high-resolution transmission electron microscopy (HRTEM), scanning
electron microscopy (SEM), UV-Visible spectroscopy, photoluminescence (PL) and fourier-

transform infrared spectroscopy (FTIR).

4.2 Materials

4.2.1 Chemicals

Oleic acid, hexadecylamine, tri-n-octylphosphine, octadecylamine, trioctylphosphine oxide,
methanol were purchased from Sigma Aldrich and used without purification. The precursors
bis(morpholinyldithiocarbamato)Pb(ll), bis(thiomorpholinyldithiocarbamato)Pb(Il), bis(N-(2-
hydroxyethyl)phenyldithiocarbamato)Pb(ll), bis(4-methylpiperidinedithiocarbamato)Pb(Il) and
bis(4-benzylpiperidinedithiocarbamato)Pb(I1) were prepared and characterized as reported in

Chapters Two and Three.

4.2.2 Characterization techniques

4.2.2.1 UV-Vis spectroscopy

A Perkin Elmer Lamda 25 spectrophotometer was used to measure the absorption spectra of the
nanoparticles in the region of 200-700 nm. The samples were loaded in 1-centimeter quartz

cuvettes. The nanoparticles were dispersed in hexane for analysis.
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4.2.2.2 Photoluminescence Spectroscopy

The analysis was done on the florescence L45 Perkin Elmer equipped with Win lab software. The
samples were loaded in a 10 mm path length cuvette. The nanoparticles were dispersed in hexane
for analysis. The analysis was carried out at ambient condition at an excitation wavelength of 350

nm.

4.2.2.3 Powder X-ray diffraction

Powder X-ray diffraction method is used to determine the purity and crystallinity of a substance.
It is a straightforward approach based on the constructive interference of X-rays and material.
Powder X-ray diffraction (p-XRD) was performed on a Bruker D8 Advance using monochromatic

CuKa (A = 1.5406) radiation in the 20°-80° range.

4.2.2.4 Transmission Electron Microscopy (TEM)

The morphology and size distribution of nanomaterials are determined using transmission electron
microscopy (TEM). JEOL HRTEM-2100 was used to obtain images, lattice fringes, and selected

area electron diffraction (SAED) patterns of the nanoparticles.

4.2.2.5 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a useful tool for evaluating the surface features of
materials as well as revealing information about their chemical components. SEM micrographs
and EDX spectra were obtained from Zeiss EVO LS 15 scanning electron microscope equipped

with EDX INCA software.
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4.2.2.6 FTIR spectroscopy

This is used to determine which functional groups are present in the compounds. Data was
collected using an Agilent Cary 630 spectrometer with Agilent MicroLab PC 5.1.22. The
data processing for peaks and smoothing was done using ResolutionPro 5.0.0.395. The data was
collected using ATR Diamond-1 Bounce with 30 background scans and 30 sampling scans in the

range 4000 — 650 cm with a resolution of 4 cm™.

4.2.3 Synthesis of PbS nanoparticles

4.2.3.1 Synthesis of hexadecylamine capped PbS nanoparticles

PbS nanoparticles  were prepared from bis(morpholinedithiocarbamato)Pb(Il),
bis(thiomorpholinedithiocarbamato)Pb(I1) and bis(N-(2-
hydroxyethyl)phenyldithiocarbamato)Pb (1) complexes by adopting a literature procedure!!. Each
respective lead(ll) complex (0.3 g, 0.05 mmol) was dispersed in 5 mL oleic acid and injected into
3.0 g of hot HDA at 180°C and the temperature drop of about 15°C was observed. A constant
temperature of 180°C was maintained for a period of 1 h under the flow of nitrogen while stirring.
The mixture was cooled to room temperature and excess cold methanol was added to precipitate
the nanoparticles and remove excess HDA. The precipitates were separated by centrifugation and
washed with methanol and the resulting solid precipitates of HDA capped PbS nanoparticles were

dried at room temperature.
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4.2.3.2 Synthesis of hexadecylamine, octadecylamine and trioctylphosphine oxide capped

PbS nanoparticles

0.25 g of each bis(4-methylpiperidinedithiocarbamato)Pb(I1) and bis(4-
benzylpiperidinedithiocarbamato)Pb(Il) complex was dispersed in 1mL trioctylphosphine (TOP).
The resulting solution was introduced into hot 4 g of octadecylamine (ODA) in a three-necked
round bottom flask at 180°C under inert atmosphere. The mixture was allowed to stabilize at the
desired temperature after a 12—-18°C temperature drop, and then stirred for 1 h. The reaction was
allowed to cool to 70°C before adding cold methanol. The flocculate was then centrifuged for 30
minutes at 3500 rpm, with the supernatant decanted and washed several times to remove excess
ODA.To study the effects of capping agents, the same procedure was repeated

using hexadecylamine (HDA), and trioctylphosphine oxide (TOPO).

4.2.3.3 Synthesis of dodecylamine capped SnS nanoparticles

Each of the five Sn(ll) dithiocarbamate complexes (0.40 g) was dispersed in 2 mL of oleic acid
and injected into 2 g of hot dodecylamine in a three necked round-bottom flask. A temperature
drop of 8-13°C was noted, thereafter the temperature was allowed to stabilize at 180°C for 1 hour.

The resulting mixture was cooled to about 70°C and washed with methanol several times.

89



4.3 Results and discussion
4.3.1 Effect of precursor on structural and optical properties of PbS nanoparticles

4.3.1.1 Powder X-ray diffraction of PbS nanoparticles

Figure 4.1 showed the powder X-ray diffraction (XRD) patterns of as-prepared PbS NPs using
three different precursors at 180 °C. The diffraction patterns shows sharp peaks, indicating that
the particles are crystalline. The distinctive diffraction peaks correspond with the Bragg’s
reflections of the standard XRD lines of face-centered cubic rock-salt structure of PbS (JCPDS:
05-0592)?. The diffraction peaks at 20 values 30.22°, 35.06°, 39.57°, 46.94°, 50.44°, 59.92°,
62.85°, 74.09° correspond to reflections from (111), (200), (220), (311), (222), (400), (420) and
(422) diffraction planes. Furthermore, no peaks other than those related to PbS were found,
indicating the PbS nanoparticles formed in pure crystalline phase. The estimated particle sizes
were 27.99 nm for PbS1 prepared from bis(morpholinedithiocarbamato)Pb(Il), 24.51 nm for PbS2
prepared from bis(thiomorpholinedithiocarbamato)Pb(Il) and 31.74 nm for PbS3 prepared from

bis(N-(2-hydroxyethyl)phenyldithiocarbamato)Pb(Il)
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Figure 4.1: p-XRD patterns of HDA capped PbS1, PbS2 and PbS3 nanoparticles synthesized at

180°C.

4.3.1.2 High-resolution transmission electron Microscopy (HRTEM) studies of HDA capped

PbS1, PbS2 and PbS3 nanoparticles

The size, d-spacing, and crystalline/amorphous nature of the PbS nanoparticles were investigated
using HRTEM. Figure 4.2 shows high-resolution TEM (HRTEM) images, lattice fringes, and
SAED of PbS1, PbS2, and PbS3. The nanoparticles were synthesized using different precursors
while other reaction parameters were kept the same. The PbS nanoparticles are agglomerated, as

per the HRTEM images. PbS1, PbS2, and PbS3 nanoparticles all show semi-spherically shaped
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Figure 4.2: (a) HRTEM images, (b) lattice fringes and (c) SAED patterns of the PbS nanoparticles
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nanoparticles and some rectangular shaped particles for PbS2. However, the nanoparticles come
in different sizes with the diameter range of 16.55-35.16 nm for PbS1, 13.86-36.04 nm for PbS2,
and 25.43-36.06 nm for PbS3. PbS1 and PbS3 lattice fringes have a distinct space between the
planes of 0.30 nm, indicating the (200) reflection plane, while PbS2 lattice fringes have two d-
spacings of 0.35 and 0.31 nm, indicating the (111) and (200) planes, respectively. The concentric
rings observed on the selected area electron diffraction pattern imply crystalline nature of the
nanoparticles, as evidenced by the strong XRD diffraction peaks. The results show that the
precursor used influences the size, shape, lattice fringes and degree of crystallinity of the as-

prepared PbS nanoparticles produced.

