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Abstract

A series of heteroleptic mixed ligand complexes of some alkyl substituted thiourea,
tetramethyl thiuram disulfide and 1-cyano-1-carboethoxy-2,2 ditholate of Zn(II) Cd(II) and
Hg(II) have been synthesized by stoichiometry reactions of the ligands with respective metal
salts. They have been characterized with analytical and spectroscopic techniques. Seven out
of the 19 complexes synthesized are pyridine 2, 2 bipyridine and 1, 10 phenanthroline
adducts of dissopropyl parent adducts of Zn(II) and Cd(II) complexes. All the complexes are
proposed as four coordinate except the pyridine adducts, 2, 2’ bipyridine and 1, 10
phenanhroline adducts that are proposed as five and six coordinate respectively. All the
complexes are solid, air stable and moisture stable for a many months. They are not soluble in
common organic solvents but partially soluble in coordinating solvents like DMF and DMSO
and due to their insolubility problems all attempts to grow single crystal of the complexes

proved abortive.

The complexes gave respective metal sulfide on thermal decomposition in TGA and this
makes them to be potentially useful single source precursor for the synthesis of metal sulfide.
All the complexes were invariably thermolysed in HDA to synthesis a series of HDA-capped
ZnS, CdS and HgS nanoparticles. The optical properties of the nanoparticles reveal that they
are all blue-shifted from the absorbance edge and this confirms quantum confinement of the
nanoparticles. The transmittance electron microscope showed that the nanoparticles are in
nanodimension. ZnS nanoparticles from the pyridine adducts gave HDA-capped ZnS
nanoparticles with a mixture of hexagonal and cubic phases while the HDA capped CdS from
the 2, 2 bipyridine and 1,10 phenanthroline gave anisotropic nanoparticles. The sizes of the

CdS from the 1,10 phenanthroline adducts were also found to be biggest while CdS

XXiii



nanoparticles from 2,2 bipyridine adduct were also revealed to be bigger than the particle
sizes obtained from the parent complex, (1-cyano-I-carboethoxyethylene-2,2-dithiolato-

K,5’S)-bis(N, N’-diisopropylthiourea -kS)cadmium(II).

ZnS and CdS polymer encapsulated nanocomposites were also synthesized using a solution
casting method. The polymers employed were; Polymethyl metharcrylate (PMMA),
Poly(vinly alcohol) (PVA), and poly vinyl pyrrolidone (PVP). The structural and thermal
properties of the pure polymers and the respective nanocomposites were investigated. It was
observed that the ZnS/PVA and CdS/PVA were the most thermally stable composites when
the thermal stability of the pure polymers were compared relative to the nanocomposites

using data obtained from thermal decomposition results of the TGA.
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CHAPTER 1

1.1 Classification of solid materials

The classification of matter can be based on various properties but according to the electronic

potential, they can be categorised as follows;

1.1.1 Conductor - Materials that are partly filled with mobile electrons belong to this
category of solid mateterials and electron move freely in these materials when a potential
difference is applied. A typical example is a metal. There exists an overlap of the valence
band over the conduction band in this material whose conductivity value is in the range of 10®

to 10* Q cm™

1.1.2 Semiconductor - The valence band of the material in this category is full of electrons
and the conduction band is unoccupied. Hence there is a band gap (region where electrons are
forbidden) that separates the valence band from the conduction band. Electrons are able to
jump from the valence band to conduction band when they acquire sufficient thermal energy
which is required for transport of electric current by electron-hole pair (exciton). Hence,
when a potential difference is applied across pure semiconductor and insulator, they exhibit
almost the same resistance [1]. The conductivity value of these types of materials is in the

range of 104 to 10-8 Q.

1.1.3 Insulators - These materials have a filled valence band and an unoccupied conduction
band with a relatively large band gap (> 4.0 eV) that does not support the movement of
electron when the material is thermally or optically irradiated. Conductivity value of this

class of material is the poorest and is less than 10-8 Q.



The band structure of a solid can be illustrated by the magnitude of band gap within the
material that an electron is either forbidden or allowed to have. The diffraction of the
quantum mechanical wave in the periodic lattice of an atom is the cause of band theory.
Many characteristics especially, optical and electronic properties of materials depend on the
band structure. Electron occupy orbitals that are in discrete energy levels and if atoms are
assembled together to form a molecule a split of the orbitals occur. The resultant effect of this
is that molecular orbitals formed are directly proportional to the number of atoms. The
combination of a large number of atoms to form a solid material lead to an increasing number
of orbitals with a decreasing difference in the energy among them such that the level may

eventually become a continuous band of energy instead of the discrete energy level.

Nevertheless, some intervals of energy are void of orbitals irrespective of the number of

aggregated atoms and this produced bandgap. Figure 1 represents the energy band gap of

metal, semiconductor and insulator.

Figure 1.1 Energy band gap of materials



Most of the important semiconductors are isoelectronic. Silicon (Si), germanium (Ge) and
diamond (C) are all examples of elemental semiconductors. The compound semiconductors
are solids and are a combination of two or more elements that exhibits semiconducting
properties. They are grouped as follows: (a) 2 elements; binary alloys, (b) 3 elements; ternary
alloys, (c) 4- elements: quaternary alloys Semiconductors materials are generally grouped

into; II-VI (12-16) e.g ZnS, CdSe, 11I-V (13-15) materials e.g GaAs, InP.

Table 1.1 Elements that constitute semiconducting properties

Group 12 Group 13 Group 14 Group 15 Group 16
B C O
Al Si P S

Zn Ga Ge As Se

Cd In Sb Te

1.2 Intrinsic Semiconductors

These are semiconductors that are made up of naturally occurring group 16 elements such as
Si, Ge, Se, Te and some chemical compounds like GaAs, InSb and a host of others. They are
chemically pure and contain equal numbers of excited electrons and holes. The properties of
the material dictate the number of charge carriers and not the amount of impurities that is
present in the semiconductors. When a semiconductor material is thermally excited, it evokes
charge carriers which are made up of electrons in the conduction band and the holes in the
valence band. The carriers which are also called intrinsic carriers contain equal number of
electrons and holes. For example, in the formation of a silicon crystal, a Si atom with four

valence electrons shares electrons covalently with four neighbouring atoms to complete the




bonds. Consequently the silicon four electrons are complemented by four electrons from the

neighbours to make eight electrons; an octet [3].

1.2.1 N-type semiconductor

This type of semiconductor is obtained when a pure silicon is doped with any of the group 5
elements; Phosphorus, antimony or arsenic. These elements are pentavalent and only four of
the electrons are needed to form covalent bonds with silicon. The fifth electron that is not
involved in bonding with neighboring silicon atom is a free electron in the conduction band
and this is typical of every impurity. Electron will flow in this material to produce electric
current if a potential difference is applied. In short the N-type semiconductor material is a

better conductor than pure silicon.

1.2.2 P-type Semiconductor

This type of semiconductor is formed when pure silicon 1s doped with any of the group 3
elements such that only 3 valence electrons of Si are involved in covalent bonding with
neighboring atoms. Hence the forth electron that could not bond causes a hole to be created in
the valence bond. Every impurity produces a hole in the valence bond. These holes will cause
a flow of electrons when a voltage is applied and an electric current is generated. Impurities
atoms are called either donor or acceptor based on the effect they have on the intrinsic

semiconductor; they either change the electron or hole concentration



Figure 1.2: Energy band diagrams for (a) P-type (b) N-type semiconductors [4]

1.3 Nanomaterial synthesis
There are two major approaches to the synthesis of nanomaterials and each method has its

merits and demerits [5].

1.3.1 Top-down approach

This approach involves materials that go from large molecules to smaller molecules scale
down to nanoscale with no atomic level control. There is division of a massive solid into
smaller portions. It may involve milling or chemical methods, and volatilization of a solid
followed by condensation of the volatilized components. This approach uses traditional
methods to guide the synthesis of nanoscale materials. The paradigm proper of its definition
generally dictates that in the ‘top-down’ approach it all begins from a bulk piece of material,
which is then gradually or step-by-step removed to form objects in the nanometer-size

regime. Well known techniques such as photo lithography and electron beam lithography,



anodization, 1on- and plasma-etching, all belong to this type of approach. This approach for
nanofabrication was first suggested by Feynman in his famous American Physical Society

lecture in 1959 [6].

(A)
s .. .. .o ... —
(B)

Figure 1.3: Diagram representing bottom up and top down approach [7].

1.3.2 Bottom-up approach

This approach involves the fabrication of nanomaterial from atoms or molecules using the
principle of molecular recognition. This approach is far more popular in the synthesis of
nanoparticles and it involves the generation of particle from atomic level and it’s mainly a
chemical process. In this way, instead of starting with large materials and cutting it off to
reveal small bits of it, it begins from atoms and molecules that get rearranged and assembled
to larger nanostructures. It is the new idea for synthesis in the nanotechnology world as the
‘bottom-up’ approach allows the creation of diverse types of nanomaterials, and it is likely to
revolutionize the way we make materials. It requires a deep understanding of the short-range
forces of attraction such as Van der Waals forces, electrostatic forces, and a variety of
interatomic or intermolecular forces. Since it is not possible to have various minute particles
come together without some attractive force or active field of force in the region, having the

6



fundamental forces “doing all the work™ for you is the key principle underlying this approach

This approach is far more popular in the synthesis of nanoparticles.

1.4 Direct and indirect semiconductors
Semiconductors can be classified based on the type of electron transferred from the valence
to the conduction band according to their electronic structure. Equation 1 illustrate the kinetic

energy of electrons

M, represents the effective mass and K stands for the crystal momentum.

In GaAs as an example of semiconductor, the promotion of electron from the valence to the
conduction bands needs no change in crystal momentum (vibrational energy) and as such
they are called direct band gap semiconductors. Contrarily, in several other semiconductor
materials, a change in crystal momentum is associated with excitation of electron from the
valence band to the conduction band and this is known as indirect band gap semiconductors
and it is worthy to note that the lowest energy electronic transition takes place in an indirect
process. For instance in Si and Ge, which are indirect semiconductors, the energy equivalence
of the bandgap (Eg) is not enough to promote electrons from the valence band to the
conduction band and an additional energy is needed in the form of lattice vibrational energy
(phonons). Hence the additional energy required for an electron to undergo a change in

crystal momentum for an indirect transition is given by equation 2

BV = Eg + Ephonons v veeeeeeeeseoeeeeeee e e, )



Figure 1.4: Example of bandgap in (a) direct and (b) indirect semiconductors

1.5. Quantum confinement

Quantum confinement effect such as blue-shift of absorption that are detected in
semiconductor nanocrystals can be described or illustrated by a theoretical framework based
on the effective masses of electrons and holes. Just as stated by the effective mass
approximation theory, the band gap separating the valence and conduction band is equal to
the energy needed to create electron-hole pair in direct band gap materials. The bore radius of
an electron-hole pair in a specified material enables the evaluation of the size dependent
region of semiconductor nanoparticles. The special localised spectrum can be dramatically
influenced if the size is comparable to the Bohr radius of the exciton. The Bohr radius of an

exciton represented by aB can be defined by the following equation 3;

aBzﬁ(i+L) ........................................................................ eq 3

e2 \me mh



The m. and my stands for the effective mass of electron and effective mass of hole. ¢
represents the semiconductor’s dielectric constant. This is identical with energy quantisation,
for example the particle-in-a box phenomenon that cause discontinuous excitation energy
state for the particle provided their dimension is equal or comparable to the Bohr radius. The
energy gap, E that is dependent of size with physical radius represented by R can be

described by equation 4
E’=Eg+AE....ccconininn. 4)

This 1s identical with energy quantisation for example the particle-in-a box phenomenon that
cause discontinuous excitation energy state for the particle provided their dimension is equal

or comparable to the Bohr radius.

18e2
4meoerR

2 . .
AE = hr /ZRZ [1/me + 1/mh] - + polarisation
Where the semiconductor band gap is denoted by E, while AE correspond to the size-

induced shift in the conduction band, R stands for the radius of the particle and ¢ serves as the

dielectric constant.

The polarisation term is known to be very minute hence it can be ignored [8]. One can infer
that the band gap of the bulk semiconductor increases as the particle size reduces to the nano
dimension [9]. Semiconductor nanoparticles with particles size range of roughly 1-20 nm
have unique properties. These unique electronic, optical catalytic and magnetic properties are
due to large surface-to-volume ratio and their nanoscopic sizes. When the diameter of a

particle approaches the exciton Bohr radius, the hole-electron, charge carrier gets confined
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into zero degree of freedom. This significant exciton Bohr radius which is dependent on the
material and its dimension is in the range of few to tens of nanometers. Due to geometrical
constraints, electrons feel the particle walls and adjust their energy appropriately. The process
by which the energy is adjusted is called quantum confinement effect or size effect. The
consequence of this is that the continuous band of the solid materials changed to
discontinuous or discrete levels and this is accompanied with an increase in band gap. This is
diagrammatically shown in Figure 1.5. It is worthy to note that the extent of separation of
band is dependent on the particle size, the bandgap and other properties that are related to the
bandgap can be tuned. This tunability is the basis of most semiconducting nanoparticle
research. The need to miniaturize optical and electrical devices is the soul motivation in

nanotechnological research

Figure 1.5: A one dimensional spatial electronic diagram for (a) bulk semiconductor (b)
semiconductor quantum confined nanocrystal.

10



1.6 Routes to nanoparticle synthesis

1.6.1 Colloidal Routes

The division of nucleation and growth process as reported by La Mer ef al. [10] is of central
importance to obtaining or accomplishing narrowly dispersed colloids. Monodispersed
nanoparticles are characterized by uniform size in a dispersed phase and this can only be
attained if nucleation and growth are apparently separated; fast nucleation and slow growth.
Solvents with low dielectric constants or stabilizers like syrene/maleic acid copolymer can
enhance colloidal growth stability [11]. Colloidal route to nanoparticles synthesis can be
undertaken by carrying out precipitation in a homogenous solution or phase in the presence of

stabilizers whose function is to prevent agglomeration and additional growth [12-15].

Spenhel et al. [14] made the first attempt to prepare nanoparticles of II-VI semiconductor
type through colloidal suspension when CdS was synthesized via precipitation of Cd*" by
adding H,S in aqueous  solution. Research in colloidal group II-VI semiconductor has
witnessed considerable interest. Quite a number of stabilizing or passivating agents have been
found in literature for the preparation of colloidal semiconductor within the last few decades.
Among which are: inorganic, organic polymers, amines, thiols and polyphosphates [16-25].
The relative growth rates are affected by specific adsorption of surfactant on independent
crystallographic planes leading to a means of controlling the nanoparticle shapes. The
photoluminescence property of nanoparticles is also controlled by the capping agents or
stabilizers. Recently, many studies have been conducted on solution phase synthesis of
semiconductors nanoparticles passivated by different surfactant at low temperature. CdS
nanowires and nanorods have been synthesized by Dalvand et al. [26] via solvothermal
method in different solvents such as ethylenediamne, triethylene tetraamine and

ethanolamine. The nature of the solvent determines the preferred growth orientation and the
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aspect ratio of nanoparticles. CdS nanowires with highest aspect ratio were obtained when
ethylenediamine was used while nanorods were prepared with ethanolamine and triethylene
tetraamine solvents. Yu ef al. [27] reported an eco-friendly chemical colloidal method for the
preparation of glucose capped CdS nanoparticles and its application on a commercial scale.
The advantage of the method is that it is free of the hazardous and toxic stabilizing agents

like thiourea, thiophenol and mercaptoacetate [28].

1.6.2 Solvothermal routes

Solvothermal synthesis is a process of transforming reactants or precursors in solution
medium and in a closed system usually an aluminium autoclave which is heated to a certain
temperature for a particular time and under high pressure. The reaction takes place at a
temperature higher than the boiling point of the solvent. After the cooling of the autoclave,
the as-prepared product is recovered, dried and ready for analysis. The demerit of this
synthetic route is the inability to control the morphology of the nanoparticles; products are
amorphous, crystalline solid, nanorods and flower-like [29]. A variety of reaction conditions
have been studied and the average temperature range is 160-500 °C with reaction time being
between 1 hr and 30 days. In case water is used for synthesis the method is called
hydrothermal and the synthesis is usually undertaking below the supercritical temperature of
water (340 °C). Based on the experimental conditions, solvothermal synthesis can be

heterogenous or homogenous and can exist in subcritical or supercritical condition.

1.6.3 Precursor Routes
The problems associated with the colloidal route to nanoparticle synthesis can be solved by
the use of an alternative method that employs organometallic and or metal organic

compounds in an anaerobic environment. This method was pioneered by Bawendi et al. [30]
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and it was through it that quality, monodispersed, crystalline CdSe, CdS, and CdTe
nanoparticles were prepared. MeCd dispersed in tri-n-octylphosphine (TOP) and (TOPE)
(where E= Se, S, Te) were injected into hot (230-260 °C) coordinating solvent or capping
agents, tri-n-octlyphosphine-oxide, TOPO [30]. This initiated a small outbreak of nucleation
and subsequently a slow growth and annealing in accordance with Oswald ripening [31]. The
role of the coordinating solvent, TOPO, is to act as stabilizer for the colloidal dispersion and
electronically cap the surface of the semiconductor nanoparticles. The organic capping agents
can be substituted by other groups like amine, pyrimine, tris(2-ethylhexyl)phosphate and 4-

(trifluoromethyl)thiophenol.