4.3.1.3 Scanning electron microscopy studies of HDA capped PbS1, PbS2 and PbS3

nanoparticles

SEM micrographs of PbS nanoparticles (Fig. 4.3) revealed flaky, spherical, and rough surface
morphology for PbS1, PbS2, and PbS3, respectively, indicating that precursors have an influence
on morphological properties. The appearance of lead and sulfur in the EDX spectra confirms a
successful synthesis of lead sulfide nanoparticles. The surfactant and capping agents used are the

sources of the carbon and oxygen observed in the EDX spectra.
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Figure 4.3: SEM images of PbS1, PbS2 and PbS3 nanoparticles
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4.3.1.4 Fourier Transform Infrared Spectroscopy of HDA capped PbS1, PbS2 and PbS3

nanoparticles

|HDA
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PbS2

Transmittance (%)
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Figure 4.4: FTIR spectra of HDA capped PbS1, PbS2 and PbS3 nanoparticles

The HDA exhibits a peak at 3375 cm™ that broadened and shifted to 3315 cm™ in the spectra of
the lead sulfide nanoparticles, and this peak is attributable to v(N-H) from the hexadecylamine
(HDA). This distinct peak is the primary functional group of HDA, showing that the nanoparticles
successfully interacted with HDA®3. The FTIR spectra of the PbS nanoparticles exhibited strong
peaks at 2843 and 2907 cm™* for PbS1, 2851 and 2918 cm™ for PbS2 and 2843 and 2907 cm™ for

PbS3 which are attributed to asymmetric CH, and CHs; of the hexadecylamine capping agent*.
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The band at 1710 cm?, assigned to v(C=0) from the carboxylic group of oleic acid (OA), is absent
in the spectra of the PbS nanoparticles indicating that OA is not present on the nanoparticles'

surface as a capping agent.

4.3.1.5 Optical properties of HDA capped PbS nanoparticles

The absorption spectra of PbS nanoparticles prepared from three different precursors, emission
spectra, and their Tauc plots, are shown in Figure 4.5. The UV-Vis spectra of lead sulfide
nanoparticles exhibited sharp absorption bands at 285 nm for PbS1, 284 nm for PbS2 and 286 for
PbS3. The energy bandgap (eV) was calculated directly from the absorption spectra band edges
using Tauc's equation®®. Extrapolation of (ahv)? versus (hv) provided the band gap of the as-
prepared PbS nanoparticles, where o and hv denote the absorption coefficient and incident beam
frequency, respectively. The estimated band gap energies from Tauc plots for PbS1, PbS2, and
PbS3 are 2.48 eV, 3.06 eV, and 2.25 eV, respectively. The calculated band gap energy values are
higher than the 0.41 eV band gap of bulk PbS. The decrease in the crystallite size, which is
attributed to quantum confinement, may be responsible for the increase in the energy bandgap of
the as-prepared PbS nanoparticles. The photoluminescence of the PbS nanoparticles exhibit broad
emission peaks at 378 nm, which may be due to aggregation and electronic passivation of the

nanoparticles.
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Figure 4.5: UV-Vis, emission spectra and Tauc plot of PbS nanoparticles
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4.3.2 Effect of capping agents on structural and optical properties of PbS nanoparticles

4.3.2.1 Powder X-ray diffraction of PbS4 and PbS5 nanoparticles

Powder X-ray diffraction was used to study the structural properties of the as-prepared PbS
nanoparticles. The diffraction patterns of HDA, ODA, and TOPO capped PbS nanoparticles are
shown in Figure 4.6. The JCPDS file No. 5-0592 was used to identify the peaks!®, which
confirmed cubic crystalline phase of PbS. The diffraction patterns of PbS4 and PbS5 nanoparticles
are similar except that PbS4 does not contain (311) plane. The diffractograms of HDA-capped PbS
nanoparticles exhibited significant peaks at 20 values of 30.29°, 35.10°, 50.49°, 60.01°, 62.98°,
and 74.19°, which correspond to lattice planes (111), (200), (220), (311), (222), (400), (420) and
(422) respectively. The sharp peaks indicate the crystalline nature of the PbS nanoparticles. ODA-
capped PbS XRD patterns also revealed distinct peaks at 30.30°, 35.12°, 50.48°, 60.59°, 62.96°
and 74.14° which can be indexed to (111), (200), (220), (311), (222), (400), (420) and (422) planes
of PbS with JCPDS card No. 05-0592%7. Except for the absence of a (220) plane in ODA-PbS1,
the patterns are comparable. This could be due to slight difference in the PbS nanoparticles
morphology. p-XRD patterns of TOPO-capped nanoparticles were also indexed to the (111),
(200), (220), (311), (222), (400), (420) and (422) lattice planes. The peaks of TOPO-capped PbS

nanoparticles are broader compared to those of HDA and ODA-capped PbS nanoparticles.
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Figure 4.6: XRD diffraction patterns of PbS4 and PbS5 nanoparticles prepared from different

precursors and capped with HDA, ODA and TOPO.
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4.3.2.2 High-resolution transmission electron microscopy (HRTEM) studies of HDA, ODA

and TOPO capped PbS4 and PbS5 nanoparticles

Figure 4.7 shows HRTEM images of PbS4 and PbS5 nanoparticles prepared from bis(4-
methylpiperidine-1-carbodithioato)Pb(ll) and bis(4-benzylpiperidine-1-carbodithioato)Pb(ll),
respectively. The HRTEM images of HDA capped PbS4 and PbS5 nanoparticles shows
agglomerated cubic shaped particles with an average particle size of 58.88 nm for PbS4 and 66.52
nm for PbS5. The difference in the average particle sizes may be due to the different precursors
used. The sizes of HDA capped PbS nanoparticles obtained in this study are larger compared to
other HDA capped PbS nanoparticles in literature? 18-20 hut similar in shape. ODA capped PbS4
and PbS5 nanoparticles also show cubic shaped nanoparticles with some degree of agglomeration
and the mean particle size of PbS4 is 47.29 nm and 67.51 nm for PbS5. The average size range
and agglomerated cubic shaped ODA capped PbS nanoparticles obtained in this study are
comparable to that of PbS nanoparticles prepared from (N-phenyl piperazine dithiocarbamate)
lead(I11)?%. The HRTEM images of TOPO capped PbS4 and PbS5 nanoparticles show densely
packed agglomerates with some small spherical nanoparticles. The agglomeration observed could
be due to the increased steric hindrance of TOPO resulting in a low capping density for the
particles'® 22, The average particle sizes of TOPO-PbS4 and TOPO-PbS5 are 61.32 nm and 58.21
nm, respectively. The SAED patterns also show that the nanoparticles are crystalline which is in

agreement with the XRD patterns.
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Figure 4.7: HRTEM images and SAED patterns of HDA, ODA and TOPO capped PbS4 and PbS5

nanoparticles
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4.3.2.3 Scanning electron microscopy studies of HDA, ODA and TOPO capped PbS4 and

PbS5 nanoparticles

: 100pm L Electron Image 1 f 400pm ! Electron Image 1

TOPO-PbS5 -‘
I . - -

e

Electron Image 1

Figure 4.8: SEM images of HDA, ODA and TOPO capped PbS4 and PbS5 nanoparticles
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The surface of the nanoparticles was studied using scanning electron microscopy (SEM) and the
elemental composition of the PbS nanoparticles were confirmed with energy dispersive X-ray
(EDX). HDA capped nanoparticles show irregular densely packed agglomerates with smooth
surfaces. ODA-PbS4 shows scattered particles with rough surface morphology while ODA-PbS5
exhibits a solid smooth surface. TOPO-PbS4 shows a flaky surface whereas TOPO-PbS5 exhibit
small closely packed spherical surface morphology. The EDX patterns show lead and sulfur
confirming the formation of PbS nanoparticles. The additional peaks of carbon and gold observed

in the EDX spectra are due to the coating used for the analysis.

4.3.2.4 Fourier transform infrared spectroscopy of HDA, ODA and TOPO capped PbS4 and

PbS5 nanoparticles

The Infrared spectra were measured in the range of 4000 to 500 cm™L. The stretching vibrations of
TOPO-capped PbS were compared to the peaks of a clean TOPO spectrum. The peaks at 2915 and
2847 cm™ are assigned to the asymmetric and symmetric stretching vibrations of CH; of TOPO.
With the exception of the P=0 stretch, the spectra of PbS nanoparticles aligned with all of the
TOPO peaks in frequency. The stretching vibrational band of P=0 observed at 1145 cm™ in clean
TOPOZ shifted from 1145 cm™ to 965 cm™ in the spectra of PbS nanoparticles. The chemical
interactions of TOPO molecules with PbS nanoparticles occurred through the O atom of the P=0
group is responsible for the observed shift of this peak. The P=0 frequency shifts to a lower energy
after interactions with the PbS nanoparticles, signifying an electron density transition from P to O,
effectively reducing the frequency of the P=0 stretching mode, as a result, a lower absorption
frequency and red shift is observed?*. The asymmetric CH3 and CH> vibrations observed at 2916

cmtand 2849 cm in HDA-capped PbS nanoparticles spectra are attributed to HDA's alkyl chain.
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Figure 4.9: FTIR spectra of HDA, ODA, and TOPO capped as-prepared PbS4 and PbS5

nanoparticles.

The HDA characteristic peaks of N—H stretching vibrations at 3243 cm™* and bending vibrations

at 1630 cm™ indicate that PbS nanoparticles are capped through —NH2 group interactions?®.
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Furthermore, the absence of C-P stretching vibrations at 1170, 1010, and 1037 cm! confirms that
the PbS nanoparticles are free of TOP.?> ODA capped PbS nanoparticles and pure ODA spectra
were also compared. The spectra differ just slightly, implying that the PbS nanoparticles interact
with the capping agent. v(N—H) stretching vibrations are responsible for the three absorption
bands? present in the spectra of ODA at 3326, 3248, and 3166 cm™. The varied intensities of
stretching vibrations in the PbS nanoparticles spectra show that nanoparticles prepared from

different compounds interact with the capping agent in distinct ways.

4.3.2.5 Optical properties of HDA, ODA and TOPO capped PbS4 and PbS5 nanoparticles

The absorption spectra of the lead sulfide nanoparticles and their Tauc plots are presented in Figure
4.10. The UV-Vis spectra shows absorption bands at 261 nm for both HDA-PbS4 and HDA-PbS5.
Sharp absorption maxima were observed at 259 nm for ODA-PbS4 and 261 nm for ODA-PbS5.
The absorption spectra of TOPO capped PbS nanoparticles shows absorption band edges at 276
and 259 nm for PbS4 and PbS5, respectively. The intensity of absorption maxima was higher for
PbS4 nanoparticles than that of PbS5 nanoparticles for all capping agents. The energy band gaps
of the PbS nanoparticles was calculated using Tauc’s formula?’. HDA capped PbS nanoparticles
have the same absorption maxima but different band gap energies of 3.57 eV for PbS4 and 3.98
eV for PbS5. ODA-PbS5 has a band gap energy of 4.37 eV, whereas ODA-PbS4 has a higher
bandgap of 4.50 eV despite having absorption band at a lower wavelength than ODA-PbS5. The
same is observed for TOPO capped PbS nanoparticles with PbS5 having higher band gap energy
of 3.50 eV and a lower band gap energy of 3.43 eV for PbS4. The band gap energies indicate a

significant blue shift relative to bulk PbS (0.41 eV) as a result of quantum size effect?®,
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Figure 4.10: UV-Vis spectra and Tauc plots of HDA, ODA and TOPO capped PbS4 and PbS5

nanoparticles
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The emission spectra of PbS nanoparticles were recorded at excitation wavelength of 300 nm. The
PL spectra in Figure 4.11 showed broad emission peaks with varying intensities at 516 nm for all
PbS nanoparticles. This emission could be due to the recombination of electron-hole pair'®. The

PbS nanoparticles emission is blue shifted relative to bulk PbS.
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Figure 4.11: Emission spectra of HDA, ODA and TOPO capped PbS4 and PbS5 nanoparticles
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4.3.3 Effect of precursor on morphological and optical properties of SnS nanoparticles

4.3.3.1 Powder x-ray diffraction of SnS nanoparticles prepared from different precursors

Powder X-ray diffraction patterns of the as-synthesized SnS nanoparticles are presented in Figure
4.12. The peaks were indexed to the Herzenbergite orthorhombic structure of SnS (JCPDS: 39-
0354)2% %0 for all samples. The X-ray diffraction patterns for SnS1 showed eight broad peaks at 20
values of 21.07°, 30.94°, 33.03°, 39.57°, 44.08°, 49.16°, 60.60° and 68.76°. These correspond to
(110), (111), (040), (131), (141), (211), (250) and (080). The broad diffraction peaks indicate
smaller particle sizes. In the diffraction pattern of SnS2, a broad prominent peak is observed at 26
= 60.02° which correlates to the (250) reflection plane; three moderate intensity peaks at 26 =
30.99° (111), 33.02° (040) and 39.57° (131) and nine low intensity peaks at 26 = 25.95°, 44.54°,
46.28°, 49.18°,50.88°, 53.34°, 54.90°, 67.24° and 69.15° corresponding to (120), (141), (002),
(211), (151), (122), (231), (171) and (080), respectively. SnS3 diffractogram also showed peaks at
21.33°, 24.44°, 27.47°, 30.46°, 33.04°, 39.74°, 44.15°, 45.31°, 47.29°, 49.42°, 52.00°, 54.18°,
59.15° and 69.42° corresponding to (110), (120), (021), (111), (040), (131), (210), (141), (002),
(211), (151), (231), (250), and (080) planes. The presence of well-defined sharp peaks with
significant intensity suggests the crystallinity of pure SnS3 nanoparticles. SnS4 nanoparticles
showed nine broad peaks at 22.94°, 25.25°, 31.01°, 33.30°, 39.14°, 48.97°, 50.62°, 60.62° and
69.25° corresponding to (110), (120), (111), (040), (131), (211), (151), (250), and (080) planes,
respectively. The high intensity of the peaks may be attributed to the crystalline nature of the SnS
nanoparticles. SnS5 diffractogram exhibits two sharp and intense peaks at 33.10° and 58.88°
correlating to (040) and (042) planes and other broad peaks with low intensity at 20.01°, 28.79°,

31.01°,39.13°, 44.39°, 47.51°, 50.55°, 52.57°, 54.25°, 60.78°, 64.43°, 66.56° and 69.31°
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corresponding to (110), (101), (111), (131), (141), (002), (211), (122), (231), (250), (251), (157)
and (080). The peaks are slightly shifted to the left which may be due to the different precursor

used to prepare SnS5 nanoparticles.