1.6.4 Single molecule precursor

Single source precursor route was introduced by Brenman et al. [32] in the late 80’s as a
substitute route for synthesis of metal chalcogenide semiconductor nanocrystals. He
embarked on the thermolysis of Cd[Se(C¢Hs)]» using 4-ethylpyridine solvent at high boiling
point. Ever since then diakyl-dithiocarbamate complexes of group II-VI and IV-VI
semiconductors nanoparticles have been extensively prepared and reported. The single source
precursor contains both the organic and the inorganic component; metal and chalcogen
source, needed for the preparation of metal chalcogenide nanocrystals. TOPO-capped CdS
and CdSe semiconductor nanoparticles have been reportedly prepared by Trinidade and
O’Brien from cadmium dithio- and diselenocarbamate complexes [33, 34]. In the experiment,
the precursor was dispersed in TOP and injected in hot TOPO which serves as a capping
agent. The formation of nanoparticles is in accordance with La Mer mechanism for colloid
[35]. The general scheme of growth stages in single source precursor synthesis is shown in
Figure 1.6. The decomposition of the precursor is a precondition for the formation of

nanoparticles and growth is terminated when the precursor is exhausted. The initial rapid
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nucleation at the onset of injection precedes a controlled growth of the nuclei. When the
growth of nanoparticles reached the expected size, further growth is terminated by a sudden
cooling of the solution. The product which in this case is the nanoparticles is separated with
the addition of a solvent which can precipitate it; miscible with the nanoparticles and
immiscible with the capping agent preventing aggregation that is due to flocculation. The
resultant turbid mixture is subjected to centrifugation to isolate the nanoparticles and the
sample is air dried. The already capped nanoparticles are dispersed in appropriate solvent for

optical and physical analysis.

Precursors
\] ... Dri by d iti
riven by decomposition
Q.. e
\ Interaction with coordinating solvent
(I) Rapid

. _—
Nucleation . ‘

(I) Growth
of Nuclei

(IIT) Growth Terminates
Coated Particle

Figure 1.6: Schematic diagram of a one pot synthetic method of nanoparticle synthesis [36].

1.6.5 Requirements of precursors
The needed requirement of a potential single source precursors for the synthesis of metal
sulfide are as follows; it must contain the metal and sulfur sources (at least bonded together);

it must be air stable and must not oxidize or decompose; under thermal decomposition it must
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give metal sulfide as products; in case there is a by-product, it must be un-reactive or volatile.
This is why the choice of metal 1,1 dithiolate came up. Dithiolate ligands have the ability to
stabilize metal centres. Some dithiolate ligands have other heteroatoms like oxygen,
phosphorus. Examples of such are the xanthates, dithiophosphate and these can be a source of
impurities in the samples prepared. Oxidations which are a common problem in metal sulfide
synthesis should be avoided. 1, 1 dithiolate derivatives like 1-cyano-1-carbo-2, 2-ethylene
dithiolate complexes are similar to dithiocarmates complexes which have been used
extensively as single source precursors for metal sulfide nanoparticle synthesis. The two
ligands similarity is their ability to stabilize a wide range oxidation states unlike xanthates
[37]. Oxygen atoms in xanthates have a high electronegativity which will not enable it to
form a thioureide resonance analogue form and due to this, it’s less liable to stabilize higher

oxidation states.
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Figure 1.7: Selected derivatives of 1, 1 dithiolate ligands

1.6.6 1-cyano-1-carboethoxy-2, 2-ethylenedithiolate

I-cyano-1-carboethoxy-2,2-ethylenedithiolate(CED) is a derivative of 1,1 dithiolate ligand

and it has been used in the stabilization of unusually high oxidation state metal ions. Most

mononegative 1,1 dithiolates such as ethylxanthate or diethyldithiocarbamate do not give

electron delocalization beyond the MS; moiety in the complexes of the dithiolates unlike the

CED which is a dinegative ligand and it has the ability of expanding electron delocalisation
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beyond the MS, group [38]. It is prepared by suspending pulverised potassium hydroxide in a
solution of ethyl cyanoacetate and carbon disulfide both in equal volume of dioxane. It is
difficult to get good single crystal of asymmetrically substituted, CED, of the type
S,CC(X)(Y)*. This is due to the presence of many isomeric species in solution caused by the
asymmetrical 1,1 dithiolate ligand and this impedes an extensive detailed characterisation of
isolated complexes [39] The chemistry of bidentate ligand, 1-cyano-1-carboethoxy-2,2-
ethylenlenedithiolate was extensively researched in the early seventies and there is a renewed
attention because of possibility of being applied in organic conductor and solid state
materials. Additionally, this ligand is a good chelating agent and can coordinatively react
with transition metals to form crystals of many transition elements with different geometrical
coordination crystals which have been identified [40-47]. The complexes of 1-cyanocarbo-1-
ethoxy-2,2-ethylenlenedithiolate are not soluble in common organic solvent but fairly
soluble in high coordinating solvent like DMF and DMSO. There are other ligands like
xanthate, dithiocarbamates, and many other rich sulfur sources such as tetramethyl thiuram
disulfide, thiosemicarbazide and thioacetamide. A short review on the use of these ligands

will be given below.

1.7 Single-source precursors for metal chalcogenide nanoparticles

1.7.1 Complexes of thiosemicarbazide

Thiosemicarbazide also known as 1-aminothiourea or 1-hydrazinecarbothioamide, or N —
aminothiourea has a molecular formula of CHsN3;S. This ligand has been used as a good
sulfur source in the synthesis of metal complexes used as precursors for the preparation of
nanoparticles. Using novel compounds can be very useful and also open the way for the
preparation of nanomaterials to controlled shape, crystallinity and size distribution.

Thiosemicarbarzide reacts with mainly transition metals as a ligand because of their ability to
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form chelates by coordinating through the sulfur atom. The complexes are prepared by the
reaction of thiosemicarbazide with metal salts in methanolic solution. These complexes are
moisture and air stable decomposing to metal sulfide during thermolyses and due to this they
have been very useful as single source precursors for the synthesis of metal sulfide
nanoparticles and thin films. It is noteworthy to examine some of the reported works where
thiosemicarbaside ligands have been employed in the synthesis of metal chalcogenide
precursors. Mlondo et al. [48] reported two thiosemicarbazide complexes which were found
effective as single source precursors for the preparation of hexadecylamine (HDA) capped
anisotropic CdS nanomaterials on thermal decomposition. The single X-ray structures of
these complexes were also obtained; Cd(NH,CSNHNH,)Cl;Jn.H,O (A) and
[CA(NH,CSNHNH,),Cl;]n (B). A cadmium acetophenone thiosemicarbazone complex has
been exployed as a single source precursor for the synthesis of CdS nanocrystaline and thin

films [49]. Single crystals of the complex have also been diffracted.

The effect of growth temperature on the morphologies of these films was observed. PbS
nanoparticles were reportedly prepared from the thermal decomposition of
bis[bis(thiosemicarbazide)lead(Il)], [Pb(TSC);]Cl, (TSC = thiosemicarbazide), using a single
source precursor method in the presence of oleylamine and triphenylphosphine as surfactant
[50]. The synthesis of ZnS and HgS from [M(TSC);]Cl,, has been reported by Sobhani et al.
[51]. This was achieved from the thermolysis of the thiosemicarbazide complexes as single-
source precursor while oleylamine (C;sH37N) and TPP (C;sH;sP) were employed as
surfactants. Nair et al. [52] reported the synthesis of thiosemicarbazide complex from the
reaction of CdCl,.H,O and thiosemicarbazide. The complex, [Cd(NH,CSNHNH,),Cl;],
formed was thermolysed in tri-n-octyphosphine oxide (TOPO) to produce CdS nanorods. The

interrelationship between the decomposition of many single-source precursors and their
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morphology has been investigated by Nair et al. [53]. Diverse derivatives of thiourea and
thiosemicarbazide were employed and it was revealed that the thiosemicarbazide and
selenosemicarbazide gave rod shaped CdS and CdSe and this was attributed to a structure

directing constituent of semicarbazide released upon decomposition.

1.7.2 Dimorpholinodithioacetylacetonate complexes.

The reaction of morpholine with sulphur and allyl propyl ether at 110 °C gave
dimorpholinodithioacetylacetonate ligand which was further reacted with cadmium nitrate to
give the corresponding complex, [Cd(msacmsac),(NOs),],(msacmsac=
dimorpholinodithioacetylacetonate). This complex prepared by Ramasamy et al. [54] was the
first of its kind and has been used as a single source precursor for the deposition of CdS thin
film via an aerosol assisted chemical vapour deposition (AACVD). Hexagonal phase CdS
nanorods were obtained from themolysis of the [Cd(msacmsac),(NOs),] in oleylamine at

160-240 °C.

1.7.3 Complexes of thiourea

Moloto et al. have reported the complexes of cadmium(Il) complexes of N, N-
diisopropylthiourea and N,N dicyclohexylthiourea and the X-ray crytal sturucture have been
determined. The complexes decompose to give a good crystalline CdS. The effect of the
temperature of thermolysis on the optical properties and morphology of the particles were
also investigated [55]. Dithioubiurea complex with cadmium,
[CA(NH,CSNHNHCSNH,)Cl;], have been reported by Nair et al. [56] as precursor for the
synthesis of CdS nanoparticles. The precursor was decomposed in trioctylphosphine oxide to
give quantum confined CdS nanoparticles with morphology that is dependent on the

temperature of injection of the precursor. Apart from the common use of PVP in the synthesis
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of nanocomposite, Moloto et al. [57] have prepared a thiourea-PVP ligand which was used to
synthesize a CdS nanoparticle via a modified single source precursor method with green
approach. Other capping agents such as PVA and starch were employed and it was revealed
that PVA was the best capping agents with CdS nanoparticle. Co(II) and Ni(II) thiourea and
alkylthiourea complexes have been synthesized by Mgabi et al. [58]. The metal salts of the
selected metals were reacted with thiourea, phenylthiourea and dicyclohexylthiourea ligands
in ratio 1:2. The as-prepared complexes are; [CoCly(CS(NHy),)] (D),
[CoCl,(CSNHCsHsNH»), (IT) and [CoCILy(SC(NHCeH11)2)2] (1), [NiClo(CS(NH2)2)2] (IV),
[NiClo(CSNHCsHsNH3)2] (V) and [NiClo(SC(NHCeH;1)2)2] (VI). These complexes were
used as single molecular precursor for deposition of CoS and NiS thin film via aerosol
assisted chemical vapour deposition technique AACVD. A simple synthetic route for the
preparation of impurity free and star-shaped PbS have been fabricated by Patel ez al. [59]. He
employed a solvothermal route using an environmental benign aminocaproic acid (ACA)
mixed with methanolic Pb-thiourea complex as precursors at an annealing temperature of 170
°C for 20 h. The as-prepared PbS nanoparticles were characterized with XRD, SEM, and
EDX. The results revealed that the star shaped PbS are crystalline with cubic phase and the
FTIR study showed that the aminocaproic molecules were attached to the PbS crystals via a

lone pair of nitrogen amino head group.

1.7.4 Complexes of Dithiobiuret

Dithiobiuret is an organosulfur compound obtained as the product of a condensation reaction
of two molecules of thiourea. Dithiobiuret is extremely toxic and can also be used as an
intermediate for pest control chemicals. Ramasamy et al. [60] has also synthesized and
characterized cobalt complexes of 1,1,5,5-tetramethyl-2,4-dithiobiuret, [Co{N(SCNMe,),}3]

(1), and 1,1,5,5-tetraisopropyl-2-thiobiuret, [Co{N(SOCNiPr;),},]. These complexes yielded
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cobalt sulfide nanoparticles by thermolysis in hexadecylamine, octadecylamine or oleylamine
using single source precursor method. Ramasamy et al. [61] also reported the synthesis of
zinc and cadmium complexes of 1,1,5,5-tetraalkyl-2-4-dithiobiurets, [M(N(SCNR3),)a],
where [M = Zn, R = methy (1), ethyl (2) and M = Cd, R = methyl (4), ethyl (5)] and 1,1,5,5-
tetraalkyl-2-thiobiurets [M(SON(CNR3)2)2] [M = Zn, R = isopropyl (3) and M = Cd, R =
isopropyl (6)] were synthesized and the complexes gave their respective metal sulfides on
thermolysis using a single source precursor method. Also the zinc cadmium sulfide
(ZnxCd1—xS) thin films were prepared by aerosol assisted chemical vapor deposition
(AACVD). Ramasamy ef al. [62] have synthesized a series of nickel(Il) complexes of several
1,1,5,5-tetraalkyl-2-thiobiurets and these complexes gave nickel sulphides and thin films

were used as single source precursors.

Ramasamy et al. [63] have also reported the synthesis of four Iron (III) complexes; 1,1,5,5-
tetraalkyl-2-thiobiuret ~ [Fe(SON(CNiPr2)2); (1), Fex(u-OMe)2(SON(CNEt)),  (2),
Fe(SON(CNEt,),)3 (3), and Fe(SON(CNMe),)s (4)]. The single —crystals X-ray structures of
I, 2 and 4 have been determined and thermogravimetric analysis of the complexes showed
decomposition to iron sulfide in one major step. These complexes gave iron sulfide thin film
when used as single source precursors. 1, 1, 5, 5-tetraalkyl-2- thiobiuret ligand is prepared by
the reaction of N’N-dialylcarbamyl chloride and sodium thiocyanate and dialkylamine. The
addition of a solution of this ligand in acetonitrile methanolic solution of metal salts gives
metal complexes of thiobiurets [64]. A series of dithiobiuret compounds have been prepared
using this method and varieties of metal salts of Co, Ni, Fe, Zn, Cd and In were employed to
obtain compounds that are potentially good as single source precursor for synthesis of
nanoparticles. The synthesis of nickel(II) and iron(III) thiobiuret were reported by Abdelhady

et al. [65] and these complexes have been thermolysed in different capping agents;
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oleylaminine, octadecene or dodecanethiol, as single source precursor to give Ni3S4 and Fe;Sg

nanoparticles with divergent morphologies.

1.7.5 Complexes of thiuram mono(di)sulfide as precursors

Cadmium complex of tetrametylthiuram disulfide was synthesised by Moloto et al. [66]. The
complexes were thermolysed as a single source precursor to give HDA-capped CdS
nanoparticles. The effect of synthetic parameter; precursor concentration, temperature and
capping environment, on the morphology of nanoparticles was investigated. It was revealed
that an increase in temperature and precursor concentration increases the particle size while
the capping environment also affects the morphology of the nanoparticles. Satyendra et al.
[67] prepared complexes of Zn(Il), Cd(Il) and Hg(Il) with sulfur donor ligand,
tetracthylthiuram disulfide, and thermolysed them as single source precursors in different
precursor:surfactant ratio (1:1 and 1:5) to give ZnS, CdS and HgS nanoparticles. He also
studied the potency of the complexes, nanoparticles and corresponding Schiff bases against
Escherichia coli bacteria. Kolb et al. [68] reported the use of tetramethyl thiuram
monosulfide as a suitable precursor for the synthesis of nano-size metal sulfide. Although the
particles of the metal sulfides obtained are in the nano-regime the particles are devoid of

quantum confinement that is typically observed in nanomaterials.

1.7.6 Complexes of xanthate precursors

Xanthate is a salt formed from the reaction of alcohol with carbon disulphide in the presence
of an alkali. This compound and its derivatives have been used as single source precursor for
the synthesis of metal sulphide nanoparticles. Pradhan ef al. [69] prepared several metal
sulfide with the use of alkyl xanthate, thiocarbamates as single source precursor and Lewis

base alkylamine as solvents. The as-prepared metal sulphides nanoparticles are crystalline
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despite the low temperature. Bismuth trisxanthate and the dithiocarbamate in ethylene glycol
have been used by Koh er al. [70] as single source precursors for the synthesis of Bi,S;
nanorods and nanotapes. The bismuth xanthate showed a lower decomposition temperature
than the dithiocarbamate. It was discovered that precursors that have polymeric structural
motif have higher decomposition temperature than the ones that displays dimeric motif.
Cusack et al. [71] also worked on Zn(Il) and Cd(II) ethylxanthates, [M(S,COEt),TMEDA],
and establish the structure through single X-ray crystal diffraction. He also prepared
[CdA(S,COEt),(diamine)] and obtained CdS through a surfactant assisted single source

molecular precursor method using the as-prepared complexes.

Li et al. [72] prepared nanorods and faceted CdS nanocrystals from the thermolysis of
cadmium ethylxanthate using HDA as capping agent. The influence of reaction condition;
temperature and monomer concentration and reaction time, on the morphology and surface
states was studied. It was found that the reaction system can change from thermodynamic to
kinetic-controlled depending on the how the reaction conditions are varied. Zhang et al. [73]
have reported the synthesis of Ag,S nanoparticles through the thermolysis of solventless
silver xanthates as single source precursor. It was observed that the control of the Ag,S
depends on the alkyl chain length of the xanthate ligand which serves as the capping agent.
Ag>S nanoparticles from carnaubly xanthate exhibited the smallest diameter of 8.97 nm
whereas the product obtained from hexadecylamine and silver octyl xanthate displayed a

bigger average diameter of 19.57 nm and 48.37 nm respectively.

1.7.7 Complexes of dithiocarbamate
Dithiocarbamate metal complexes are one of the most studied 1, 1 dithiolate complexes as far

as the synthesis of nanoparticles is concerned [74 - 77]. They also have a wide range of usage
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in analytical and medicinal chemistry [78 - 80]. It has also been confirmed that they are
versatile chelating agents. Several authors have reported the use of dithiocabamates
complexes as a precursor for the synthesis of metal sulfide nanoparticles as a result of the
effectiveness of the precursor complexes in producing the metal and the chalcogenide on
their thermolysis. Ajibade ef al. did a lot of study on dithiocarbamates metal complexes of the
form ML,L, where the ligands L; and L, represent N-methyl-N-phenyldithiocarbamate and
N-ethyl-N-phenyldithiocarmates respectively. They were used to prepare HDA capped metal
sulfide nanoparticles and the CdS nanoparticle exhibit sharp absorption edge while crystalline
ZnS were revealed with stacking arrangement and HgS displayed TEM images with narrow
size distribution [81]. Ajibade and Ejelonu have synthesized ZnS, CdS and HgS nanoparticles
from thermolysis of respective metal dithiocarbamates using a single source precursor
method. The metal sulfide nanoparticles were further incorporated in polymethyl

metharcrylate to prepare the polymernanocomposite of the metal sulfides [82].