4.3.3.2 Scanning electron microscope of SnS nanoparticles

Scanning electron microscopy images and energy dispersive spectroscopy EDS spectra of SnS
nanoparticles are presented in Fig. 4.13. The SEM image of SnS1 nanoparticles shows a moss-like
morphology with rough surface. SEM image of SnS2 nanoparticles shows smooth surface
morphology with some cracks with no distinct patterns. SnS3 nanoparticles SEM image shows
loosely stacked large particles with smooth surface morphology and some flaky agglomerates are
also observed on top and around the large particles. SEM image of SnS4 reveals a mixture of big
and small sized irregular shaped nanoparticles with smooth surface and no distinct arrangement is
observed. SnS5 nanoparticles SEM image shows asphalt crush-like morphology with rough
surface. The SEM images revealed varying morphology due to the different precursors used in the
synthesis of SnS nanoparticles. EDS spectra shows the presence of Au, C, O, Sn and S elements
indicating the successful synthesis of SnS nanoparticles with capping agent. The C and O atoms
observed are from the dodecylamine and oleic acid used to prepare the SnS nanoparticles and the

Au is from the coating used for analysis.
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Figure 4.13: SEM images of SnS nanoparticles prepared from different precursors
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4.3.3.3 Fourier transform infrared spectroscopy of dodecylamine capped SnS nanoparticles
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Figure 4.14: FTIR spectra of (a) dodecylamine and (b) dodecylamine capped SnS nanoparticles
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FTIR spectra of pure dodecylamine and SnS nanoparticles were compared. Dodecylamine
spectrum (Fig. 4.14(a)) exhibits two weak bands at 3367 and 3294 cm™ ascribed to v(N—H)
stretching vibrations®!. These bands are not visible on the SnS nanoparticles spectra (Fig. 4.14(b)),
suggesting that the interaction of the capping agent and SnS nanoparticles occurred through the —
NH2 group of dodecylamine. The asymmetric and symmetric C—H stretching vibrations of
dodecylamine are observed at 2916 and 2842 cm-! and are also evident but shifted to 2911 and
2847 cmt in the spectra of SnS nanoparticles. Pure dodecylamine spectrum also shows N— H and
C-H bending bands at 1600 and 1466 cm™, respectively, which were shifted by 26 and 9 cm™ to
lower wavenumbers in the spectra of SnS nanoparticles. The significant peaks evident in the
spectra of SnS nanoparticles indicate the presence of dodecylamine on the surface of the SnS

nanoparticles.

4.3.3.4 Optical properties of SnS nanoparticles

Figure 4.15 shows absorption and emission spectra of SnS nanoparticles. UV-Vis spectra shows
absorption bands at 250 nm for SnS1 and SnS3, 248 nm for SnS2 and 254 nm for SnS4 and SnS5.
The fluorescence spectra of the as-prepared SnS nanoparticles recorded at excitation wavelength
of 350 nm show a red-shift compared to the absorption band edges. SnS1 shows a broad emission
peak at 425.5 nm, while SnS2 shows a sharp emission at 462 nm and SnS3, SnS4 and SnS5 all
show a strong emission at 516.5 nm and these may be attributed to tin and sulfur vacancies
associated to interstitial defects®2. The absorption band edges were used to calculate the band gap
energies of the as-prepared SnS nanoparticles using Tauc formula®® and the Tauc plots are

presented in Figure 4.16.
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Figure 4.15: UV-Vis and emission spectra of SnS nanoparticles
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The highest bandgap energy of 3.97 eV was obtained for SnS2, while the lowest bandgap energy
of 3.42 eV was obtained for SnS3 and the band gap energies of SnS1, SnS4 and SnS5 are 3.85 eV,
3.82 eV and 3.60 eV, respectively. The SnS nanoparticles prepared from bulky precursors have a
smaller energy bandgap compared the ones prepared from small sized precursors. The direct
bandgap energies show a significant blue-shift relative to bulk SnS (1.5 eV) 3, indicating a

quantum size effect in SnS nanoparticles.
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Figure 4.16: Tauc plots of SnS nanoparticles prepared from different precursors
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CHAPTER FIVE

PHOTOCATALYTIC STUDIES OF PbS AND SnS NANOPARTICLES

5.1 Introduction

The concentration of hazardous organic substances in storm and wastewater effluent is the
main hurdle to general acceptance of water treatment technology®. Furthermore, the diversity,
toxicity, and persistence of hazardous organic contaminants can have a significant effect on
ecological sustainability and danger to human health through contaminated water supply? 3. As
a result, achieving effective removal of persistent organic pollutants from wastewater effluents
to reduce the danger of pollution concerns from such harmful chemicals while still allowing
reuse has become a difficulty. As a result, significant work has gone into finding a purification
technology that can effectively remove these bio-recalcitrant organic pollutants. They are
found in low quantity in secondary wastewater effluents, rivers, and lakes due to inadequate
removal during water treatment. These pollutants pose substantial health issue despite their low

concentrations due to their exceptionally high endocrine disrupting ability and genotoxicity*.

Recent studies showed that advanced oxidation processes (AOPs) which focuses on the uses
of photocatalysts are beneficial, and that this technology facilitates the complete mineralization
of organic compounds into harmless CO, and H;O under atmospheric conditions®”.
Furthermore, AOPs produce hydroxyl radicals, which are the primary oxidizing agents that can
eliminate even non-biodegradable organic molecules from the wastewaters® °.
Photodegradation of organic pollutants has sparked a great deal of interest in recent research
due to the obvious advantages it has over conventional methods%-!2, It is also seen as a green

and sustainable solution for a better future of the environment, as it primarily involves
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oxidative decomposition and wastewater purification!31>, Numerous photocatalytic systems,
such as metal chalcogenides, have developed as effective photocatalysts for
photodegradation of organic dyes in the recent couple of decades'®. This chapter contains the
photocatalytic degradation studies of methylene blue, rhodamine B, phenol, and brilliant green
dyes by the PbS and SnS nanoparticles and the evaluation of the effect of irradiation time, pH

and recyclability of the as-prepared PbS and SnS nanoparticles.

5.2 Experimental

5.2.1 Effect of irradiation time for PbS nanoparticles

PbS nanoparticles were utilized as photocatalysts to degrade methylene blue dye. The
experiment was carried out in a continuous swirling OSRAM VIALOX 70 W incandescent
mercury lamp. To achieve the adsorption-desorption equilibrium, 5 mg of PbS NPs were
introduced to 4 mL of dye solution (10 mg L) and sonicated for 30 minutes before stirring in
the dark for 60 minutes. The solutions irradiated with UV light and a sample was taken at
regular intervals and the absorbance was measured using a UV-Vis spectrophotometer to
evaluate the degradation of methylene blue. The -equation belowwas used to

determine photocatalytic degradation percentage.

D= % x 100% (1)

t

where D is the degradation efficiency, Co is the absorbance at t=0 of the dye solution, and Ct is

the final absorbance.

The kinetics were determined from the pseudo-first order, of the Langmuir-Hinshelwood

model as shown in Eq (2).
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In(Ci/Co) = -kt @)

where Co is the concentration of the dye solution at t=0 and Ct is the concentration after
photodegradation time t, and k is the pseudo-first-order rate constant. To establish the rate of

the reaction from the slope of the straight lines, a graph of In(C+/Co) against time was plotted.

5.2.2 Effect of pH on photocatalysis of PbS nanoparticles

10 mg powdered dye was dissolved in 1000 mL distilled water to make a 10 mg/L methylene
blue solution. The pH of the solution was measured with a pH meter, where 0.1 M HCl or 0.1
M NaOH was introduced dropwise into the dye until the desired pH was reached. Each vial
was filled with 5 milligram of PbS nanoparticles and 4 mL of acidic/basic dye solution. In
order to reach adsorption-desorption equilibrium, the solutions were sonicated for 30 minutes
and then swirled in the dark for 60 minutes. The dye solutions were subjected to UV irradiation
and samples were collected at regular intervals and the photodegradation of the dye was

determined by UV-Vis spectrophotometer.