1.7.8 Complexes of heterocyclic dithiocarbamate

Apart from the use of alkyl dithiocarbamate metal complexes that have been reported by
several authors for the synthesis of nanoparticles via the single source precursor route,
heterocyclic dithiocarbamate have also been employed for similar work. Nirmal et al. [83]
reported the synthesis of CdS nanostructures using cadmium with pyrrolidine
dithiocarbamate as single source precursor and HDA as both the solvent and capping agent.
Microwave irradiation was used for the decomposition of the precursor at a temperature of
150 °C and hexagonal CdS nanoparticles were obtained. Nyamen et al. [84] synthesized two
heterocyclic dithiocarbamato Cd(II) complexes and thermolysed them at different
temperature, 80 - 270 °C, and in different amine as capping agent to give different shapes of

CdS with nanorod morphology. It was observed that the longer the length of the alkylamine
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chain the shorter the length of the rods of the CdS nanoparticles. The binding of the amine on
the surface of the nanoparticles as capping agents was also confirmed by the Infra-red

spectroscopy.

Nyamen et al. [85] also prepared two complexes of Zinc(Il); heterocyclic piperidine and
tetrahydroquinoline dithiocarbamates and the single X-ray diffraction structure of the latter
shows four sulfur atoms bonded to the zinc central metal while the former is dimeric
molecule. These complexes were both thermolysed in HDA and TOPO at 180 °C and 270 °C
as single source precursor to produce HDA and TOPO capped ZnS. It was observed from the
UV-Vis and photoluminescence spectra that the ZnS are quantum confined. Two more
heterocyclic cadmium dithiocarbamate complexes; [CA(S2CNCsHyp)2] and
n[Cd(S,CNCyHp):] have been synthesized by Mthethwa ef al. [86] in which they were
thermolysed at a temperature of 180 °C to give CdS. Spherical nanoparticles were observed

at high concentration and at lower concentration, rods, bipods and tripod shapes evolve.

1.7.9 Adducts as Precursors

Zn(II) and Cd(I1) bipyridine addcts of bis(N-phenyldithiocarmate have been synthesized and
used for the preparation of HDA capped ZnS and CdS nanoparticles by Onwudiwe et al. [87].
The adducts of the complexes were thermolysed at reaction temperature of 180 °C and 220
°C and spherical MS nanoparticles were obtained whose absorption and photuminescence
spectra  show  blue shift and band edges. Pyridyl bis(-ethyl-N-phenyl
dithiocarbamato)Zinc(Il), [ZnL,py], and (bis-pyridyl)bis(N-ethyl-N-
phenyldithiocarbamato)cadmium(Il) complexes have been prepared. Both adducts complexes
were used as single source precursors and gave hexadexylamine capped ZnS and CdS on

thermolysis at a temperature of 280 °C. The morphology of the metal sulfide is hexagonal and
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optical absorption revealed blue shifted band edges of the metal sulfide particles [88].
Srinivasan et al. [89] reported the synthesis of [Cd(thqdtc),(1,10-phen)], [Cd(thqdtc).(2,2’-
bipy)] and [Cd(thqdtc),] (where thqdtc =1,2,3,4-tetrahydroquino-linedithiocarbamate). Single
crystals X-ray structures of the first two complexes shows that the environment of the central
metal is distorted octahedral. The first complex was used as a single source precursor for the

synthesis of CdS nanorods that is quantum confined.

Srinivasan et al. [90] also worked successful on preparing (1,10-phenanthroline)bis(1,2,3,4-
tetrahydroquinolinecarbodithioato-S,S”)mercury(Il); [Hg(thqdtc)(1,10-phen)], and obtained
the single crystal. The as-prepared [Hg(thqdtc),(1,10-phen)] was thermolysed for 2 mins at
117 °C in ethylenediamine and found to be effective single source precursor for the synthesis
of hexagonal shaped a-HgS nanosheets. ZnS nanoparticles have been prepared as reported
by Srinivasan et al. [91] from Zn(thqdtc),, Zn(thqdtc),(py) and Zn(thigdtc),(py) (i.e 1,2,3,4-
tetrahydroquinolinecarbodithioate, thiqdtc = 1,2,3,4-tetrahydroisoquinolinecarbodithioate
pyridine adducts) via single source precursor method. The complexes were thermolysed at

low temperature in triethylenetetramine (trien) which was used as a capping agent.

1.7.9.1 Dithiophosphinates

Takahashi ef al. deposited CdS thin layers from the pyrolysis of dimethyldithiophosphinates
complex of Cd(Il). Good quality ZnS and CdS films were also reportedly grown on silver
plated glass substrates [92]. Byrom et al. reported the synthesis of Zn(Il) and Cd(II)
complexes of bis(dithiophosphinate). The X-ray crystal structures were obtained and both
compounds have potential as single source precursor for the synthesis of ZnS and CdS

nanoparticles and thin film [93].
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1.8 Application of nanoparticles

The unique phenomenon of nanoparticles properties (novel electrical, optical, chemical,
mechanical, magnetic properties etc) can be selectively controlled by engineering the size,
morphology and composition of the particles. These new substances will have entirely
different properties from their parent material. Hence industries can reengineer many existing
products and design novel product or processes to function at unprecedented levels. Below

are some of the applications of nanoparticles.

1.8.1 Renewable energy

The huge resource from the sunlight shining on the earth surface in form of solar energy is
remarkable and an hour of incident light from the sun is more than the yearly human
consumption of energy [94]. The amount of solar energy the earth receives depends on the
season with the summer months having the highest quantity of solar energy [95]. The need to
harness these resources that happens to be the best source of renewable energy can be
improved successfully with nanotechnology. This can be enhanced because nanoparticles
have a surface to volume ratio that can increase solar cell efficiency by exposing a wider
surface area to the sunlight unlike the conventional fluid that has poor conversion efficiency.
In addition materials like lead-selenide can increase solar cell efficiency due to the fact that
they cause more electrons to be released when they are struck by photons of light and

consequently increase electricity [96, 97].

1.8.2 Catalytic Applications
The field of nanocatalysis (in which nanoparticles are used to catalyze reactions) has
undergone an exponential growth during the past decade. Two types of studies have been

carried out; homogeneous catalysis in solution and heterogeneous catalysis in which the
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nanoparticles are immobilized on inorganic or organic polymers [98]. Furthermore, the
changes in electronic properties arising from quantum confinement in small nanocyrstals also
bestow unusual catalytic properties on these particles because nanoparticles have a large
surface-to-volume ratio compared to bulk materials. They are therefore used as catalysts [99].
This potential shape dependent catalysis adds to the advantage of using nanoparticles as
catalysts. In the course of catalysis, the fact that nanoparticles are small with corners and
edges could make their surface atoms unstable during the chemical reaction they catalyze and
shape changes could occur. Yates et al. [100] showed that there is a decrease in catalytic
activity per unit surface area of nickel with the increase in particle size in the hydrogenation
reaction of ethene. Modified nanocatalysts have been explored to enhance selectivity and
stability and this show that the role of catalysts is more than speeding up reaction rates [101].
Also nanoparticles used as catalysts in combustion engines, have shown properties that

render the engine more efficient and therefore more economical.

1.8.3 Biological Application of nanoparticles

Recently, researchers have been conducting investigations on nanoparticles with the aim of
commercially exploring their unique, optical, mechanical and electrical properties [102].
Nanoparticles generally, due to their sizes in nanometer regime are biologically-active forms
of their conventional source material [103, 104]. The extremely small sizes of quantum dots
and small nanomaterials facilitate their absorption through cell membranes [105, 106].
Furthermore these small sizes enable oral, olfactory or dermal application by allowing
passage through the cells and translocation via blood and lymph. Experimental cancer
treatment has also revealed their capability in crossing blood-brain barrier and this confirms
the uniqueness of the size [107]. Quantum dots probes have the capability to track molecules

and cells over extended period of time without introducing too much of interference [108].
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1.8.4 Targeted drug delivery

One important aspect of the breakthrough in nanotechnology is the ability of the new novel
drugs to target specific cells or tissue locations. Today’s delivery system is such that the
drugs are designed to be able to spot the exact site of ailment. Surface functionalization with
ligands that are recognizable by the receptor of the cell’s surface is one of the strategies of
achieving the delivery of drugs to the target of interest. The selectivity of ligand receptor
interaction enables a more exact targeting of site of specific interest [109]. Nanotechnology
provides a rare opportunity to overcome another challenge to arrive at this goal in a better
way, to make the delivery of the drug at the required location at the right time [110]. It is also
anticipated that nanotechnology will bring a dramatic change in the manufacturing industries
in the future and this will have a huge impact on life sciences, drug delivery, detection of

disease symptoms and the production of therapeutic biomaterials.

1.8.5 Thermal application

Specifically engineered particles could improve the transfer of heat from collectors of solar
energy to their storage tanks. They could also enhance the coolant system currently used by
transformers in these types of processes with a wide range of active self-assembly
mechanisms for nanoscale structures that start from a suspension of nanoparticles in fluid.
Addition of nanoparticles in a liquid remarkably enhances the energy transport process of the
base liquid [111]. Aerogel insulation is a method of creating a synthetic porous material made
from gel in which the fluid has been replaced by gas. The ultra-light material has an internal
cross linked features with a number of microscopic pores filled with gas. The absence of
vacuum in aerogels prevents the problem of degradation over time. It has both low density

and thermal conductivity which attest to its wide applications as insulation materials.
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Aerogels are commercially available as fibre composites and their thermal conductivity is

around 0.0013W/(mK) [112].

1.8.6 Metal sulfide nanoparticles

1.8.6.1 Zinc Sulfide (ZnS)

ZnS has strong preference for an n-type semiconductor [113] and the band—gap energy is
3.7ev at 300 K. It’s also a luminiscenece material, well known for its photoluminescence
[114] and electroluminescence [115] and has applications in various fields such as
phosphor, solar cells and lasers [116]. In some cases it is used as thin films but it is mostly
used in the form of particles. It has been proven that the particle size and distribution play an
important role in their applications. The brightness and voltage characteristics depend

strongly upon the size of particles using phosphor as an example [117,118].

1.8.6.2 Cadmium sulfide (CdS)

Cadmium sulfide (CdS) is semiconductor which has a direct band gap of 2.4 eV for bulk
wurtzite structure, and 3.53 eV for the bulk cubic zinc blende structure [119, 120] and it has
been applied to many areas due to the suitability of this band gap and it also has a strong
photoresponse in the visible region [121]. CdS nanoparticles have outstanding properties
which make it an attractive choice for fucnctional materials and widely used in many fields
such as solar, photo dectector photoelectrochemistry, photochromism and electrochromic

materials [122-127].

1.8.6.3 Mercury sulfide (HgS)
Mercury sulfide is a member of group II-VI compound semiconductor materials. It

crystallizes in two forms; the cubic phase (B—HgS, metacinnabar) and the hexagonal phase
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(a—HgS, cinnabar). Very scarce reports are available on nanocrystalline a—HgS and only few
reports are available on nanocrystalline f—HgS. HgS has an optical band gap which varies
between 1.9 and 2.6 eV, depending upon the composition [128,129]. HgS semiconductors are
useful material and are widely used in many fields such as ultrasonic transducers, image
sensors, electrostatic image materials and photoelectric conversion devices and light emitting
diodes [130]. The HgS thin films have been used in solid-state solar cells, photo-
electrochemical cells, storage cells and photoconductors [131]. One-step hydrothermal
treatment for the formation of HgS nanostructures with rod-like and dendrites morphologies
have been reported [132]. A novel sonochemical method for selective preparation of a-HgS

and B-HgS nanoparticles in aqueous solutions under ambient air has also been reported [133].

1.8.7 Polymer nanocomposite

A composite is a blend of two or more substance of interest with distinct physical and
chemical properties and identifiable interface. Composites are referred to as nanocomposites
when one of the phases has nano dimension morphology for example, nanoparticles,
nanowires or nanotubes [134,135]. Nanocomposite can also be defined as a matrix to which
nanoparticles have been added to improve a particular property of the material. The
increasing need for latest material in the ever developing field of nanotechnology has opened
the way for unique ideas concerning the preparation and characterization of semiconductor
nanocomposite. This kind of nanomaterials has the advantage of outstanding optical and
mechanical and electrical properties of nanoparticles that can be prepared to the required

dimension, and depending on their diameter.

Nanocomposites are much different than the conventional composite with the incorporation

of nanoparticles in polymer matrix. Metal sulfide nanofillers embedded in polymers have
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important barrier effect to reduce the product vulcanization and heat transport during thermal
degradation of the polymer and this helps composite with huge thermal stability. It has been
reported that the effect of CdS pyrolysis of polystyrene/CdS nanocomposites has been
investigated [136, 137]. There is an enhanced thermal stability in the polystyrene/CdS when
compared with the virgin polymer. This is due to partially altered mobility of the host
(polymer) chain as a result of the encapsulation of the particles in the polymer matrices.
Agarwal et al. [138] investigated the mechanical properties of ZnS/polymethyl methacrylate
prepared by ex-situ process. Different weight percent of ZnS were used with the
determination of mechanical properties at different temperature. The mechanical properties
were found to increase up till when the ZnS was 6% and a decline set in at 8% of ZnS
incorporated in the polymethy metharcrylate matrix. CdS has been reportedly dispersed in
polyvinyl alcohol CdS/PVA deposited on a glass substrate by in situ thermolysis of the
precursors. This work was credited to Saikia ef al. [139]. Maitya et al. [140] synthesized a
poly-capped ZnS nanocrystalline film by a wet chemical process. The polyvinyl pyrolidone
encapsulated ZnS nanocrystals were grown into nanopores inside the polymer matrix and on
a glass and silicon substrates. The structural, optical and dielectric properties of the films

were investigated with different polymer fractions in the films.

1.8.8 Aims and objectives of work

The aim of this work is to prepare metal complexes of Zn(II), Cd(II) and Hg(II) using metal
halides and mixed ligands of substituted thiourea, thiuram disulfide and 1,1 dithiolate
derivative as precursors to synthesize HDA capped metal sufide nanoparticles and polymer

nanocomposites.
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Objectives are;
1.To prepare Zn(Il), Cd(Il), Hg(II) of mixed ligand metal complexes of substituted thiourea

(methyl, dimethyl, diethyl and diisopropyl thiourea) and 1,1 dithiolate derivative.

2. To prepare Zn(Il), Cd(II), Hg(Il) of mixed ligand metal complexes of tetramethyl thiuram

disulfide and 1-cyanocarboethoxy-2,2 ethylene dithiolate.

3. To prepare pyridine, 2, 2° bipyridine and 1, 10- phenanthroline adducts of the diisopropyl

thiourea parent complexes.

4. To characterize the synthesized complexes with elemental analysis, IR, TGA and NMR.

5. To synthesize HDA capped ZnS, CdS and HgS by the thermolysis of the complexes as

single source precursors.

6. To synthesize ZnS and CdS polymer encapsulated nanocomposites via solution casting
method using polymethyl methacrylate, polyvinyl alchohol and polyvinyl pyrrolidone as

polymer source.

7. To characterize the metal sulfide nanoparticles with XRD, TEM, SEM, EDX, UV-Vis and

PL.
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CHAPTER 2

2. Experimental

2.1 Chemicals

Zinc chloride, cadmium chloride, mercury chloride, potassium hydroxide, cyanoacetate,
dioxane, carbon disulfide, diethyl ether, thiuram disulfide, methyl thiourea, dimethyl
thiourea, diethyl thiourea, diisopropyl thiourea methanol, ethanol, toluene, acetone,
deuterated dmso were all purchased from Sigma and Aldrich and used without further

purification.

2.2 Physical measurements

2.2.1 'H and “C-NMR spectroscopy

NMR spectra were recorded on a 600 MHz Bruker Avance III NMR spectrometer using
deuterated DMSO as solvent. 1H- NMR and 1C-NMR spectra were referenced to the solvent

signal and the chemical shifts are reported comparative to Me4Si.

2.2.3 Infrared spectroscopy
Infrared spectra analysis of the samples was done using KBr discs on a Perkin Elmer Paragon

2000 FTIR spectrophotometer, in the range 4000 - 350 cm™

2.2.4 Thermogravimetry analysis
Thermogravimetry analysis measurements were taken using a SDTQ 600 thermal instrument.
Samples were contained within alumina crucibles and heated at a rate of 10 °C min™ from

room temperature to 700 °C under flowing nitrogen.
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2.2.5 Melting point determination

Gallenkamp melting point apparatus was used to record the melting point.

2.2.6 Elemental analysis

Electrochemical analysis for CHNS was performed using a Fission elemental analyser.
Samples to be analysed are placed in a tin container that is dropped in a furnace at 1000 °C
and this led to the ejection of oxygen from the furnace. The samples were subjected to
burning and decomposed into combustion gasses (carbon monoxide, water vapour, nitrogen
and sulfur dioxide) which were isolated and analysed using a gas chromatography column to

ascertain the amount of each element present in the analyte.

2.3 Synthesis

2.3.1 Synthesis of ligand, dipotassium 1-cyano-1-carboethoxylethylene-2,2- dithiolate.
Pulverized potassium hydroxide (0.1 mol) was suspended in dioxan (50 mL) and a solution of
ethyl cyanoacetate (0.05 mol) and carbon disulfide (0.05 mol) in dioxan (25 mL) was added
with stirring and cooling to maintain a temperature of 15 - 20 °C. After the addition the
suspension was stirred for another 20 mins and diluted with 125 mL of ether. The yellow
precipitate was filtered washed with dioxan-ether (1:1) and dried in vacuo over NaOH and

P,Os[1, 2].