5.2.3 Recyclability

The photocatalyst was recycled 4 times to evaluate its reusability. To do this, the photocatalyst
was filtered and rinsed with distilled water after each run and then dried in a 100 °C oven for

3h.
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5.3 Photocatalytic degradation of methylene blue dye by PbS1, PbS2 and PbS3

nanoparticles

5.3.1 Effect of irradiation time on methylene blue degradation by the PbS nanoparticles

Under UV light irradiation for 30, 60, 90, 120, 150, and 180 minutes, the photocatalytic
degradation efficiencies of PbS nanoparticles were investigated for the removal of methylene
blue dye (MB). The change in methylene blue dye absorption maxima peak at 664 was used to
determine the dye degradation. Figure 5.1 showed that the absorption maxima of methylene
blue decreases as irradiation time is increased. At 180 minutes, dye degradation efficiencies
for PbS1, PbS2, and PbS3 are 72.55%, 75.86%, and 47.37%, respectively. The size, degree of
crystallinity, and bandgap of the three PbS nanoparticles all differ significantly. PbS2 has
higher photocatalytic activity than PbS1 and PbS3, which could be attributed to their smaller
particle sizes. The smaller the size of the nanoparticles, the larger the surface area, which
translates to more accessible surface-active sites!’. The particle size, shape, and high rate of
electron-hole pair recombination in PbS3 could be the reason for its poor degradation
efficiency. Previous studies have demonstrated that the surface area of a catalyst influences its
photodegradation efficiency® '8, particles with bigger particles sizes have a high rate of
electron-hole recombination due to the huge number of free charges present, resulting in a

decrease in photocatalytic efficiency.
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Figure 5.1: Absorption spectra for methylene blue degradation by PbS nanoparticles
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5.3.2 Kinetics of photocatalytic degradation of methylene blue by PbS1, PbS2 and PbS3

nanoparticles

When the data was fitted to various kinetic models and the coefficients (R?) were compared, it
was observed that the degradation kinetics followed pseudo-first order, of the Langmuir-
Hinshelwood model*°. To establish the rate of the reaction from the slope of the linear plot, a
graph of In(C/Co) against time was plotted, as shown in Fig. 5.2(b). The calculated rate
constant for the nanoparticles are 0.0073 min for PbS1, 0.0082 min-! for PbS2, and 0.0040
min for PbS3. The study revealed that PbS2 has the fastest reaction rate than PbS1 and
PbS3. According to the pseudo-first order equation, photodecomposition of methylene blue
dye is more reliant on the interactions on the surface of the PbS nanoparticles; thus, a large
surface area provides high photocatalytic activity due to the greater contact area with the

methylene blue dye solution.
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5.3.3 Effect of pH on photocatalytic degradation of methylene blue by PbS1, PbS2 and

PbS3 nanoparticles

The influence of pH on degradation efficiency was studied in acidic pH 4, neutral pH 6.5, and
alkaline pH 10 conditions, with the results shown in Figure 5.3 In acidic dye solution, the
photocatalytic degradation efficiency of PbS1 is 30.63%, PbS2 is 48.88% and PbS3 is 17.69%.
The low photocatalytic degradation efficiencies could be attributed to the concentration of
protons, which hinder methylene blue degradation. On the other hand, due to the high hydroxyl
concentration in solution, which leads to the generation of hydroxyl radical as an efficient
oxidizer of organic pollutants?®-?2, In alkaline medium degradation efficiencies are 85.29% for

PbS1, 81.62% for PbS2, and 74.92% for PbS3.
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Figure 5.3: Effect of pH on methylene blue photocatalytic decomposition by PbS1, PbS2 and

PbS3 nanoparticles
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5.3.4 Recyclability of PbS nanoparticles

o | N
. f\\ \\'\. N\
]\ \ \
NN\
< N\ N

0.4 = =
0 100 200 300 400 500

Time (min)

—=— PbS1

C/C,

C/C,

—
-
e

T T T T T
(1] 100 200 300 400 500

Time (min)

1.0 [

U AU

0.8

C/C,
_—
e

0.7
u

|\

o — .
T -\. T T T T
0 100 200 300 400 500

Time (min)

Figure 5.4: Recyclability studies of methylene blue degradation by PbS1, PbS2 and PbS3

nanoparticles
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To examine the stability of the PbS nanoparticles, they were all subjected to multiple methylene
blue dye degradation experiments. The recyclability results are shown in Fig. 5.4, and the data
reveals that PbS1 and PbS2 nanoparticles may be efficiently reused three times with no
substantial decrease in activity during three cycles. The loss of the photocatalyst during the
separation process could explain the minor drop in degradation percentage as the number of
cycles increase. PbS3 is the least active and stable of the three PbS nanoparticles, with

significant changes in degradation percentages found throughout all cycles.

5.4 Photocatalytic degradation of rhodamine B by PbS4 and PbS5 nanoparticles

5.4.1 Effect of irradiation time rhodamine B by the PbS nanoparticles

In the photocatalytic study of HDA, ODA, and TOPO capped PbS4 and PbS5 nanoparticles,
the rhodamine B dye was used as an organic contaminant. Figure 5.5 illustrates the absorption
of rhodamine B over time. The absorption spectra revealed that the absorption maxima of
rhodamine B at 553 nm decreased with time. The photodegradation efficiency was determined
using equation (1). The findings indicate that after 360 min, only about 46% of the dye was
decomposed. The photodegradation efficiency by the PbS nanoparticles followed the order
ODA-PbS5 > TOPO-PbS4 > TOPO-PbS5 > HDA-PbS5 > HDA-PbS4 > ODA-PbS4. Previous
studies have indicated that pure PbS nanoparticles have a low degradation efficiency due to
poor separation efficiency, resulting in electron-hole pair recombination?® 24, which is
consistent with the results obtained in this study. The enhanced performance of ODA-PbS5
nanoparticles may be ascribed to effective absorbance of rhodamine B due to surface atoms
with unsatisfied valences?. These results are comparable to recent study of oleic acid-PbS and
octadecylamine-PbS nanoparticles prepared from bis(phenylpiperazine

dithiocarbamato)lead(11)2.
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5.4.2 Kinetics of photocatalytic degradation of rhodamine B by PbS4 and PbS5

nanoparticles

Figure 5.6 (b) shows the In(Co/Ct) plot where the slope of the curve is equivalent to the
rate constant (k), indicating a linear correlation with irradiation time. ODA-PbS4 has the
highest rate constant of 0.0015 min? indicating higher photocatalytic activity?’, which

correlates with the degradation efficiency curve in Figure 5.6 (a).
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Figure 5.6: (a) Effect of time on Rhodamine B degradation (b) kinetic plot of rhodamine B

using HDA-PbS, ODA-PbS and TOPO-PbS as photocatalysts.
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Table 5.1 shows the percentage degradation efficiencies, rate constants, and correlation
coefficients (R?) calculated from the graphs in Figure 5.6. The high correlation coefficients
(>0.90) indicate that the photodegradation of rhodamine B follows the pseudo-first-order
kinetics?®. Despite having somewhat comparable degradation efficiencies, the photocatalysts

exhibit distinct rates of rhodamine B photodegradation.

Table 5.1: Percentage degradation of rhodamine B, rate constants and correlation coefficients

using PbS4 and PbS5 nanoparticles

Compound Degradation (%) | Rate constant (min) R?