2.3.2 Synthesis of (1-cyano-1-carboethoxyethylene-2,2-dithiolato—xS,S”)—bis(N,N’-
dimethylthiourea—kS)zinc(Il): [Zn(mtu),ced] (1)

In a typical experiment a mixture of ZnCl, (0.6814 g, 0.005 mol) was dissolved in 40 mL of
absolute methanol and refluxed for 3 h with (0.9015 g 0.01 mol) of methylthiourea dissolved

in 40 mL of methanol. The solution was concentrated to half of its original (40 mL) volume
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and Ksced (1.417 g, 0.005 mol) was dissolved in 20 mL of distilled water and added to the
refluxing mixture. The initial colourless mixture changes to milky yellow and the reaction
was further refluxed for 12 h. The milky yellow product obtained by filtration was washed
twice with ice cold methanol, water and diethyl ether. It was also re-dissolved in acetone and
filtered to remove KCl which is the by - product of the reaction. The acetone was
concentrated to obtain the product.

[Zn(mtu),(ced)]: (Yield: 1.16 g, 59 %; M.p. 208 - 210 °C). Anal. calc. for C;0H;7N50,S4Zn
(432.93): C,27.74; H, 3.95; N, 16.17; S, 29.62. Found: C, 27.68; H, 3.98; N, 16.21; S, 29.60.
Selected IR, v(cm—1): 2200 (C=N), 1462 (C=S,), 1681 (C=0), 373 (M-S).

'H-NMR (DMSO) & = 1.14 (t, 3H, CH3), 4.02 (q, 2H, -OCH,)

3C-NMR (DMSO) & = 203.69 (C=S), 168.68 (C=0), 122.94 (C=N), 59.29 (-OCH,).

2.3.3 Synthesis of (1-cyano-1-carboethoxyethylene-2,2-dithiolato-kS,S)-bis(N,N’-
methylthiourea—xS)cadmium (II): [Cd(mtu),ced] (2).

CdCl; (0.916 g, 0.005 mol) was dissolved in 40 mL of methanol and added to methylthiourea
(0.9015 g, 0.01 mol) dissolved in 20 mL of methanol. The solution was refluxed for 3 h after
which it was concentrated to half of its original volume (40 mL). Kyced (1.417 g, 0.005 mol)
dissolved in water was added to the mixture. The reaction was further refluxed for 12 h. The
product was filtered and washed twice with ice cold methanol, water and ether. The product
was re-dissolved in acetone and KCl removed with filtration after which the acetone was
removed in vacuo to obtain the precipitate.

[Cd(mtu),(ced)]: (Yield: 1.34 g, 77%; M.p. 217 - 219 °C). Anal. calc. for C;oH;7N50,S4Cd
(479.94): C, 23.42; H, 3.57; N, 14.59; S, 26.72. Found: C, 23.39; H, 3.58; N, 14.62; S, 26.70.
Selected IR, v(cm '): 2199 (C=N), 1652 (C=0), 1412 (C=S2), 376 (M-S).

'H-NMR (DMSO) 6 = 1.12 (t, 3H- CHs) 4.02 (q, 2H, -OCH,)
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PC-NMR (DMSO0) & = 203.69 (C=S,), 168.68 (C=0), 122.94 (C=N), 59.29 (-OCH,).

2.3.4 Synthesis of (1-cyano-1-carboethoxyethylene-2,2-dithiolato-kS,S”)—bis(N,N’-
methylthiourea—xS)mercury(Il): [Hg(mtu),ced] (3).

HgCl, (1.3575 g, 0.005 mol) was dissolved in 40 mL of methanol and added to
methylthiourea (0.9015 g, 0.01 mol) dissolved in 20 mL of methanol. The solution was
refluxed for 3 h after which it was concentrated to half of its original volume (30 mL). K,ced
(1.417 g, 0.005 mol) dissolved in water was added to the mixture. The reaction was further
refluxed for 12 h. The product was filtered and washed twice with ice cold methanol, water
and ether. The product was re-dissolved in acetone and KCl removed with filtration after
which the acetone was removed in vacuo to obtain the precipitate.

[Hg(mtu)y(ced)]: (Yield: 2.63 g, 74%; M.p. 247 - 249 °C). Anal. calc. for C;oH;7Ns0,S4Hg
(568.12): C, 21.14; H, 3.01; N, 12.33; S, 22.57. Found: C, 21.11; H, 3.09; N, 12.31; S, 22.23.
Selected IR, v(ecm™): 2232 (C=N), 1732 (C=0), 1489 (C=S,), 1681 (C=0), 388 (M-S).
'H-NMR (DMSO) & =1.28 (t, 3H, CH3), 4.30 (q, 2H, -OCH,).

BC-NMR (DMSO) § = 14.01 (-CH3).

2.3.5 Synthesis of (1-cyano-1-carboethoxyethylene-2,2-dithiolato-kS,S”)-bis(N,N’-
dimethylthiourea—kS)zinc (II): [Zn(dmtu),;ced] (4)

In a typical experiment a mixture of ZnCl, (0.6814 g, 0.005 mol) was dissolved in 40 mL of
absolute methanol and refluxed for 3 h with (1.042 g, 0.01 mol) of dimethylthiourea
dissolved in 40 mL of methanol. The solution was concentrated to half of its original (40
mL) volume and Kjced (1.417 g, 0.005 mol) was dissolved in 20 mL of distilled water and
added to the refluxing mixture. The initial colourless mixture changes to milky yellow and

the reaction was further refluxed for 12 h. The milky yellow product obtained by filtration
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was washed twice with ice cold methanol, water and diethyl ether. It was also re-dissolved in
acetone and filtered to remove KCI which is the by - product of the reaction. The acetone was
concentrated in vacuo to obtain the product.

[Zn(dmtu),(ced)]: (Yield: 1.79 g, 66%; M.p. 211 - 213 °C). Anal. calc. for C;,H,;N50,S4Zn
(460.98): C, 31.27; H, 4.59; N, 15.19; S, 27.82. Found: C, 30.79; H, 5.06; N, 15.53; S, 27.65
Selected IR, v(cm—1): 2209 (C=N), 1705 (C=0), 1448 (C=S2), 394 (M-S).

'H-NMR (DMSO) & = 3.98 (q, 2H, -OCH,) 1.15 (t, 3H, CH3)

BC-NMR (DMSO) & = 14.62 (-CH3), 58.41 (-OCH,), 90.91 (C=C), 120.88 (C=N), 163.92

(C=0), 206.32 (C=S,).

2.3.6 Synthesis of (1-cyano-1-carboethoxyethylene-2,2-dithiolato-kS,S”)-bis(N,N’-
dimethylthiourea—kS) cadmium(Il): [Cd(dmtu);ced] (5)

CdCl, (0916 g, 0.005 mol) was dissolved in 40 mL of methanol and added to
dimethylthiourea (1.042 g, 0.01 mol) dissolved in 40 mL of methanol. The solution was
refluxed for 3 h after which it was concentrated to half of its original volume (40 mL) and
Kyced (1.417 g, 0.005 mol) dissolved in distilled water was added to the mixture. The
reaction was further refluxed for 12 h. The product was filtered and washed twice with ice
cold methanol, water and ether. The product was re-dissolved in acetone and KCI removed
with filtration after which the acetone was removed in vacuo to obtain the precipitate.
[Cd(dmtu)y(ced)]: (Yield: 2.54 g, 73%; M.p. 219 - 221 °C). Anal. calc. for C;;H,1N50,S4Cd
(508): C,28.37; H, 4.17; N, 11.75; S, 21.51. Found: C, 28.74; H, 3.78; N, 11.90; S, 22.49
Selected IR, v(ecm™): 2209 (C=N), 1629 (C=0), 1473 (C=S2), 377 (M-S).

'H-NMR (DMSO) & = 4.01 (q, 2H, -OCH,) 1.16 (t, 3H, CH3)

BC-NMR (DMSO) & = 14.59 (-CH3), 58.91 (-OCH,), 90.58 (C=C), 121.28 (C=N), 165.96

(C=0), 207.72 (C=S,).
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2.3.7 Synthesis of (1-cyano-1-carboethoxy-2, 2-ethylendithiolato-kS,S”)-bis(N,N’-
diethylthiourea-k S)Hg(II): [Hg(dmtu),ced] (6).

HgCl, (1.358 g, 0.005 mol) was dissolved in 40 mL of methanol and added to
dimethylthiourea (1.042 g, 0.01 mol) dissolved in 40 mL of methanol. The solution was
refluxed for 3 h after which it was concentrated to half of its original volume (40 mL) and
Kyced (1.417 g, 0.005 mol) dissolved in water was added to the mixture. After a period of 15
mins the colour of the mixture changed to grey and finally to black. The reaction was
refluxed further for 12 h. The product was filtered and washed twice with ice cold methanol,
water and ether. The product was re-dissolved in acetone and KCIl removed with filtration
after which the acetone was removed in vacuo to obtain the precipitate.

[Hg(dmtu),(ced)]: (Yield: 2.74 g, 61%; M.p. 211 - 212 °C). Anal. calc. for C;,H,NsO,S4Hg
(596.12): C,24.17; H, 3.55; N, 11.74; S, 21.51 Found: C, 24.45; H, 3.83; N, 12.27; S, 21.29
Selected IR, v(cm™): 2202 (C=N), 1649 (C=0), 1457 (C=S,), 378 (M-S).

'H-NMR (DMSO) & = 4.02 (q, 2H, -OCH,) 1.15 (t, 3H, CH3)

BC-NMR (DMSO) & = 14.59 (-CH;), 58.91 (-OCH,), 90.58 (C=C), 121.28 (C=N), 165.96

(C=0), 207.72 (C=S,).

2.3.8 Synthesis of (1-cyano-1-carboethoxyethylene-2,2-dithiolato-kS,S’)-bis(N, N’-
diethylthiourea — kS)zinc(Il): [Zn(detu),ced] (7)

In a typical experiment a mixture of ZnCl, (0.6814 g, 0.005 mol) was dissolved in 40 mL of
absolute methanol and refluxed for 3 h with (1.3223 g 0.01 mol) of diethylthiourea dissolved
in 40 mL of methanol. The solution was concentrated to half of its original (40 mL) volume
and Kyced (1.417 g, 0.005 mol) dissolved in 20 mL of distilled water was added to the
refluxing mixture. The initial colourless mixture changes to milky yellow and the reaction

was further refluxed for 12 h. The milky yellow product obtained by filtration was washed
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twice with ice cold methanol, water and diethyl ether. It was also re-dissolved in acetone and
filtered to remove KCI which is the by-product of the reaction. The acetone was concentrated
in vacuo to obtain the product.

[Zn(detu)y(ced)]: (Yield: 1.42 g, 54.9 %; M.p. 211 - 212 °C). Anal. calc. for C;6H29N50,S4Zn
(517.08): C, 37.17; H, 5.65; N, 13.54; S, 24.80. Found: C, 37.31; H, 5.70; N, 14.63; S, 24.55
Selected IR, v(cm™): 2204 (C=N), 1462 (C=S,), 1681 (C=0), 373 (M-S).

'H-NMR (DMSO) & = 1.12 (t, 3H, CH3) 3.95 (q, 2H, -OCH,)

BC-NMR (DMSO) & = 14.61 (-CH3), 58.40 (-OCH2), 90.91 (C=C), 120.83 (C=N), 163.92

(C=0), 206.30 (C=S,).

2.3.9 Synthesis of (1-cyano-1-carboethoxyethylene-2,2-dithiolato-xS,S’)-bis (N,N’-
diethylthiourea — kS)cadmium(II): [Cd(detu),ced] (8)

CdCl, (0.916 g, 0.005 mol) was dissolved in 40 mL of methanol and added to diethylthiourea
(1.322 g, 0.01 mol) dissolved in 40 mL of methanol. The solution was refluxed for 3 h after
which it was concentrated to half of its original volume (40 mL). Kyced (1.417 g, 0.005 mol)
dissolved in water was added to the mixture. The reaction was further refluxed for 12 h. The
product was filtered and washed twice with ice cold methanol, water and ether. The product
was re-dissolved in acetone and KCl removed with filtration after which the acetone was
removed in vacuo to obtain the precipitate.

[Cd(detu)y(ced)]: (Yield: 2.0 g, 77.3%; M. p. 231 - 233 °C). Anal. calc. for C;sH29N50,S4Cd
(564.10): C, 34.06; H, 5.18; N, 12.42; S, 22.73. Found: C, 34.22; H, 5.36; N, 12.67; S, 22.91
Selected IR, v(cm—1): 2206 (C=N), 1463 (C=S,), 1651 (C=0), 372 (M-S).

'H-NMR (DMSO) & = 1.12 (t, 3H, CH3), 3.99 (q, 2H, -OCH,)

BC-NMR (DMSO) & = 14.57 (-CH3), 58.49 (-OCH,), 90.25 (C=C), 121.57 (C=N), 163.92

(C=0), 208.15 (C=S,).
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2.3.10 Synthesis of (1-cyano-1-carboethoxyethylene-2,2-dithiolato-k,S’S)-bis(N, N’-
diethylthiourea —xS)mercury(II): [Hg(detu);ced] (9)

HgCl, (1.3575 g, 0.005 mol) was dissolved in 40 mL of methanol and added to
diethylthiourea (0.9015 g, 0.01 mol) dissolved in 20 mL of methanol. The solution was
refluxed for 3 h after which it was concentrated to half of its original volume (40 mL). K2ced
(1.417 g, 0.005 mol) dissolved in water was added to the mixture. The reaction was further
refluxed for 12 h. The product was filtered and washed twice with ice cold methanol, water
and ether. The product was re-dissolved in acetone and KCl removed with filtration after
which the acetone was removed in vacuo to obtain the precipitate.

[Hg(detu),(ced)]: (Yield: 2.1 g, 64.0%; M.p. 344 - 346 °C). Anal. calc. for C;¢H29N50,S4Cd
(652.29): C, 29.46; H, 4.48; N, 10.73; S, 19.66. Found: C, 29.12; H, 4.07; N, 10.98; S, 19.39.
Selected IR, v(cm—1): 2188 (C=N), 1458 (C=S,), 1651 (C=0), 375 (M-S).

'H-NMR (DMSO) & = 1.13 (t, 3H, CH3) 4.02 (q, 2H, -OCH,)

BC-NMR (DMSO) & = NA (Not available).

2.3.11 Synthesis of (1-cyano-1-carboethoxy-2,2-ethylenedithiolato-kS,S”)—bis(N,N’-
diisopropylthiourea-kS)zinc(II): [Zn(diptu),ced] (10)

ZnCl; (0.6815 g, 0.005 mol) in a hot methanol (40 mL) was added to a heated solution of
diisopropylthiourea (1.6028 g, 0.01 mol) in methanol (40 mL). The solution was refluxed for
5 h and later concentrated to half of its original volume (30 mL). Kyecda (1.417 g, 5.00
mmol) dissolved in water was slowly added to the mixture and stirred further for 12 h. The
product, a white yellowish coloured material, was filtered and washed twice with ice cold
methanol, water, ether and air dried.

[Zn(diptu)z(ced)]: (Yield: 1.34 g, 77%; M.p. 208-210 °C). Anal. calc. for Cy0H37N50,S4Zn

(573.19): C, 34.06; H, 5.18; N, 12.42; S, 22.73. Found: C, 34.22; H, 5.36; N, 12.67; S, 22.91
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Selected IR, v(em—1): 2196 (C=N), 1374 (C=S,), 1615 (C=0), 412 (M-S).
'"H-NMR (DMSO) & = 3.98 (q, 2H, -OCH,) 1.14 (t, 3H, CHs)
BC-NMR (DMSO) & = 14.39 (-CHs), 58.34 (-OCH,), 90.86 (C=C), 120.86 (C=N), 163.88

(C=0), 206.30 (C=S,).

2.3.11 Synthesis of [Zn(diptu):(ced)(py)] (11)

[Zn(diptu)z(ced)] (0.8598 g, 0.015 mol) was refluxed in 20 mL hot pyridine at 80 °C for 3 h.
The pyridine solution was removed by filtration and the resulting whitish yellow precipitate
was rinsed with water followed by ethanol.

[Zn(diptu)y(ced)(py)]: (Yield: 1.03 g, 71%; M.p. 207-209 °C). Anal. calc. for
CasH4N6O2S4Zn (653.30): C, 45.96; H, 6.63; N, 12.86; S, 19.63. Found: C, 45.51; H, 6.47,
N, 12.81; S, 20.04.

Selected IR, v(cm—1): 2196 (C=N), 1374 (C=S;), 1615 (C=0), 412 (M-S).

'H-NMR (DMSO) & = 3.95 (q, 2H, -OCH,) 1.14 (t, 3H, CH3)

BC-NMR (DMSO) & = 14.61 (-CH3), 58.41 (-OCH,), 90.90 (C=C), 120.87 (C=N), 164.00

(C=0), 206.35 (C=S2); CsHsN(py) & = 149.46, 124.19.