HDA-PbS4 36.28 0.00121 0.98249
HDA-PbS5 34.22 0.00112 0.98516
ODA-PbS4 46.71 0.0015 0.93964
ODA-PbS5 28.75 8.75x10* 0.97162
TOPO-PbS4 30.71 9.25x10* 0.9826
TOPO-PbS5 31.17 0.00105 0.95905

5.4.3 Effect of pH on photocatalytic degradation of rhodamine B by PbS4 and PbS5

nanoparticles

Figure 5.7 illustrates the influence of the pH of the solution on the photocatalytic efficiency of
the PbS nanoparticles. Measurements were carried out in acidic pH 4, neutral pH 6.5, and basic
pH 10 conditions at a fixed concentration. Variation of the solution pH affects the number of

available adsorption sites on the catalyst?®. The charge of the contaminants and the catalyst, as
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Figure 5.7: Effect of pH on rhodamine B photocatalytic degradation by HDA, ODA and TOPO

capped PbS4 and PbS5 nanoparticles

well as the rate of adsorption on the catalyst active sites, can also be affected by the pH of the
medium. It is apparent that as the pH increases, the efficiency of rhodamine B degradation
increases. In acidic medium, the dye exists in the cationic form (RhB*)%. Repulsive forces

between RhB and the photocatalysts may develop as a result, which decreases the
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photodegradation rate. As pH increases, RhB* deprotonates and generate the zwitter ion. In
addition, basic medium may promote the production of hydroxyl radicals, which causes
breakdown through oxidation process by the hydroxyl radical. All these factors promote the

photodegradation of rhodamine B by the as-prepared PbS nanophotocatalysts.

5.4.4 Reusability of PbS4 and PbS5 nanoparticles
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Figure 5.8: The reusability of HDA, ODA and TOPO capped PbS4 and PbS5 photocatalysts
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To investigate the photostability of as-prepared PbS photocatalysts, their photocatalytic
activities were further evaluated by recycling them in the repeated rhodamine B dye
degradation experiments. As shown in Figure 5.8, 35.08%, 44.78%, 29.44%, 32.31%, 26.86%,
and 30.66% of rhodamine B dye has been degraded after 360 minutes by HDA-PbS4, ODA-
PbS4, TOPO-PbS4, HDA-PbS5, ODA-PbS5, and TOPO-PbS5, respectively on the fourth
cycle. This marks a difference of 0.51-1.93% from the first cycle. The slight decrease in
photocatalytic activity of the PbS nanoparticles due to the reduced number of active sites on

the surface of the photocatalysts3..

5.5 Photocatalytic degradation phenol by PbS4 and PbS5 nanoparticles

5.5.1 Effect of irradiation time on phenol degradation by the PbS nanoparticles

Irrespective of the type of photocatalyst used, there is an increase in the amount of phenol
degraded over time as shown in Figure 5.9. ODA-PbS4 showed the highest photocatalytic
compared the others with a degradation efficiency of 32.84%. The poor photodegradation
efficiencies observed in all the PbS nanoparticles could be attributed to the stability of the
phenol molecule and the morphology of the nanoparticles. The photocatalytic degradation
efficiency of ODA-PbS4 may be attributed to the minimized recombination of electron-hole
pair as evidenced by the lower photoluminescence signal obtained for the compound in

comparison to the others®,
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Figure 5.9: Absorption spectra of photodegradation of phenol by HDA, ODA and TOPO

capped PbS4 and PbS5 nanoparticles
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5.5.2 Kinetics of photocatalytic degradation of phenol by PbS4 and PbS5 nanoparticles

The photodegradation of phenol was found to obey a first-order reaction rate law with a good

correlation value (R?) close to 1 (Table 5.2). The degradation rate constant, k, was computed

using the first-order plot (Eq. 2), and the reaction rates were found to be in the range of 2.9x10"

410 1.02x10 minL. The rate of reaction in the case of ODA-PbS4 is 3.5 times greater than that

of ODA-PbS5.
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Figure 5.10: Phenol degradation efficiency curve (a) and kinetic plot (b) of phenol using HDA,

ODA and TOPO capped PbS4 and PbS5 nanoparticles.
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Table 5.2: Percentage photodegradation of phenol, rate constants and correlation coefficient

using PbS4 and PbS5 nanoparticles

Compound Degradation (%) | Rate constant (min-) R?

HDA-PbS4 24.21 7.51x104 0.95097
HDA-PbS5 2341 7.35x10* 0.98419
ODA-PbS4 32.84 1.02x10°3 0.97622
ODA-PbS5 11.61 2.93x10* 0.91296
TOPO-PbS4 21.24 7.27x10* 0.96805
TOPO-PbS5 23.02 7.23x10* 0.95286

5.5.3 Effect of pH on phenol photodegradation by PbS4 and PbS5 nanoparticles

The solution pH has a significant impact on adsorption and absorption because of its effect on
the surface characteristics of the adsorbent®?. The pH of the media used for the experiment was
setat pH 4, pH 6.5 and pH 10 to investigate the effect of pH on the photocatalytic degradation
of phenol. Adsorption investigations for all nanoparticles were carried out at various initial pH
values of the phenolic aqueous medium, revealing that the photocatalysts favourably adsorb
the phenol in alkaline medium over neutral media (Fig. 5.11). The phenoxy radical is generated
at pH levels greater than phenol's pKa, resulting in the rapid production of hydroquinone as a
key intermediary species. The produced phenoxy radical has also been shown to polymerize
yielding dimeric compounds®® 34, Nonetheless, the created HO* radicals have a substantially
stronger oxidizing potential than the generated intermediate product, resulting in enhanced

phenol degradation.
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5.6 Photocatalytic degradation of brilliant green dye by SnS nanoparticles

5.6.1 Effect of irradiation time
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Figure 5.12: Brilliant green photocatalytic degradation absorption spectra using SnS

nanoparticles as photocatalysts.
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The photocatalytic degradation of the as-prepared SnS nanoparticles were investigated using
brilliant green dye. The absorption spectra in Figure 5.12 show that the concentration of
brilliant green decreased as the irradiation time increased, the characteristic absorption peak
was lowered by more than 90% after 120 minutes. This could be due to the high surface area,
which allows for more trapping sites on the surface of the nanoparticles, lowering the
conduction band and increasing the transport of photogenerated electrons to the trapping site3°.
SnS4 nanoparticles shows the highest photodegradation efficiency of 93%. The difference in
the particle size and shape of the SnS nanoparticles could be responsible for the different
photodegradation efficiencies observed in the study. SnS nanoparticles have been used in the
photocatalytic degradation of rhodamine B and showed complete degradation after 90 min®¢,
while SnS nanofibres degraded 92.55% of rhodamine B after 200 min under ultraviolet
irradiation®”. Degradation efficiency of 93.14% was obtained against methylene blue by
oleylamine-SnS nanoparticles prepared from tin(ll) diallyl dithiocarbamate®. The highest
photocatalytic efficiency of brilliant green obtained in this study is similar to that of SnS

nanoparticles prepared from a different single precursor.

5.6.2 Langmuir-Hinshelwood kinetic model for the photocatalytic degradation of brilliant

green dye by SnS nanoparticles

The Langmuir-Hinshelwood kinetic model was used to analyse the rate of photocatalytic
degradation of brilliant green with relation to irradiation time in the presence of SnS
nanoparticles as photocatalyst. Figure 5.13(a) shows the ratio of concentration relating to
irradiation duration, which shows a decline with time. As shown in the Figure, SnS3 and SnS5

are observed to be almost constant from 80 min to 120 min and the same is observed
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for SnS1 at 100 min to 120 min. The natural logarithm of Ci/Co vs irradiation duration was
plotted which revealed a linear association (Figure 5.13(b)), and the calculated rate constants
are 0.02364 min* for SnS1, 0.02360 min-* for SnS2, 0.02305 min-! for SnS4, and 0.02430 min-

! for SnS3 and SnS5. These are consistent with the photodegradation efficiency curve shown

in Figure 5.13(c).
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Figure 5.13: Effect of time on photocatalytic degradation of brilliant green by SnS

nanoparticles (a), photocatalytic degradation kinetics (b) and degradation efficiency curve (c).
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5.6.3 Effect of pH on photocatalytic degradation of brilliant green by SnS nanoparticles