2.3.12 Synthesis of [Zn(diptu)(ced)(bpy)] (12)

[Zn(diptu)z(ced)] (1.1464 g, 0.002 mol) was dissolved in 40 mL hot chloroform and refluxed
with 2, 2” bipyridine (0.3120 g 0.002 mol) dissolved in 20 mL of hot chloroform. The
resulting mixture was refluxed for 4 h at a mild temperature of around 70° C and filtered
while hot. The precipitate was washed with chloroform, diethyl ether and air dried.
[Zn(diptu)y(ced)(bpy)]: (Yield: 1.27 g, 68 %; M.p. 209 - 211 °C). Anal. calc. for
C30H4sN70,S4Zn (729.37): C, 49.40; H, 6.21; N, 13.44; S, 17.58. Found: C, 49.02; H, 5.85;

N, 13.16; S, 17.20.
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Selected IR, v(cm™): 2196 (C=N), 1374 (C=S2), 1615 (C=0), 412 (M-S), 1521 (bipy).
'H-NMR (DMSO) & = 3.99 (q, 2H, -OCH>) 1.14 (t, 3H, CHs)
BC-NMR (DMSO) & = 14.61 (-CH3), 58.38 (-OCH,), 91.12 (C=C), 122.42 (C=N), 163.89

(C=0), 206.24 (C=S2); CsHu(bpy) & = 122.42, 127.08, 141.43, 148.40

2.3.13 Synthesis of [Zn(diptu)(ced)(phen)] (13)

Complex 13, [Zn(diptu),(ced)(phen)], was prepared by the same synthetic procedure adopted
in complex 3 but 1,10 phenanthroline (0.5406 g, 0.002 mol) was used instead of 2,2
bipyridine .[Zn(diptu),(ced)(phen)]: (Yield: 1.34 g, 77%; M.p. 230-232 °C). Anal. calc. for
C32H4sN70,847n (753.39): C, 51.02; H, 6.02; N, 13.01; S, 17.02. Found: C, 51.11; H, 5.79;
N, 13.35; S, 17.28.

Selected IR, v(em™): 2197 (C=N), 1629 (C=0), 1373 (C=S,), 421 (M-S).

Yield: 1.59 g (75.1 %), m. p. 315-317 °C.

'H-NMR (DMSO) & = 1.13 (t, 3H, CH3), 3.97 (q, 2H, -OCH,)

BC-NMR (DMSO) & = 14.62 (-CH;), C-N (56.06) 58.35 (-OCH,), 90.12 (C=C), 125.95

(C=N), 163.91 (C=0), 206.65 (C=S,); CsHu(phen) & = 125.95, 127.39, 140.09, 149.08.

2.3.14 Synthesis of (1-cyano-1-carboethoxy-2,2-ethylenedithiolato-kS,S”)-bis(N,N’-
diisopropylthiourea—kS)cadmium(Il): [Cd(diptu),ced] (14).

CdCl, (0.7332 g, 0.004 mol) was dissolved in 25 mL of methanol and added to
diisopropylthiourea (1.2822 g, 0.008 mol) dissolved in 25 mL of methanol and refluxed for 4
h. A yellowish solution was obtained which was concentrated to half its original volume and
a solution of Potassium 1-cyano-1-carboethoxy-2,2-ethylenedthiolate (K,ced) dissolved in 10

mL of distilled water was slowly added to the mixture and stirred at room temperature further
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for 8 h. The yellow solution obtained was concentrated in vacuo, filtered and the precipitate
washed with water, methanol, diethyl ether and air dried.

[Cd(diptu)z(ced)]: (Yield: 1.27 g, 68%; M.p. 202-203 °C). Anal. calc. for C;sH29N50,S4Cd
(620.21): C, 34.06; H, 5.18; N, 12.42; S, 22.73. Found: C, 34.22; H, 5.36; N, 12.67; S, 22.91.
Selected IR, v(cm™): 2201 (C=N), 1623 (C=0), 1463 (C=S2), 351 (M-S),

'H-NMR (DMSO) & = 1.05 (t, 3H, CH3) 4.02 (q, 2H, -OCH,)

BC-NMR (DMSO) & = 14.61 (-CH3), 58.40 (-OCH,), 90.92 (C=C), 120.82 (C=N), 163.93

(C=0), 206.30 (C=S,).

2.3.15 Synthesis of [Cd(diptu),(ced)(bpy)] (15)

[Cd(diptu)z(ced)] (1.2404 g, 0.002 mol) was dissolved in 40 mL hot chloroform and refluxed
with 2, 2° bipyridine (0.3120 g, 0.002 mol) dissolved in 20 mL of hot chloroform. The
resulting mixture was refluxed for 4 h at a mild temperature of around 70° C and filtered hot.
The precipitate was washed with chloroform, diethyl ether and air dried.
[Cd(diptu)z(ced)(bpy)]: (Yield: 1.27 g, 68%; M.p.205-206 °C). Anal. calc. for
C30HasN70,S4Cd (776.38): C, 46.41; H, 5.84; N, 12.63; S, 16.52. Found: C, 46.02; H, 5.57,
N, 12.18; S, 16.55.

Selected IR, v(cm™): 2198 (C=N), 1629 (C=0), 1439 (C=S2), 403 (M-S),

'H-NMR (DMSO) & = 4.37 (q, 2H, -OCH,) 1.09 (t, 3H, CH3)

BC-NMR (DMSO) § = 14.44 (-CH3), 56.06 (-OCH,), 91.00 (C=C), 122.38 (C=N),

CoHa(bpy) 8 = 122.38, 126.32, 140.24, 149.46.

2.3.16 Synthesis of [Cd(diptu),(ced)(phen)] (16)
[Cd(diptu)z(ced)] (1.2404 g 0.002 mol) was dissolved in 40 mL hot chloroform and refluxed

with 1, 10-phenanthroline (0.3604 g, 0.002 mol) dissolved in 20 mL of hot chloroform. The
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resulting mixture was refluxed for 4 h at a mild temperature of around 70° C and filtered hot.
The precipitate was washed with chloroform, diethyl ether and air dried.
[Cd(diptu)(ced)(phen)]: (Yield: 1.34 g, 77%; M.p. 211-212 °C). Anal. calc. for
C3HisN70,S4Cd (800.21): C, 48.01; H, 5.66; N, 12.24; S, 15.96. Found: C, 48.21; H, 5.39;
N, 12.50; S, 16.13.

Selected IR, v(cm™): 2198 (C=N), 1625 (C=0), 1374 (C=S,), 398 (M-S),

'H-NMR (DMSO) & = 3.37 (q, 2H, -OCH,) 1.06 (t, 3H, CH3)

PBC-NMR (DMSO) & = 14.69 (-CHs), C-N (56.06) 58.35 (-OCH,), 90.12 (C=C), 125.42

(C=N), CsHa(phen) & = 125.42, 127.25, 140.17, 149.89.

2.3.17 Synthesis of [Zn(Mestds)ced] (17)

ZnCl; (0.681 g, 0.005 mol) dissolved in 30 mL of methanol was added to tetramethyl thiuram
disulfide (1.202 g, 0.005 mol) dissolved in 30 mL of methanol. The mixture was refluxed for
4 h. It gave a colourless solution and Kjced (1.417 g, 0.005 mol) dissolved in 30 mL
methanol was added. The colour changed immediately to whitish yellow and the reaction was
refluxed further for 8 h. The product was filtered hot and re-dissolved in acetone to remove
KCl by-product. The precipitate was recovered by allowing the acetone to evaporate at room
temperature and the product was washed with methanol and diethyl ether.

[Zn(Megtds)ced]: (Yield: 1.59 g (75.1%), m. p. 315-317 oC). Anal. calc. for
C12H17N30,S6Zn (490.89): C, 29.44; H, 3.55; N, 9.01; S, 39.97. Found: C, 29.33; H, 3.49; N,
8.56; S, 39.08.

Selected IR, v(cm™): 2245(C=N), 1732 (C=0), 1455 (C=S,), 382 (M-S).

'H-NMR (DMSO) & = 1.05(t, 3H -NH-CHj3) 4.02 (q, 2H, -OCH>)

3C-NMR (DMSO) & = 203.69 (C=S), 168.68 (C=0), 122.94 (C=N), 59.29 (-OCH,).
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2.3.18 Synthesis of [Cd(Megtds)ced] (18)

CdCl,(0.917 g, 0.005 mol) dissolved in 30 mL of methanol and added to tetramethyl thiuram
disulfide (1.202 g, 0.005 mol) dissolved in 30 mL of methanol. The mixture was refluxed for
4 h. Kyced (1.417 g, 0.005 mol) dissolved in 30 mL methanol was added. The colour changed
immediately to yellow and the reaction was refluxed further for 8 h. The product was filtered
hot and the residue dissolved in acetone to remove the KCI. The filtrate was concentrated in
vacuo and the final yellow product was washed with methanol and diethyl ether.
[Cd(Megtds)ced]: (Yield: 1.58 g (72.8%), m. p. 337-339 °C).  Anal. calc. for
C12H17N30,S6Cd (540.87): C, 26.35; H, 3.29; N, 8.13; S, 35.40. Found: C, 26.62; 3.17; N,
7.77; S, 35.47.

Selected IR, v(ecm™): 2233 (C=N), 1512 (C=S2), 384 (M-S), 1600 (C=0).

'H-NMR (DMSO) & = 1.27 (t, 3H, -OCH,CHj3), 4.09 (q, 2H, -OCH,)

BC-NMR (DMSO) & = 208 (C=S), 164 (C=0), 121.37 (C=N), 90.6 (C=C), 14.6 (-CH3), 58.5

(-OCH,).

2.3.19 Synthesis of [Hg(Megtds)ced] (19).

HgCl, (1.357 g, 0.005 mol) was dissolved in 40 mL of methanol and was added to
tetramethyl thiuram disulfide (1.202 g, 0.005 mol) dissolved in 30 mL of methanol and
refluxed for 4 h. The resultant colourless solution changed to brown on adding K,ced (1.417
g, 0.005 mol) dissolved in 30 mL of methanol. The brown colour changed to grey and finally
to black. The reaction was further refluxed for 8 h, filtered and the product dissolved in
acetone to remove KCI by-product. The solvent was concentrated in vacuo, filtered and the
final product washed with methanol and diethyl ether.

[Hg(Megtds)ced] (Yield: 1.9 g (91.6%), m. p. 309-311°C). Anal. calc. for C;,H;7N30,S¢Hg

(628.94): C, 22.95; H, 2.76; N, 6.64; S, 30.44. Found: C, 22.90; H, 2.72; N, 6.68; S, 30.50.
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Selected IR, v(em—1): 2244(C=N), 1492 (C=S2), 449 (M-S), 1738 (C=0).
'"H-NMR (DMSO) & = 4.35 (q, 2H, -OCH,), 1.23 (t, 3H-CH).

BC-NMR (DMSO) § = NA.
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CHAPTER 3

3.Characterization of metal complexes

3.1 Introduction

The chemistry of substituted derivatives of thiourea has stimulated a lot of interest due to its
diversity of binding sites, capability of being used as reagents for separation of metal ions [1]
and biological activity such as; antibacterial [2, 3], antifungal [4] and antiviral [5] agents.
Thiourea ligand mode of coordination is through S as donor (neutral ligand) or as
deprotonated ligands in a monodentate (usually S-bonded) or through bidentate (as N, S-
coordinated) mode [6]. Substistuted thioureas have been used as source of sulfur for the
synthesis of metal sulfide nanoparticles [7, 8]. Thiourea is a useful ligand for the synthesis of
metal complexes. In most cases it bonds via sulfur atom to the central metal and for this
reasons, thiourea complexes are employed in the synthesis of nanoparticles as single source
precursor because they provide a template for the establishment of a chalcogenide bond
although, there has been an example of exceptional cases where the bond is through the

nitrogen atom [9]. The general structure of substituted thiourea is shown in Figure 3.1.
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R, R,

R; = H; R,=CH3, - N methyl thiourea, R; = R,=CHj3, - N, N dimethylthiourea

R; =R, =C,Hs, - N, N diethyl thiourea, R;= R,= C3H7, - N, N diisopropyl thiourea.

3. 1: Structure of alkyl substituted thiourea.

Other ligands used in this work as source of sulfur are tetramethyl thiuram disulfide and 1-
cyano-1-carboethoxy-2, 2-ethylenedithiolate, Figure 3.2. More details about these ligands

have been provided in chapter one.

H;C N /s S\ s CHj S C=N
N—C C—N c=—c
H;5C / \S - S/ \ i s/ \ﬁOCHzCH3

O

3.2: Tetramethyl thiuram disulfide (Me4tds). (b) 1-cyano-l-carboethoxy -2,2-
ethylenedithiolate (CED).
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This chapter contains the characterization of metal complexes and some of their adducts. It
describes the details of the IR, 'H and ?C-NMR analysis of the metal complexes synthesized
in this work. Zn(II), Cd(II) and Hg(II) thiourea or tetramethyl thiuram disulfide with 1-cyano-
I-carboethoxy-2,2-ethylene dithiolate metal complexes have been were discussed and the
coordination of the ligands to the central metals established. The substituted thiourea ligands
used are methy, dimethyl, ethyl and diisopropyl thiourea. The characterization of adducts of
the parent complexes of Zn(II) and Cd(II) synthesised through reactions with nitrogen donor
ligands (pyridine, 2,2’-bipridine and 1, 10 - phenthroline) have been also described. The
thermogravimetric analysis of the complexes was also described. The metals decomposed to
their respective metal sulfide on thermal degradation and this confirms their potential as

prescursor for the synthesis of metal sulfide nanoparticles.

3.2 Results and discussion

3.2.1 Metal complexes of 1-cyano-1-carboethoxy-2, 2-ethylenedithiolato—xS,S’—bis(N-
methylthiourea—xS)M(II) (where M = Zn or Cd or Hg)

The complexes were isolated by reacting the metal salts of Zn(Il), Cd(Il) and Hg(IT) with N-
methylthiourea and ced in a 1:2:1 molar ratio. The products of the reactions are formulated as
four coordinate species: [Zn(mtu),ced], [Cd(mtu),ced] and [Hg(mtu),ced], in which the metal
ions are coordinated to two molecules of N’ methylthiourea acting as monodentate ligand and
one molecule of ced acting as chelating bidentate ligand through the sulfur atoms. A
representative equation for the formation of the complexes is shown in Scheme 3.1. The
complexes were characterized by melting point, elemental analyses, IR, 'H-NMR and “C-
NMR spectroscopy. The complexes are not soluble in methanol, ethanol, hexane, chloroform,
benzene and diethyl ether but they are sparingly soluble in highly coordinating solvents such

as DMF and DMSO.
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> /
MCl, + 2mtu + Kyced — 5 K / \C:C +  2Kd
HN< 0
Scheme 3.1: Synthesis of [M(mtu),(ced)], (M = Zn, Cd, Hg).

3.2.2 Infrared spectra studies of the metal complexes: [M(mtu)(ced)]

The IR spectra of the free ligands and their respective metal complexes were assigned on
careful comparison. The IR spectra of complexes 1-3 show vibrational bands that are typical
of the mixed coordinated ligands of methyl thiourea and ced. For the thiourea complexes,
distinct vibration bands are observed at 624, 1513, 1618, 3412 cm’ (1) 620, 1571, 1623,
3310 cm™ (2), and 650, 1500, 1632, and 3200 cm™ (3) which can be assigned to W(C=S), v(C-
N), and v(N-H) vibrations respectively [10]. The corresponding bands of the free thiourea
ligand appeared at around 700, 1500, 1600 and 3235 cm™ for w(C=S), v(C-N) and v(N-H)
vibrations sequentially. The thione ligand, (>C=S), on complexation exhibits red shift in its
vibrational frequency due to electron donation or sulfur donation of electron to the metal
center which enhance or promote m back donation to the thione n* orbital. Invariably, this
leads to the decrease in strength of the carbon sulfide bond [11]. Contrarily, the v(N-H) band
experiences a blue shift in wavenumber which corresponds or indicates an increase in the

strength of the v(N-H) bond of the complex relative or compared to the free or pure ligand.
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This is due to the electron donation from sulphur [12]. There exists a low frequency shift in
C=S and a high frequency shift in the v(N-H) vibration when these values are compared to
free thiourea. The red shifting of the v(C=S) bond of the free ligand confirmed that

methylthiourea is coordinated to the metal ions via sulfur atoms [13, 14].

Selected vibrational bands that constitute the main region of interest in 1-cyano-1-
carboethoxyl- 2,2-ethylenedithiolate complexes arising from v(C=N), v(C=0), v(C=CS,),
v(C-S) are; in the ranges of 2188-2244, 1645-1700 cm™, 1412-1492 cm™, 1165-1116 cm™
respectively [15]. In the uncoordinated K,ced ligand these stretching vibrations are observed
around 2161, 1680, 1441 and 1148 cm™ while in the metal complexes, they are observed at
2198, 1630, 1459 and 1148 cm™ (1) for [Zn(mtu),ced]; 2199, 1652, 1412 and 1174 cm™ (2)
for [Cd(mtu),ced] and 2232, 1732, 1489, 1201 cm™ (3) for [Hg(mtu),ced]. The appearance
of bands around 1165 cm™ in the complexes is indicative of a bidentate mode of coordination
of ced through sulfur atoms [16]. The v(M-S) was observed at 376, 396 and 388 cm™ in
[Zn(mtu),ced], [Cd(mtu),ced] and [Hg(mtu),ced] respectively. The presence of these
vibrational frequencies confirms the coordination of the ions to the sulfur atoms [13, 14].

Some selected spectra for the ligands and the complexes are presented in Table 3.1.

Table 3.1: Some selected infra-red spectroscopy frequency of [M(mtu),ced]

Complexes | v(N-H) | w(C=N) |[w(C=0) [w(C=S,) |w(C-S)) | w(C=S) [w(M-S)
(em™) | (em™) (cm™) (cm™) (em™  [(em™) | (cm™)
[Zn(mtu),ced] | 3274 2198 1630 1459 1148 671 376
[Cd(mtu),ced] | 3363 2199 1652 1412 1174 671 396
[Hg(mtu),ced] | 3310 2232 1732 1489 1201 670 388
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3.2.3 'H and “"C-NMR spectra of [M(mtu);ced] (where M = Zn, Cd and Hg)

The complexes are dissolved in in DMSO-ds and the data of the chemical shift signals from
'H and “C-NMR spectra are all consistent with the proposed structures for the complexes.
Characteristic chemical shift that are diagnostic of thiourea and ced were shown in the
resonance signals. In the 'H-NMR of the complexes 1-3, the N-H signals of thiourea
appeared at 7.97, 7.86 and 7.60 ppm respectively. The N-H show less intensity of the signal
on coordination and this led to a downfield shift relative with position in free N-
methylthiourea. The deshielding can be attributed to increase in « electron density in the C-N
bond on coordination [17]. The existence of v(N-H) indicated that the thiourea ligand is
coordinated to the central metal atom through the sulfur atom. Reports on crystal structures of
substituted thiourea derivatives confirm the coordination of thiourea to metal center through
sulfur [18, 19]. "H-NMR spectra of complexes 1-3 reveals a quartet in a low field (chemical
shift 3.70-4.14) and a triplets (chemical shifts 1.26-1.35) which is in agreement with
OCH,CHj3 moiety [20]. The *C-NMR exhibits 6 set of signals that are characteristic of K,ced
ligands and they are C=S, C=0, C=N, C=C, OCH,, CHs. These signals appear in complexes
1-3 at 206, 163, 120.74, 90.00, 58.8, 14.59 ppm (1) 206.8, 160. 28 121.5, 90.1, 58.32 ppm,
14.55 (2) and 58.55, 14.40 ppm (3) for C=S, C=0, C=N, C=C, OCH,, CHj sequentially.
Some of the resonance signals are not available for complex 3 which is a mercury complex

due to the poor solubility in DMSO-d6.

3.2.4 Thermal study of [M(mtu),ced] (Where M = Zn and Cd)

The thermogravimetric (TGA), DTG and DSC of the complexes were measured under a flow
of nitrogen to study the thermal behaviour of the complexes. The TGA and DTG of
complexes, (1) & (2) are shown in Figure 3.3 (a) and (b). [Zn(mtu],ced] shows a two stage

decomposition profile and the DTG presented a maximum decomposition temperature of 202
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°C. The decomposition of the complex led to the formation of ZnS. The weight loss found

was 58.6% and the calculated was 62.5%.
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3. 3: TGA/DTG of (a) [Zn(mtu),ced] and (b) [Cd(mtu),ced]
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The TGA reveals that the product of thermal decomposition is ZnS and this confirms the
suitability of [Zn(mtu),ced] as a good precursor for thermolysis to obtain ZnS nanoparticles;
(Found calcd. weight loss) 58.6% for (1) and calculated was 62.5%. Complex 2 has a similar
decomposition profile and like (1), it does not have a plateau. The DTG have a maximum is
210° C. Decomposition started around 135 °C and extended till around 600 °C with a loss of
fragments around 250 °C which is most likely to be the thiourea moiety. Similar results have

been found in literature [21]. The sharp DTG is likely due to melting of the complex.

The percentage of the complex that decomposed was 66% with only 34% left although this is
close to the calculated amount of 30.10 % mass of CdS left residue left after the
decomposition around 43 % and it’s close to the calculated amount of 35%. Generally for
thiourea complexes on decomposition, they either volatilize leaving a negligible amount of
residue or decompose to afford the respective metal sulfide. This is why sometimes the
expected decomposition residue may not correspond with the calculated values [22]. There
are actually three stages of degradation, the first one occurred between 60 and 200 °C (less
than 200 °C) lead to loss of trapped solvent with loss of about less than 4% of the total weight

of the complex.

3.3 Metal complexes of 1-cyano-1-carboethoxy-2, 2-ethylenedithiolato—xS,S’—bis(N, N-
dimethylthiourea—xS)M(II) (where M = Zn or Cd or Hg)

The synthesis of heteroleptic Zn(Il), Cd(II) and Hg(II) complexes formed by the reaction of
the respective metal salts, N, N dimethylthiourea (dmtu) and 1-cyano 1-carboethoxy-2,2
ethylene dithiolate (ced) in the mole ratio of 1:2:1 afforded the formation of the three
precursors formulated as [Zn(dmtu),ced] and [Cd(dmtu),ced] and [Hg(dmtu),ced]. The

complexes are air stable based on the analytical and spectroscopic data. The complexes are
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insoluble in most common organic solvents but slightly soluble in high coordinating solvents
like DMF and DMSO. A typical equation for the formation of the complexes is shown in

Scheme 3.2.

H\ H
HyC— N—CH;
N S
C
H I
S S —
MCl, + 2dmtu + Kyced — \N NN\ C=N
C=S S
V4 COCH,CHj;
/N
HyC™ + O
H 2KCl1

Scheme 3.2: Synthesis of [M(dmtu),(ced)], M= (Zn, Cd and Hg)

3.3.1 Infrared spectra studies of the metal complexes: [M(dmtu);(ced)]

FT-IR spectra of the complexes [Zn(dmtu),ced] (4), [Cd(dmtu),ced] (5) and [Hg(dmtu),ced]
(6) showed all the characteristics bands for ced and dimethyl thiourea. There are three
characteristics bands that are typical of thiourea ligands and they normally appear in
frequency regions; v(C=S) located around 700 cm™, v(C-N) at around 1500 cm™ and the v(N-
H) is identified around 3200 cm™ while the N-H bending vibration is noticeable around 1600
cm’ [23, 24]. For the [Zn(dmtu),ced], [Cd(dmtu),ced] and [Hg(dmtu),ced] these bands are

observed at; [622, 1570, 1613, 3414 ] cm'], [623, 1557, 1607, 3403] cm'and [617, 1618,
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1637, 3237] cm™ respectively for the v(C=S), v(C-N), N-H bending vibrations and the v(N-
H). It is worthy of note that a low frequency shift in the v(C=S) band, accompanied with a
high frequency shift in the N-H and (C-N) bands in thiourea complexes as related to the
uncoordinated ligands is indicative of the presence of thione form in the solid state [25].

Four main regions are of interest in 1-cyano-1-carboethoxy-2,2-ethylenedithiolato (ced)
complexes namely: the 2188-2244 cm™ which is due to v(C=N); 1645-1700 cm™ which is
due to v(C=0); 1412-1492 cm™ due v(C=CS,;) and 1116-1165 cm™ due to v(C-S) of the
chelated ced® [16, 26]. In the metal complexes, these stretching vibrations were observed at
2209, 1705, 1448 and 1188 cm™ for [Zn(dmtu),ced] (4), 2209, 1629, 1473 and 1165 cm™ for
[Cd(dmtu),ced] (5) and [2024, 1637, 1472, 1138] for [Hg(dmtu),ced] (6). The v(M-S)
stretching vibrations occur as a weak band at region of low intensity at 376 and 396 cm™ and
400 cm™ for [Zn(dmtu),ced] and [Cd(dmtu),ced] respectively. The presence of these weak
bands confirmed bonding between the metal and the sulfur atoms [17, 27]. Table 3.2 shows

selected IR spectra of the complexes.

Table 3.2: Some selected infra-red spectroscopy frequency of [M(dmtu),ced]

Complexes v(N-H) | (C=N) | v(C=0) |v(C=S;) | w(C-S) | v(C=S) |v(M-S)
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
[Zn(dmtu),ced] | 3275 2209 1705 1448 1188 671 394
[Cd(dmtu),ced] | 3244 2209 1629 1473 1165 670 377
[Hg(dmtu),ced] | 3362 2241 1599 1459 1191 670 424
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3.3.2 'H and “C-NMR spectra of [M(dmtu),ced] (where M = Zn, Cd and Hg)

The Zn(II) complex showed characteristics chemical shift that are typical of thiourea and
ced. The singlet peak at & 7.37 ppm in the '"H-NMR can be assigned to the proton of the N-H
of the thiourea group. The signal of the N-H of the thiourea is observed to be less intense on
coordination and shifted downfield relative to the position of the uncoordinated ligand. The
deshielding can be ascribed to an increase in m electron density in the C-N bond on
coordination [28]. The emergence of N-H signal is an indication that the thiourea ligand is
bonded to the central metal via the thione group [29]. Other peaks at 6 3.98 and 1.15 ppm are
due to quaternary protons of (OCH,) and triplet’s protons of (CHs) respectively. Other
prominent peaks are 2.5 and 3.5 ppm and are due to solvent (DMSO) and moisture (H,O)
respectively. The "“C-NMR spectra of [Zn(dmtu),ced] shows resonance signals
corresponding to ced for; C-S (206.32), C=0 (163.92), C=N (121.88), C=C (90.91), -OCH,
(58.41) and CHj; (14.62) & in ppm for the carbons of ced and thiourea group. A marginal
coordination induced downfield shift of the C-S carbon is indicative of the (S, S) coordinated
nature of the ced® [30]. A peak observed at § 7.34 ppm can be assigned to the N-H protons of
the thiourea group in [Cd(dmtu),ced] (5). The peaks at & 4.01 and 1.16 ppm in the 'H-NMR
of the complex can also be assigned to the quaternary protons of OCH; and triplet protons of
CHj; respectively. The ?C-NMR of this complex (5), shows a peak at & C-S (207.84), C=0
(165.89), C=N (121.34), C=0 (90.44), -OCH; (58.86) and CHs (14.59) ppm typical of

coordinated ced functionalities [31].

75



3.3.3 Thermal study of [M(dmtu),ced] (Where M = Zn and Cd)

The TGA, and DTG of [Zn(dmtu),(ced)] (4) and [Cd(dmtu),ced] (5) are shown in Figure 3.5
(a & b). The decomposition of complex (4), Figure 3.4(a) took place in two stages. The first
stage started at 196 °C and ended at 240 °C while decomposition of complex (5) started at
around 150 °C with an expulsion of trapped solvent (less than 2% of the complex) below 200
°C. The DTG maximum for complex (4) is at 200 °C and it is observed that a significant
fragment of the complex probably thiourea moiety is lost at around 250 °C. The mass of the
complex (4) lost is around 57% while the amount remaining about 42%. This is close to the
weight of ZnS. Complex (5) represented by Figure 3.4(d) has a maximum DTG of 210 °C and
this shows that it is stable. The TGA of (5) reveals that the 68% of weight loss occurred with
almost 32% residue obtained. This is close to the calculated residue of 28.4%. The suitability

of the complex as precursor for CdS synthesis is confirmed.
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Figure 3.4: TGA/DTG of (a) Zn(dmtu); and (b) [Cd(dmtu),ced].
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3.4 Metal complexes of 1-cyano-1-carboethoxy-2, 2-ethylenedithiolato—xS,S’—bis(N, N-
diethylthiourea—xS)M(II) (where M = Zn, Cd, Hg) (7), (8) and (9)

These complexes are formulated as [M(detu),ced] (where M = Zn, Cd and Hg) and the
synthetic method used in the preparation is the same as with the previous complexes above,
(1-6). The complexes were characterized with elemental analysis, IR, '"H- and “C-NMR
spectroscopy. The substituted thiourea in these complexes is the N, N diethylthiourea which
is a monodentate ligand and the second ligand, 1-cyano-1-carbethoxy-2, 2-ethylenedithiolate,
is a bidentate chelating ligand. The mode of coordination to the central metal is through four
sulfur atoms. The complexes are formulated as four coordinate species consisting of two
molecules of monodentate diethythiourea and one molecule of bidentate ced. This central
metal displays MSs chromophore. Substituted thiourea compounds are known to form stable
complexes and have been reportedly used as single source precursors for the preparation of
semiconductor nanoparticles [32, 33]. Formation of the complexes can be represented as
shown in Scheme 3.3. All the three complexes are not soluble in the common organic
solvents although they are sparingly soluble in DMF and DMSO. They also decompose in the

temperature range of 200-400 °C.

P{ H
C
H [
S S —
MCl, + 2detu + Kjrced — \N NN /C_N
/M C=cC
HsC, C=—S AN s N
% COCH,CHy
_N I
H5C2 -+ O
H 2KCl1

Scheme 3.3: Synthesis of [M(detu),(ced)], M= (Zn, Cd and Hg)
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3.4.1 Infrared spectra studies of the metal complexes: [M(detu),(ced)]

Like the previously discussed bonding of the substituted thiourea mixed ligand complexes
with ced, there are diagnostic characteristics bands for thiourea and ced which are clearly
revealed by the IR spectra of the complexes. For the diethylthiourea the bands are observed in
the free ligand in three frequency regions; v(C=S) located around 600 cm™, v(C-N) bands
observed around 1500 cm™ and the v(N-H) found around 3200 cm™. But in the complexes
these bands appear at (619, 1515, 3288) cm™ (7), (621, 1522, 3294) cm™ (8) and (652, 1572,

3362) cm™ (9).

Table 3.3: Some selected infra-red spectroscopy frequency of [M(detu),ced]

Complexes v(N-H) | v(C=N) | vw(C=0) |w(C=S;) | v(C-S) |w(C=S) |v(M-S)
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
[Zn(detu),ced] | 3275 2200 1681 1462 1193 670 373
[Cd(detu),ced] | 3275 2206 1651 1463 1176 666 372
[Hg(detu),ced] | 3362 2188 1656 1458 1191 669 375

The occurrence of N-H vibrational bands in all the complexes confirms the bonding of the
diethyl thiourea ligand to the metals via sulfur atom [34]. The stretching vibrations that
appear at 794 cm’ in the free diethylthiourea shifted to about 620 cm™ in the metal
complexes. The red shifting of the w(C=S) bond of the free ligand confirm that
diethylthiourea is coordinated to the metal ions through the sulfur with a reduction of =-
electron density of the v(C=S) bond. For the K,ced ligand of the complex, the most important
vibrational modes of the dipotassium 1-cyano-1-ethoxy-2,2-ethylenedithiolate ligands are;
2161 cm™ due to W(C=N); 1681 cm™ due to W(C=0); 1360 cm™ due W(C=CS,) and 1160 cm’
due to v(C-S). The assignment of these vibrations frequencies are based on literature source
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[27, 35, 36]. These were observed in the metal complexes at (2200, 1681, 1462, 1193) cm’!
for complex (7); (2206, 1651, 1463 and 1176) cm™ for complex (8) and (2188, 1656, 1458,
1191) cm™ for complex (9) characteristic of CED complexes in a chelating and bidentate
bridging mode [37]. The appearance of a band around 1165 cm™ which is due to the
vibrations of the v(C-S) suggests a bidentate mode of chelation of ced via sulfur atoms [21].
The v(M-S) was observed at 373, 372 and 375 in [Zn(detu),ced], [Cd(detu),ced] and

[Hg(detu),ced] respectively.

3.4.2 'H and “C-NMR spectra of [M(detu),ced] (where M = Zn, Cd and Hg)

In the "H-NMR spectra of the diethyl thiourea complexes, the N-H singlet peaks were
observed at 7.27, 7.48 and 7.87 ppm chemical shifts for complexes 7, 8 and 9. These signals
appear to be less than the chemical shift assigned to N-H in the free ligand. This is due to the
coordination of the diethyl thiourea ligand to the central metal ions. The deshielding can be
attributed to an increase in « electron density in the C-N bond upon coordination of the ligand
[38]. The CH3 and CH; signals of the free ligand are observed at 1.07 ppm and 3.35 ppm and

these were revealed in the complexes at around 1.04 and 3.35 ppm for complexes (7), (8) and

(9).

Coordinated ced ligand exhibits a low field quartet and triplets due to the OCH; and the CHj3
of the ethoxy moiety. These quartet signals due to OCHj3 are observable at (3.95- 3.99 6 ppm)
and 1.13 -1.15 & ppm) in complexes (7), (8) and (9). The *C-NMR spectra of complexes (7)
and (8) show chemical shifts corresponding to the carbon atoms of ced and the thiourea
although most of the chemical shift of the thiourea carbon atoms were masked by that of the
ethoxy moiety of the 1,1 dithiolate derivative. The carbon atoms of the ethoxy moiety

exhibited chemical shifts at (14.53, 58.83, 90.91, 120.83, 163.92, 206.32) & ppm (7) and
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(14.53, 58.32, 90.84, 120.76, 163.87, 206.23) & ppm (8) which are resonance signals
corresponding to CHs, -OCH,, C=C, C=N, C=0, C-S, of the ethoxy moiety [39]. It is worth
noting that the chemical shift signals at around 39.74 and 14.54 ppm attributed to CH, and
CHs resonance is due to the presence of diethyl thiourea ligand. Complex (9), with mercury
as the central atom, showed only chemical shift at 54.41, 39.47 and 14.51 ppm as signals

from chemical shift that is due to OCH,, CH, and CH; chemical shifts.

3.4.3 Thermal study of [M(detu),ced] (Where M = Zn and Cd)

The thermal degradation of complexes [Zn(detu),ced] (7) and [Cd(detu),ced] (8) are depicted
in Figure 3.5(a & b). The complex (7) begins to decompose at about 100 °C with expulsion of
trapped solvent. The decomposition continued till around 260 °C with the DTG maximum at
about 218 °C. At the final stage of decomposition about 67% of the sample has decomposed
leaving behind about 33% as residue which correspond to the mass of the CdS. For the
[Cd(detu),ced] (9), the DTG reveals 3 stages of decomposition, the first between 50-100 °C
which is due to expulsion of trapped solvent in the sample. The second one occurred between
180-230 °C which is due to the loss of thiourea fragments and the final one around 280 °C.
About 60% of the sample decomposed at the final stage with expected residue that
corresponds to the mass of CdS. Generally mercury metal complexes are volatiles on
decomposition leaving almost no residues and due to these the TGA and DTG are not

presented here.