The pH of the dye solution has a significant impact on adsorption capacity because it alters the
stability, colour intensity, and amount of dye molecule decomposed®. The results show that
the photodegradation of the brilliant green dye increase with increasing pH, as seen in Fig.
5.14. However, only an increase of 1.63-4.70% is observed between the neutral and basic
conditions. This may be the result of brilliant green structural instability at higher pH*. The
difference in photocatalytic degradation percentage as a function of pH can also be understood
by considering pKa of brilliant green. When the pH of the medium is lower than the pKa of
brilliant green, surplus H* ions compete for accessible adsorption sites of nanoparticles with
bulky brilliant green molecules. Therefore, the adsorption sites are saturated with H* ions rather
than brilliant green molecules, causing a drop in the amount of brilliant green absorbed. The
rivalry for H* ions adsorption disappears when the pH rises from acidic to neutral, as the
concentration of H* ions decreases. At neutral pH, practically all adsorbent surface are free for
the adsorption of brilliant green molecules. A reduction in adsorption may occur at pH levels
greater than 6.5 due to increasing OH ion concentrations, which can hinder brilliant green

molecule adsorption®°.
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Figure 5.14: Effect of pH on brilliant green photocatalytic degradation by SnS

5.6.4 Recyclability of SnS nanoparticles

The reusability and stability of photocatalysts make them very appealing for practical
applications. As a result, photocatalytic degradation of brilliant green was carried out for five
cycles at neutral pH under UV irradiation. The reusability of SnS nanophotocatalysts is
depicted in Figure 5.15. The results show that after five consecutive photodegradation cycles,
the photocatalytic activity of the SnS nanoparticles decreases by 0.83 — 2.97%. This
demonstrates that the SnS photocatalysts are stable for five cycles, indicating that it has a high

potential for use in practical water treatment.

143



I sns1

- I sns2
100 A [ ]sns3
[ ]sns4
I sns5
80 -
S
S 60
s
©
o
§ 40 -
20 -
O -
1st 2nd 3rd 4th 5th
Cycle

Figure 5.15: The recyclability of SnS nanophotocatalysts
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION FOR FURTHER STUDIES

6.1 Conclusions

The aim of this study was to prepare PbS and SnS nanoparticles from Pb(Il) and Sn(ll)
dithiocarbamate single source precursors, study their optical and structural properties and
evaluate the potentials as photocatalysts for degradation of organic dyes. Five dithiocarbamate
ligands were prepared from morpholine, thiomorpholine, N-(2-hydroxyethyl)aniline, 4-
methylpiperidine, 4-benzylpiperidine. The absorption spectra of the dithiocarbamate ligands
showed n—m* transitions that are attributable to the N-C=S and S-C=S groups as well as n—n*
of the sulfur atoms. *H and 3C NMR were used to characterize the ligands. The relevant peaks
confirming the number of protons for each ligand were observed on the *H NMR spectra and
the carbon resonance at about 200 ppm confirming the presences of the C—S in the ligands
was observed on the carbon-13 spectra. Two peaks ascribed to C-S and C=S were observed in
the FTIR spectra of ligands. The characterization methods used confirmed the successful

synthesis of dithiocarbamate ligands.

Five lead(Il) and five tin(ll) dithiocarbamate complexes were synthesized from the ligands.
The synthesis of the complexes from the ligands was verified by the appearance of MLCT
peaks on the UV-Vis spectra for all complexes. Two structures of two lead(ll) complexes were
also confirmed by X-ray crystallography, namely bis(4-methylpiperidine-1-carbothioato)-
lead(1l)and bis(4-benzylpiperidine-1-carbothioato)-lead(ll) and they crystallized in monoclinic
C2/c and monoclinic C2/n space groups, respectively. The structures of the compounds

revealed monomeric lead(lIl) complexes with lead(ll) ions bonding to two dithiocarbamato
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anions forming a distorted tetrahedral shape. The FTIR spectra revealed all of the significant
functional groups anticipated from dithiocarbamate molecules, including C-S, C=S, and N-CS
vibrations. The FTIR analysis also demonstrated that the dithiocarbamate ligands are

bidentately coordinated to the Pb and Sn ions.

Five SnS nanoparticles were prepared from bis(morpholinyldithiocarbamato)Sn(ll),
bis(thiomorpholinyldithiocarbamato)Sn(ll), bis(N-(2-
hydroxyethyl)phenyldithiocarbamato)Sn(ll),  bis(4-methylpiperidinedithiocarbamato)Sn(ll)
and bis(4-benzylpiperidinedithiocarbamato)Sn(Il). The complexes were all thermolyzed at 180
°C to study the influence of precursor on the optical properties and morphology of the SnS
nanoparticles produced. Powder-XRD was used to study structural properties of the SnS
nanoparticles and they were all indexed to orthorhombic SnS phase, this suggests that the
precursor had no effect on the phase of the nanoparticles. The optical studies show SnS1, SnS2,
SnS3, SnS4 and SnS5 with band gap energies of 3.85 eV, 3.97 eV, 3.42 eV, 3.82 eV and 3.60
eV, respectively. All the nanoparticles were quantum confined and SnS nanoparticles made
from bulky precursors have a narrower energy bandgap than those prepared from small sized
precursors. SEM images showed nanoparticles surface morphology varying from smooth,
irregular, rough and asphalt crush-like. This suggests that the precursor has an effect on the

morphology of the SnS nanoparticles.

Three Pb(Il) dithiocarbamate complexes, namely bis(morpholinyldithiocarbamato)Pb(ll),
bis(thiomorpholinyldithiocarbamato)Pb(Il) and bis(N-(2-

hydroxyethyl)phenyldithiocarbamato)Pb(l1), were thermolyzed at 180°C and used to study the
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effects of precursor on size, shape and optical properties of the PbS nanoparticles. HRTEM
images show agglomerated semi-spherical particles with the size range of 16.55-35.16 nm for
PbS1, 13.86-36.04 nm for PbS2 and 25.43-36.06 nm for PbS3. The SEM micrographs revealed
flaky, spherical to rough surface morphologies for the as-prepared PbS nanoparticles. The
precursor has an effect on the sizes of the PbS nanoparticles obtained but not on the shape. The
p-XRD patterns for all the PbS nanoparticles are indexed to face-centered cubic phase of PbS.
This suggests that precursor had no effect on the phase of the nanoparticles. The optical studies
show PbS1, PbS2 and PbS3 with energy band gap of 2.96 eV, 3.59 eV, and 3.83 eV,
respectively. The nanoparticles are quantum confined and the precursor has an effect on optical
properties of the PbS nanoparticles. It is observed that the band gap of the PbS nanoparticles

increases with an increase in the molecular weight of the precursor.

Two lead(ll) dithiocarbamate complexes, (bis(4-methylpiperidinedithiocarbamato)Pb(Il) and
bis(4-benzylpiperidinedithiocarbamato)Pb(Il)) were also thermolyzed at 180°C and used to
study the effect of three different capping agents, hexadecylamine (HDA), octadecylamine
(ODA) and (trioctylphosphine oxide (TOPO), on size, shape and optical properties of the PbS
nanoparticles. The HRTEM images of HDA and ODA capped PbS nanoparticles show
agglomerated cubic shape with average particle size of 58.88 nm for HDA-PbS4, 66.52 nm for
HDA-PbS5, 47.29 nm for ODA-PbS4 and 67.51 nm for ODA-PbS5. TOPO capped
nanoparticles show closely packed agglomerates with mean size of 61.32 nm for PbS4 and
58.21 nm for PbS5. SEM images revealed irregular, densely packed flakes, smooth, closely
packed spherical and rough surface morphologies. The structural studies show that the shape
of the PbS nanoparticles is dependent on the capping agent and not on the precursor, while the

particle size is dependent on the precursor used. The p-XRD patterns of the all as-prepared PbS
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nanoparticles are indexed to the face-centered cubic phase of PbS. The capping agents have no
effect on the phase of the PbS nanoparticles. The optical studies show the highest bandgap
energy of 4.50 eV was obtained for ODA-PbS4, while the lowest bandgap energy of 3.43 eV
was obtained for TOPO-PbS4 and the band gap energies of HDA-PbS4, HDA-PbS5, ODA-
PbS5 and TOPO-PbS5 are 3.57 eV, 3.98 eV, 3.47 eV and 3.50 eV, respectively. The optical
studies suggest quantum confinement and the energy band gaps of the nanoparticles are all
different with no apparent trend. Therefore it can be concluded that the Pb(Il) and Sn(ll)
dithiocarbamate complexes used in this study are effective single-source precursors for the

fabrication of PbS and SnS nanoparticles.

The PbS1, PbS2 and PbS3 nanoparticles were used as photocatalysts for the degradation of
methylene blue dye under UV irradiation for 180 min. The photodegradation of methylene blue
dye by the PbS nanoparticles show degradation efficiency of 72.55 %, 75.86 % and 47.37 %
for PbS1, PbS2 and PbS3, respectively. There is correlation between the degradation
efficiencies observed and morphological properties of the PbS nanoparticles. The degradation
of methylene blue follow pseudo-first order kinetics of the Langmuir-Hinshelwood model with
the rate constants of 0.0073 min-! for PbS1, 0.0082 min! for PbS2, and 0.0040 min for PhS3.
An increase in degradation efficiency is observed as the pH of the medium increases. Low
degradation percentage of 30.63% (PbS1), 48.88% (PbS2) and 17.69% (PbS3) is observed in
acidic medium of pH (4) and high degradation efficiency of 85.29% (PbS1), 81.62% (PbS2)
and 74.92% (PbS3) is observed in alkaline medium of pH (10). The recyclability study revealed
that PbS1 and PbS2 nanoparticles have good photostability and can be recycled for three times,

whereas PbS3 is the least active and has low photostability.
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The photocatalytic properties of PbS4 and PbS5 nanoparticles was studied by degradation of
rhodamine B dye under UV-irradiation for 360 min. The photocatalytic studies show the lowest
degradation efficiency of 28.75 %was obtained for ODA-PbS5, while the highest degradation
efficiency of 46.71% was obtained for ODA-PbS4 and the degradation efficiencies of HDA-
PbS4, HDA-PbS5, TOPO-PbS4 and TOPO-PbS5 are 36.28%, 34.22%, 30.71% and 31.17%,
respectively. The degradation efficiencies observed relate to the structural properties of the as-
synthesize PbS nanoparticles. The photocatalytic degradation of rhodamine B follows the
pseudo-first-order kinetics with ODA-PbS4 having the fastest rate of 0.0015 min™.
Degradation of rhodamine B is favourably influenced by an increase in the pH of the dye
solution. The dye degradation is enhanced with increasing the pH. Highest degradation
percentage of 79.99% is observed at pH (10) for ODA-PbS4 and the lowest degradation
efficiency of 5.95% is observed at pH (4) for ODA-PbS5. The recycling studies show a slight
decrease of 0.51-1.93% in degradation efficiency of the PbS nanoparticles over four cycles

with TOPO-PbS5 being the most photostable.

Photocatalytic degradation of phenol by the PbS4 and PbS5 nanoparticles was evaluated under
UV irradiation. The degradation efficiencies of phenol by the as-synthesized PbS nanoparticles
after 360 min are 24.21% (HDA-PbS4), 23.41% (HDA-PbS5), 32.84% (ODA-PbS4), 11.61%
(ODA-PDbS5), 21.24% (TOPO-PbS4) and 23.02% (TOPO-PbS5). The degradation of phenol
by PbS nanoparticles follow pseudo-first order kinetics of the Langmuir-Hinshelwood model.
Among six PbS nanoparticles ODA-PhS4 exhibited faster degradation rat 1.02x10-3 min. The
photocatalysts degrade phenol dye better in basic medium than in acidic medium. The results
reveal that the photocatalytic degradation efficiencies of phenol are influenced by the

morphological properties of the PbS nanoparticles and reactive oxidative species.
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The photocatalytic properties of SnS nanoparticles was studied by degradation of brilliant
green dye under UV-irradiation, evaluating the effect of irradiation time, pH and recyclability.
The concentration of dye is observed to decrease as irradiation time increases. The
photodegradation efficiencies of all SnS nanoparticles are above 90% after 120 min, with the
highest being 93% for SnS4. The photocatalytic degradation of brilliant green by the as-
prepared SnS nanoparticles follows the pseudo-first order kinetics with slightly different rate
constants of 0.02364 min-* for SnS1, 0.02360 min for SnS2, 0.02305 min for SnS4, and
0.02430 min* for SnS3 and SnS5. The brilliant green degradation is enhanced with increasing
the pH and the maximum degradation of 95.88% is observed at pH (10). The SnS nanoparticles
are recyclable for five times. The results show that the SnS nanoparticles have good
photocatalytic activity and recyclability, and the photodegradation of brilliant green is

influenced by irradiation time and solution pH.

6.2 Future recommendations

The lead sulfide nanoparticles were not very active on the photodegradation of phenol and
rhodamine B dyes which may the due to the agglomeration observed. Therefore, it is
recommended that other reaction parameters such as reaction temperature and duration are
explored so as to produce smaller sized nanoparticles with narrow distribution which may
enhance their activity towards the degradation of these organic compounds. It is also necessary
to study the effects of different capping agents on the morphologies and optical properties of
the tin sulfide nanoparticles and further explore their potentials as nanophotocatalysts and

investigate the effect of dye concentration and the amounts of catalyst used.
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7. Appendix

7.1 Appendix A: Mass spectra of dithiocarbamate ligands and their Pb(ll) and Sn(ll)

complexes
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Appendix A2: Mass spectrum of thiomorpholine dithiocarbamate ligand (L?)
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Appendix A8: Mass spectrum of bis(thiomorpholinedithiocarbamate)Pb(I1)
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Appendix All: Mass spectrum of bis(4-methylpiperidine-1-carbothioato)Pb(I1)
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Appendix A13: Mass spectrum of bis(4-benzylpiperidine-1-carbothioato)Pb(I1)

1004

Th_SnLS lrms 50 (0.906) Cm (1:56)

254 1548

1790155

176. 1418

181.0118

257 0289
-

o
L]

|
" 150

7733619

TTF5.3619

TOF MS ES+

G.4Bed
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7.2 Appendix B: Particle size distributions of PbS4 and PbS5
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Appendix B1: Particle size distributions of HDA, ODA, and TOPO capped PbS4 and PbS5

nanoparticles
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7.3 Appendix C: EDX spectra of PbS4 nanoparticles

Spectrum 1
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Appendix C1: EDX spectrum of HDA capped PbS4 nanoparticles
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Appendix C2: EDX spectrum of ODA capped PbS4 nanoparticles
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Appendix C3: EDX spectrum of TOPO capped PbS4 nanoparticles

7.4 Appendix D: EDX spectra of PbS5 nanoparticles
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Appendix D1: EDX spectrum of HDA capped PbS5 nanoparticles
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Appendix D2: EDX spectrum of ODA capped PbS5 nanoparticles

166



Spectrum 1
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Appendix D3: EDX spectrum of TOPO capped PbS5 nanoparticles

7.5 Appendix E: EDX spectra of SnS nanoparticles
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Appendix E1: EDX spectrum of SnS1 nanoparticles
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Appendix E2: EDX spectrum of SnS2 nanoparticles
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Appendix E3: EDX spectrum of SnS3 nanoparticles
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Appendix E4: EDX spectrum of SnS4 nanoparticles
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Appendix E5: EDX spectrum of SnS5 nanoparticles
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