81



Sample: J13

DSC-TGA
100 25
- 20
30
80— +
Fi1s
L =
5 20l =
= = 7T =
< = =
£ 60 3 10 S
= e )
> o 1 =
= 3 L 3
B =
r
I
s
404 - +
o
20 | T T -5
o 200 400 600 800
Exo Up Temperature (°C) Universal V4.7A TA Instruments
Sample: J16
DSC-TGA
100 10
8
304
80 +
—6 —_
L =
s 20 £
= = 4+ =
= =
5 o0 = 4 2
8 w I =2
= 3 L -
B =
F
=
L2
40+ 1+
o
20 , Y r 2
o 200 400 600 800
Exo Up Temperature (°C) Universal V4.7A TA Instruments

Figure 3.5: TGA/DTG of (a) [Zn(detu),ced] and (b) [Cd(detu),ced].
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3.5 Adducts of 1-cyano-1-carboethoxyethylene-2,2-dithiolato—kS,S’—bis(N,N’-

diisopropylthiourea—xS)Zn(II):[M(diptu)2ced/py/N-N] (where = Zn, py = pyridine, N-N

= 2, 2 bipyridine or 1,10 phenanthroline) (10-13)

The parent complex [Zn(diptu),ced] represented by (10) was synthesized by the reaction of

ZnCl, with diisopropyl thiourea and a slow addition of dipotassium 1-cyano-1-carbethoxyl-

2,2-ethelene dithiolate in molar ratio of 1: 2: 1. It afforded the formation of the parent

precursor complex (10) which was further reacted with pyridine, 2, 2° bipyridine or 1, 10

phenanthroline, in molar ratio 1:1 to give the respective adducts (11), (12) and (13) via

addition reaction. Pyridine is a monodentate ligand while 2, 2’ bipyridine are 1, 10

phenanthroline are bidentate nitrogen donor ligands and the isolated products are Zn(II)

adducts that are insoluble in water and other organic solvents but slightly soluble in strong

coordinating solvents such as DMF and DMSO..

MCl, + 2diptu + Kyced ——

(Where M = Zn)

H\ H
H;C7—~N N—C;sH,
AN
C
H I
\ S S —
e CcC=C
& \CZS/ N/ N
Y COCH,CH,
/N 0O
HyC7  \ +

Scheme 3.4: Synthesis of [M(diptu),ced] (where M= Zn).

The coordination geometry around the Zn metal is increased from four to five by pyridine

adducts formation to give a MS4N chromophore and to six in the synthesis of 2, 2’ bipyridine
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and 1, 10 phenanthroline adducts to produce a MS4N, chromophore. The sulfur and the
nitrogen atoms are electron rich and donate electron to the metal centre. The ced®” is a
cationic ligand and it shares electrons with the divalent central metal (Zn>" or Cd*") while the

thiourea is a chalcogen source and donates a pair of electron to the central metal.

3.5.1 Infrared spectra studies of the metal complexes: [Zn(diptu),(ced)/py/N-N]

The IR spectra of the Zn(II) mixed ligand complexes exhibit frequency bands associated with
important functionalities of diisopropyl thiourea and ced. The thiourea ligand is expected to
have a set of peaks at four frequency regions; v(C=S) at around 600 cm™, v(C-N) at around
1500 cm™, N-H bending vibration observed around 1600 cm™ and N-H that is noticeable
around 3200 cm™ [40]. For the parent complex [Zn(diptu),(ced)], and the adducts;
[Zn(diptu)z(ced)(py)], [Zn(diptu)z(ced)(bpy)], [Zn(diptu)2(ced)(phen)], these vibrational
frequencies are observed at ( 617, 638, 629, 639) cm'], (1515, 1518, 1518, 1518) cm’! ,
(1616, 1606, 1614, 1622) cm™ and (3414, 3225, 3263, 3070) cm™ for v(C=S), v(C-N), N-H
bending vibration and N-H respectively. A low frequency shift in C=S and a high frequency
shift in N-H confirms the coordination of the Zn*" to the diisopropyl thiourea ligand. The
appearance of N-H vibration in the complex is also a proof that thione form of the ligand is in
solid state [41, 42]. The infrared spectra of the 1-cyano-1-carboethoxy-2, 2-ethylenedithiolate
complexes is expected to have strong absorption in the following region; 2188-2244 cm™,

1645-1700 cm™ 1116-1165 cm™ due to v(C=N), w(C=0) and v(C-S) respectively [43].

In the uncoordinated ced ligand, these stretching vibrations are observed around 2174, 1681
and 1160 cm™ while in [Zn(diptu),ced] they appeared at 2196, 1615 and 1173 cm™. In the

adducts: They are observed at 2198, 1616, 1173 cm™, for the [Zn(diptu),(ced)(py)], at 2198,
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1606, 1166 cm™ for [Zn(diptu)(ced)(bpy)] and 2197, 1620, 1169 cm’ for
[Zn(diptu),(ced)(phen)] respectively. Typical characteristic band due to pyridine adducts is
observed in [Zn(diptu)y(ced)(py)] at 1606 cm™ [44]. Ring frequencies related to 2, 2’
bipyridine and 1, 10 phenanthroline adducts are in the range of 1600-1000 cm™. For
[Zn(diptu),(ced)(bpy)], there is a noticeable band at 1597 cm™ due to the v(C=N) in the 2, 2’-
bipyridine ring, and this was observed in the free 2,2 bipyridine at 1579 cm™, while
[Zn(diptu),(ced)(phen)] shows characteristic peak at 1622 and 1518 cm™ as against 1608 cm™
and 1512 cm™ that were observed in the free 1,10 phenanthroline [45]. The positive shift
may be due to the ring current arising from electron delocalization after the chelate formation
[46]. The v(C=C) and v(C=N) modes of 1,10 phenanthroline in [Zn(diptu),(ced)(phen)]
appear at 1510 and 1683 cm™ while in the free 1,10 phenanthroline the values are 1500 cm™
and 1600 cm™ sequentially [47]. The shift to higher wavenumber on coordination can be

ascribed to the interaction between Zn>" and the nitrogen atom of the 1, 10 phenanthroline.

Table 3.4: Some selected infra-red spectroscopy frequency of [Zn(diptu),ced/py/N-N]

V(N-H) | v(C=N) | w(C=0) | »(C=8,) | (C-S) | W(C=S) | v(M-S)
Complexes cm’ cm’” cm’” cm’” cm” | cm” cm’
[Zn(diptu),(ced)] 3417 2196 1615 1374 1173 650 412
[Zn(diptu),(ced)(py)] 3225 2198 1606 1369 1166 638 422
[Zn(diptu),(ced)(bpy)] | 3447 2198 1607 1375 1173 651 411
[Zn(diptu),(ced)(phen)] | 3422 2197 1629 1373 1167 637 421
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3.5.2 'H and “C-NMR spectra of [Zn(diptu),ced/py/N-N]

The 'H-NMR of the parent compound, [Zn(diptu),ced], displays triplet at & 1.14 ppm for the
CHj; and quartet at & 3.98 ppm for the —OCH; protons of the ethoxy group of ced. The solvent
peak (DMSOg) and moisture (H,O) peak are observed at & 2.40 ppm and 3.37 ppm
respectively. The N-H resonant peak appears at & 7.8 ppm. The *C-NMR of the parent
complex, [Zn(diptu),ced], shows peaks at d; 14.39, 58.34, 90.86, 120.86, 169.88 and 206.30
ppm and these peaks correspond to the CHi;, OCH,, C=C, C=N, C=0, C-S which are
characteristic peaks of the ced [48]. For the pyridine adduct of the parent complex,
[Zn(diptu),ced(py)], a triplet at & 1.27 ppm for CH; and a quartet at 3.95 ppm for —-OCH,
protons of the ethoxy of ced are identified. Solvent peaks for DMSO¢ and (H,O) appeared at
0 2.49 and 3.36 ppm while the N-H peak of the thiourea is also present at 6 7.8 ppm. For the
'H-NMR of the complex (11), the pyridine hydrogen resonances are found shifted to the
lower field relative to the free pyridine. The signals observed at 7.42, 7.82 and 8.57 ppm are
assigned to the protons of pyridine ring. ?C-NMR spectrum of [Zn(diptu).ced(py)] showed
peaks are at o; 14.61, 58.41, 90.90, 120.87, 164.00, 206.35 ppm and these can be attributed to
the carbon atoms of CH3z, OCH,, C=C, C=N, C=0 and C-S; sequentially. Peaks at §; 149.46

and 124.19 ppm can be assigned to carbon atoms of the pyridine moiety [49].

The 'H-NMR spectrum of [Zn(diptu),ced(bpy)] adduct shows signals of triplets at & 1.13
ppm for CH3 and quartet at 6 3.99 ppm for —OCH, protons of the ced group or moiety. The
N-H resonance was observed at 7.81 ppm and the peaks which appear at 6 8.31-8.69 ppm are
due to the ring protons of 2, 2° bipyridine [50]. The *C-NMR of the adduct complex,
[Zn(diptu),ced(bpy)], show peaks around 6 14.61, 58.38, 91.12, 122.42, 163.89 and 206.34
ppm that correspond to CH3, OCH,, C=C, C=N, C=0 and C-S carbons of the ced ligand [51]

as reported in the literature. A slight downfield shift confirms the bidentate (S, S) coordinated
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property of ced ligand. The signals between & 140.09-149.09 ppm are predicted as due to 2,
2’- bipyridine carbons. The 'H-NMR of [Zn(diptu)x(ced)(phen)] adducts shows triplet
resonant signals at 6 1.13 ppm, a quartet at 6 3.97 ppm and these are due to the protons of the

CHj; and -OCHj; of the ced group.

The presence of 1, 10 - phenanthroline is also established in the molecular structure of the as-
prepared Zn(II) adduct complexes by the two peaks observed at 8.91 and 8.93 ppm in the
complexes and they can be ascribed to the ring protons of 1, 10 - phenanthroline. Protons of
the uncoordinated, 1, 10 - phenanthroline are seen at 6 9.19, 7.65, 8.47 and 7.81 ppm. All the
protons were observed to have shifted downfield in 'H-NMR spectrum of the 1, 10 -
phenanthroline adduct of the complex and this is attributable to the coordination of the metal
ion to the N donor ligand [51]. The 'H NMR data of the [Zn(diptu),ced(phen)] exhibit or
show the presence of quartet at low field (3.95-3.97) ppm and a triplets at (2.48-2.49) ppm,
which are consistent with the OCH,CH; moiety. The BC.NMR of the adduct,
[Zn(diptu),ced(phen)], show signals at 6 14.62, 56.06, 58.35, 90.12, 125.95, 163.91, 206.65
ppm which correspond to the presence of important features such as CHs, OCH,, C=C, C=N,
C=0 and C-S carbons of the CED group sequentially [52]. Four signals are observed in the
region 0 = 125.92-149.3 ppm; 125.95, 127.39, 129.64 and 149.08 pp, which are due to the
ring carbons of 1, 10 - phenanthroline. Resonance of these carbon are down shielded in the
coordinated complex when compared to that of the free 1, 10 - phenanthroline. These shifts

are diagnostic signals of coordinated 1, 10 - phenanthroline [53]
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3.5.3 Thermal analysis of [Zn(diptu),ced/py/N-N]

Thermogravimetry analysis (TGA and DTG) of the complexes gave an insight into their
decomposition behaviour. The TGA and DTG of the parent complex, [Zn(diptu),ced] (10),
adducts; [Zn(diptu),ced(py)] (11) [Zn(diptu),ced(bpy)] (12) and [Zn(diptu),ced(phen)] (13)
are given in Figure 3.6 (a & b) and 3.7 (¢ & d) sequentially. Complex (10) undergoes two-

step decomposition as shown in Figure 3.7 (a).
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The decomposition started around 90 °C and ended at around 250 °C accompanied with about
64% weight loss. About 36% of residue remained which correspond to the weight of ZnS.
The inflection point is detected at 210 °C; point of greatest rate of change on the weight loss
curve. It is also referred to as the first derivative peak temperature. Decomposition profile of
[Zn(diptu),(ced)py] and [Zn(diptu)(ced)py] are similar although the peak decomposition
temperatures are 219 °C and 228 °C respectiely. Both complexes show continuous loss of
mass till around 470 °C and only about 65.3% and 67.24% of mass respectively remained at
520 °C degrees. The calculated mass of ZnS left as residue from complexes
[Zn(diptu),(ced),py] and [Zn(diptu).(ced)py] are 34.7% and 32.8% respectively which is in

agreement with the weight of ZnS.

The [Zn(diptu).(ced)phen] complex appear to have a different decomposition behaviour
from the other adducts and it is the most thermally stable of all the complexes. The
decomposition is accompanied by expulsion of solvent at around 120 °C. The thermogram
showed constant mass left at about 490 °C. At this temperature, about 68.6% of the weight of
the complex has decomposed leaving only 31.4% as the resultant weight of the residue and
this corresponds to the weight of ZnS. The DTG depicts peak decomposition at around 250
°C followed by loss of other fragments of the complex around 390 °C which can be
attributed to loss of different moieties of the ligands that make up the complex. The products
of the thermal decomposition of the complexes being ZnS has confirmed the suitability of the
parent complex and its nitrogen donor adducts for the preparation of ZnS nanoparticles like
many other 1, 1 dithiolate complexes such as xanthate, and dithiocarbamates, dithiophosphate
and dithiophosphinates. Thermally the 1, 10 - phenanthroline adduct is the most stable of all
the complexes and comparatively the order of stability of the complexes is as follows;

[Zn(diptu),(ced)phen] > [Zn(diptu),(ced)bpy] > [Zn(diptu),(ced)py] > [Zn(diptu),(ced)]. The
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decomposition profiles of the four precursors show that they are potential good material for
the preparation of ZnS nanoparticle. The weights of the products of all the thermal

decompositions are invariable in agreement with the calculated weight of ZnS in the

complex.
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3.6 1-cyano-1-carboethoxyethylene-2,2-dithiolato—kS,S’—bis(N,N’-diisopropylthiourea—
KS)Zn(II):[Cd(diptu),ced/N-N] (where = N-N = (where N-N = 2,2 bpy or 1,10 phen) (14,
15 and 16)

Reaction of cadmium chloride, diisopropylthiourea and dipotassium 1-cyano-1-carboethoxyl-
, 2-ethylenedithiolate in mole ratio 1:2:1 leads to the formation of the precursor complex,
[Cd(diptu)x(ced)]. Further reaction of the complex formed in mole ratio 1:1 with 2, 2’
bipyridine and 1, 10 - phenanthroline respectively resulted in the formation of the adducts
and the coordination numbers changed from four to six (from MS,4 to MS4N, where M = Cd).
All compounds are air stable and insoluble in most solvent but are soluble in polar
coordinating solvent such as DMSO and DMF. The analytical data are consistent with the

proposed formulation of the complexes.

3.6.1 Infrared spectra studies of the metal complexes: [Zn(diptu)2(ced)//N-N]

The FTIR spectra of diisopropyl thiourea, CED, the metal complexes and adducts measured
in the region of 4000 - 350 cm™. Table 1 contains a summary of the relevant FTIR data. The
four vibrational peaks associated with uncoordinated thiourea ligands are observed at around
700 cm'l, 1500 cm'l, 1600 cm™ and 3200 ¢cm-1 for frequency bands of C=S, C-N, N-H
vibration at N-H respectively. These bands appear at [618, 1566, 1632, 3412] cm'l, [622,
1517, 1626, 3415] cm™  and [618, 1514, 1625, 3415] cm-' for complexes
[CdACl,(diptu)a(ced)], [CACly(diptu).(ced)bpy] and [CdCly(diptu),(ced)phen] respectively.
There are three main region of interest in the 1-cyano-1-carboethoxylethylene-2, 2’-dithiolate
complexes namely; the 2188 - 2244 cm™ region, which is due to v(C=N); the 1645-1700 cm™
region which is due to v(C=0); and the 1116-1165 cm-1 region which is ascribed to v(C-S)
of the chelated ced” [54]. In the uncoordinated ced” ligand these stretching vibrations were

observed around 2174, 1681 and 1160 cm’ while in the parent metal complex
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[Cd(diptu),ced] they were observed at 2204, 1616 and 1167 cm™. In the adducts, they were
observed at 2198, 1626, 1168 cm™ for [Cd(diptu),(ced)(bpy)], and 2198, 1625, 1143 cm™

for [Cd(diptu),(ced)(phen)] respectively.

The v(C=N) ring of the 2,2’- bipyridine which appeared at 1579 cm™ in the complex shifted
to a higher energy of 1517 cm™ in the [Cd(diptu)(ced)(bpy)]. This positive shift may be due
to the ring current arising from electron delocalization after the chelate formation [55, 56].
The thioureide band which appeared at 1463 cm™ in the [Cd(diptu),(ced)] is shifted to 1439
cm’ in the corresponding 2, 2° bipyridine adduct complex [57]. The appearance of a new
band in the region 1023 - 1015 cm™ in the bipyridine adduct which was absent in the free 2,
2’-bipyridine is due to adduct formation [58]. The occurrence of a single weak to strong band
in the region 930 - 935 cm™ for v(C—S) in these complexes indicates symmetrical bonding of
the sulfurs [59], and these bands appeared at 930, 922 and 921 cm” in complexes

[CdACl,(diptu)a(ced)], [CACly(diptu)a(ced)(bpy)] and [CACly(diptu).(ced)(phen)] respectively.

Table 3.5: Some selected infra-red spectroscopy frequency of [Cd(diptu),(ced)/NN]

V(N-H) | W(C=N) | (C=0) | v(C=S,) | W(C-S) | W(C=S) | v(M-S)
Complexes cm’ cm’” cm’” cm’ cm’” cm’ cm’”
[Cd(diptu)z(ced)] 3412 2201 1623 1463 1167 670 351
[Cd(diptu)(ced)(bpy)] | 3415 2198 1626 1439 1168 622 403
[Cd(diptu)(ced)(phen)] | 3415 2198 1625 1374 1143 618 398

The lowering of the v(C-N) values when compared with the parent complexes may be
ascribed to the change in coordination geometry from tetrahedral to octahedral, which leads
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to reduction in vibration frequency. The spectra of [Cd(diptu)(ced)(phen)], contains peaks at
around 1625, 1517 and 736 cm™ which are typical of 1,10 - phenanthroline complexes [60].
The frequency at 351, 403 and 398 cm’ in complexes [Cd(diptu)x(ced)],
[Cd(diptu)z(ced)(bipy)] and [Cd(diptu).(ced)(phen)] respectively [61, 62], can be ascribed to

the metal-sulfur (M-S bond).

3.6.2 'H and “C-NMR spectra of [Zn(diptu),ced/N-N] (where N-N =2,2 bpy or 1,10
phen)

The spectrum of the parent complex, [Cd(diptu),ced], displays resonance signals of all the
ligands associated with the central metal. Singlet peak at 7.20 ppm is assignable to the N-H
vibration and this is noticeable at 6 7.75 ppm and 8.22 ppm in the 2, 2’-bipyridine and 1, 10-
phenanthroline adducts of the parent complex respectively. There are additional signals that
are typical of 2, 2’-bipyridine and 1, 10- phenanthroline ligand in the complex. These signals
confirm the 2, 2’-bipyridine and 1, 10- phenanthroline moiety in adducts. The resonance
signals observed in the downfield region of 8.21-8.86 ppm and 8.82- 8.84 are due to the
proton present in the 2, 2’ bipyridine and 1, 10 phenanthroline moieties of
[Cd(diptu),ced(bpy)], [Cd(diptu),ced(phen)]. Chemical shifts at signals around (3.41- 3.43)
ppm and 1.09 ppm as well as 6 (3.95-3.98) ppm and 1.17 ppm can be ascribed to the OCH,
and CHj; protons of the ethoxy group of [Cd(diptu),ced(bpy)], and [Cd(diptu),ced(phen)]
adduct respectively. The signals of all the ligands in the complexes are shifted partially or
slightly from their positions in the respective pure ligands. The 'H NMR spectrum of
[Cd(diptu),ced(bpy)] displays signals for triplets at 6 1.09 ppm for CHj3 and quartet at 6 4.37
for —OCH,; protons of the ced group or moiety. The CHj; of the diisopropyl thiourea ligand
exhibits a signal at & 2.48 ppm and another signal at & 7.77 ppm which is due to the N-H

resonance. The signals observed at & 8.21-8.86 ppm are due to the ring protons of 2, 2’-
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bipyridine. The ?C-NMR of parent complex, adducts have poor solubility and as such not all

the resonance signals are completely resolved.

The parent complex shows chemical shifts at & 14.60, 58.35 163.89 and 206. 31 ppm which
are assignable to CH3, OCH,, C=0 and C-S while adducts exhibit additional peaks at 6 125,
140.24-149.49 ppm and 6 125- 127, 140-149 ppm which are attributable to the carbon atoms
of 2, 2’ bipyriddine and 1, 10-phenanthroline rings of the adducts. The "C-NMR of the
complex, [Cd(diptu),cedbpy], show peaks around & 14.61, 58.38, 90.99, 122.42, 163.89 and
206.34 ppm that correspond to CHs, OCH,, C=C, C=N, C=0 and C-S carbons of the ced
ligand while a slight down field shift confirms the bidentate (S,S) coordinated property of ced
ligand. The signals 6 140.09 and 149.09 ppm are between 6 137- 149 ppm and are predicted
as 2, 2’ bipyridine carbons. '"H NMR spectrum of [Cd(diptu)»(ced)(phen)] shows resonant
signals for triplets 6 1.06 ppm and quartet at 3.37 ppm which are due to CH; and —-OCH; of
the ced moiety respectively. The signal at 6 2.48 ppm is ascribed to the CH; of the diptu and

the peak due to the N-H is found at & 8.22 ppm.

BC-NMR resonance signals displays chemical shift at 14.69 ppm which is due to the CH; of
the ced group. Peaks in the range of 6 125.42-149.89 ppm are due to the carbon ring of the 1,
10 phenanthroline. Other peaks that appear to be missing are due to poor solubility of the as
prepared adduct in DMSO-ds. Resonance signals observed in the range of 6 8.22-8.84 in the
"H NMR spectrum of the as prepared, [Cd(diptu),(ced)(phen)], are due to the ring protons of
1,10- phenanthroline peaks which are observed at 8.91 and 8.93 ppm in the as-prepared
complexes and they can be ascribed to the protons of 1,10- phenanthroline. Protons of the

un-coordinated 1, 10 -phenanthroline are seen at 6 9.19, 7.65 8.47 and 7.81 ppm.
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3.6.3 Thermal study of [Cd(diptu),ced/N-N] (where N-N =2,2 bpy or 1,10 phen)

The thermal study of the complexes, [Cd(diptu).(ced)], [Cd(diptu)(ced)(bpy)], and
[Cd(diptu)z(ced)(phen)] are shown in Figures 3.8 a, b and ¢c. The TGA and DTG curves are
represented by (1) and (i1). In Figure 3.8a, the peak observed around 70 °C could be ascribed
to the extrusion of the entrapped solvent. The decomposition of the complex occurred at 180
°C and continued till around 280 °C, losing about 67% of the complex. This decomposition
stage has its maximum rate around 195 °C, as shown by the DTG, and the resultant residue
corresponded to the calculated mass of CdS. In Figure 3.8b, [Cd(diptu),(ced)(bpy)], the TGA
curve also showed a sharp decomposition step which started around 200 °C and continued till
around 320 °C with 66.24% loss of the sample. The DTG curve showed that this step is
resolvable into two sub steps with peaks at around 210 and 250 °C. At the end of this

decomposition step, 33.75% residue was left which corresponds to CdS.

The decomposition profile of [Cd(diptu)(ced)(phen)] is shown in Figure 3.8c. These
compounds appeared to have the highest thermal stability, with decomposition onset at
approximately 210 °C. The DTG showed a peak at 230 °C, and a shoulder at 280 °C, which
could be ascribed to the expulsion of ligands fragments with close decomposition
temperature. Afterwards a plateau appeared in the TGA which reveals no change in mass
with increase in temperature. At this stage about 61.05% of the sample was decomposed with
38.95 % left as residue which corresponds to the mass of CdS, as given by the stoichiometry

calculation.
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Figure 3.8: (a), (b) and (c) showing TGA (i) and (i1) DTG curves for the decomposition of
[Cd(diptu)x(ced)]  [Cd(diptu)r(ced)(bpy)] and  [Cd(diptu),(ced)(phen)] complexes
respectively.
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3.7 1-cyano-1-carboethoxyethylene-2,2-dithiolato—xS,S’(tetramethylthiuramdisulfidexS)
M(I) :[M(Megtds)ced/N-N

Reaction of one molar equivalent of Mestds and ced with one mole of ZnCl,, CdCl,, and
HgCl, at room temperature gave the respective metal complexes. All compounds are air-
stable and insoluble in most solvents but some are soluble in polar coordinating solvents such
as DMSO and DMF. The formation of the compounds is shown in scheme 1. The analytical

and spectroscopic data are consistent with the proposed formulation for the complexes.

CH3 CH3
/
N
C
/ \S B
MCI;, + Meytds + Koced —> S \ / S\ /C:
‘ / M C=cC + 2K
S " ¢ N
AN C/ ﬁIOCH2CH3
\ 0
N
/7 N\
CH; CH;
M =Zn, Cd, Hg

Scheme 3.6: Synthesis of the metal complexes

3.7.1 Infrared spectra studies of the metal complexes: [M(Megtds)ced] (M = Zn, Cd, Hg)
The IR of the metal complexes synthesized from ecda and tetramethylthiuram disulfide show
characteristic changes in the functional group when compared with the spectra of the ligands.

The ecda has four important absorptions frequencies which are: 2161 cm™ due to W(C=N);
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1681 cm™ due to W(C=0); 1360 cm™ due W(C=CS,) and 1160 cm™ due to v(C-S) [63]. These
stretching vibrations were observed in the metal complexes at: 2245, 1732, 1438 and 1142
cm-' for [Zn(Mestds)ced]: 2233, 1600, 1512 and 1147 cm™ for [Cd(Mestds)ced] and 2244 |
1738 , 1492, 1191 cm™ for [Hg(tmtd)ced] respectively. There are four vital bands in thiuram
disulfide metal complexes and they appear in the region of 800-1510 cm™. A strong
thioureide C-N band, the band at 1200 cm™ which is due to C-N vibration of the alkyl group,
the band responsible for the C=S stretching mode around 973 cm™ and the band around 822
cm’ that can be ascribe to the stretching C-S mode. All these band are observable in
[Zn(Mestds)(ced)], [Cd(Meastds)(ced)] and [Hg(Mestds)(ced)] at vibration frequencies of
;1520, 1512, 1530 cm™; 1200, 1209, 1201 cm™; 973, 95 , 965 cm '; 822, 820, 830 cm’'
respectively. The absorption bands assigned to M-S in these complexes are observed at 384,
449 and 416 cm’ for [Zn(Mestds)(ced)], [Cd(Mestds)(ced)] and [Hg(Mestds)(ced)]

respectively.

Table 3.6: Some selected infra-red spectroscopy frequency of [M(Mestds)ced]

Complexes V(C=EN) | v(C=0) | v(C=S;) |v(C-S) |v(C=S) |v(M-S)
(cm']) (cm']) (cm'l) (cm'l) ' (cm'l)
(em™)
[Zn(Megstds)ced] | 2245 1732 1138 1142 970 382
[Cd(Megtds)ced] | 2233 1600 1512 1147 957 384
[Hg(Mestds)ced] | 2244 1738 1492 1170 - 449

3.7.2 'H and “C-NMR spectra of [M(Mestds)ced] (M = Zn, Cd, Hg)
The 'H-NMR of the Zn complex show a triplet at & 1.05 and a quartet at & 4.02 ppm which
can be assigned to CHs and OCH, of the ced” . The >C-NMR spectrum of [Zn(Me4tds)ced],

show peaks around 6 203.69, 168.68, 122.94, 59.29, and 18.51 ppm corresponding to C-S,
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C=0, C=N, -OCH,, and CHj; respectively for carbon of the ced” . The 'H-NMR spectra of
the Cd complex contained a triplet at 6 1.27 ppm for the -CH3 protons of the tetramethyl
thiuram disulfide (Mestds) and the ester group of the ecda ligand. The protons of the -OCH,
group are observed as a quartet at 1.27-4.09 ppm. The 'H-NMR spectra of this complex,
[Hg(Mestds)ced], show triplet peaks 1.05 and 4.35 for —CHj3 protons of the thiuram disulfide
and ced”. The other peaks at 2.5 and 3.4 pmm are due to solvent peaks of DMSOg and water.
The complex is partially soluble in DMSOgs and hence the spectrum was very weak. The
complex was run for solid state on 600MHz NMR but the complex could not be used for
calibration and all effort to do it proved abortive. As a result of this, the ?C-NMR was not

reported.

3.8 Conclusion

The chapter contains the characterization of nineteen complexes that were synthesied in this
work. Six ligands were used in all for the synthesis of the various metal complexes and these
ligands are; four substituted thiourea ligands (methyl, dimethyl, diethyl and diisopropyl
thiourea), tetramethyl thiuram thiourea and 1-cyano-1-carboethoxyl-2,2 ethylene dithiolate,
ced, Nine complexes were synthesized from the reaction of the susbstited thiourea with ced
and the reaction of tetramethyl thiuram disulfide with ced also gave 3 complexes. Apart from
the six ligands mentioned above, 3 nitrogen donor ligands, (pyridine, 2,2’-bipyridine and
1,10-phenanthroline), were also employed for the synthesis of 7 adducts complexes. The
detailed IR and the coordination compound chemistry of the complexes were highlighted.
The bonding between the different substituted thiourea ligands and the central metal atoms
was through sulfur for all the complexes as this was confirmed from the IR study. The 1, 1
diothiolate ligand, ced, also chelate with the central metal atoms in a bidentate mode as

revealed from the IR spectra. The 'H and >C-NMR also shows resonance signals that were
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typical of the coordinated ligands. TGA studies showed that the complexes are all stable and
that they are all potential single source precursors for the synthesis of metal sulphide
nanoparticles via a single source precursor route based on the TGA and DTG of some of the
metal complexes. The decomposition temperatures of the 1, 10- phenenthroline and 2, 2’-
bipyridine adducts indicated enhanced stability of these adducts compared with other parent
complexes. The coordination geometry around the central metal ion were formulated to be
MS4, MS4N and MS4N; respectively for the complexes, the pyridine, the 2, 2’-bipyridine and
1, 10—phenanthroline adducts. All the complexes were further thermolysed in HDA to
sysnthesize HDA capped metal sulfide nanoparticles and the details of which are described in

chapter four and five.
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CHAPTER 4

4. Sythesis and Characterization of Metal Sulfide Nanoparticles

4.1 Introduction

Physical and chemical properties of materials deviate from the bulk with reduction of size to
nanometer range. Among different classes of materials, nanostructured semiconductors have
been studied due to their novel properties and practical applications [1-5]. The unusual
change in properties of nanoparticles from the bulk is induced by two factors; the increase in
surface to volume ratio which makes surface and interface effects dominant over volume
effects and the change in electronic structure which gave rise to increase in bandgap [6].
Invariably, a lot of effort has been applied to control the size, morphology and crystallinity of
these material with the objective to tune their physical properties. Bawendi and coworker [7]
pioneered the use of organometallic compounds for controlled synthesis of semiconductor
nanoparticles, but the hazardous nature of the starting materials call for the need for safer
synthetic routes. This led to the development of single source precursor route for the
synthesis of semiconductor nanoparticles. This method avoids the use of volatile and
hazardous compounds at high temperatures and leads to nanoparticles with homogeneous

distribution of metal ions at molecular level [8-12].

The objective of nanochemistry is to establish a cost-effective well manageable, safe, high
yielding route to nanoparticles synthesis that enables the nature of the precursor to plays a
relevant function. Only some few groups of single source precursor were good enough or
successful in the deposition and synthesis of nanoparticles like the metalorganics, hydrides,
chlorides and other volatile compound in solid, liquid and gaseous states. A quest for novel
precursors with satisfactory volatility, solubility and the potential or capability of deposit of
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nanoparticles or thin films devoid of contaminants is a herculean task for nanochemistry [13,
14].

Nanoparticles need to be passivated because the absence of organic stabilizers or passivation
of the surfaces of nanoparticles leads to aggregation of nanoparticles. Hence organic
passivation agents are commonly used to prevent them from aggregation by capping the
surfaces. Appropriate surface passivation by suitable stabilizers also has an influence on the
chemical and physical properties of the nanomaterials [15]. The choice of hexadecylamine as
a preferred capping agent in this work arose from the fact that it is an effective capping agent
with good selectivity [16]. It decreases the growth rate, size of nanoparticles and improves
the photoluminescence quantum efficiency by effectively passivating the surface defects
while behaving as nonradiative relaxing centre. These properties are attributable to its high
electron donating ability and capping density as a result of its small stereochemical

interference [17, 18].

4.1 Experimental

4.1.1 Synthesis of HDA capped metal sulfide nanoparticles

In a typical experiment, about 0.4 g of the precursor complex, [M(mtu)2(ced)] (M=Zn, Cd
and Hg), was dissolved in 10 mL of trioctylphosphine oxide (TOP). The obtained solution
was then injected into 4 g of hot HDA at a temperature of 180 °C. A subsequent decrease in
temperature of 20-30 °C was observed and the solution was allowed to stabilize at 180 °C. A
further heating was done for 60 min and the reaction was terminated. The solution was then
allowed to cool to about 70 °C, and about 100 mL methanol was added to remove the excess
HDA. The flocculent precipitate formed was centrifuged and the supernatant was decanted,

after which the isolated solid was dispersed in toluene. The above centrifugation and isolation
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procedure was repeated three times for the purification of the prepared metal sulfide

nanoparticles.

4.2 Physical Measurements

4.2.1 UV-Vis

The systematic changes in the electronic structure as a function of size is one of the most
extensively studied properties of semiconductor nanoparticles. UV-visible spectroscopy is
used to probe the quantum confinement effect and also for calculating the optical band gap of
the semiconductor nanomaterials. The UV-vis of the metal sulfide nanoparticles were

recorded on Perking Elmer Lambda 25 spectrophotometer in toluene from 200-800 cm’

4.2.2 Photoluminescence spectroscopy (PL)
This is simple, contactless, nondestructive method of probing electronic structure. The
photoluminescence measurement of the nanoparticles was carried out with Perkin Elmer LS

45 Fuorimeter.

4.2.3 X-ray diffraction (p-XRD)

P-X-ray diffraction study is employed for the identification of, purity and crystalline phase of
material. It is a simple non- destructive technique and it is established on constructive
interference of X-rays and sample. Powder X-ray diffractogram of nanoparticles were
recorded on a Bruker D8 Advanced, equipped with a proportional counte using Cu Ka
radiation (1=1.5405 A, nickel filter). Samples of nanoparticles were loaded on flat steel or
rubber sample holder and scanned from 10 to 80°. The diffraction peaks at various 20 values

were compared with the documented standards in JCPDS.
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4.2.4 Scanning electron Microscope and energy dispersive X-ray (SEM/EDX)
Scanning electrom microscope (SEM) is an important instrument employed for inspecting the

topographies of sample materials and it also reveals the chemical composition information.
Scanning electron microscope (SEM) was done using JOEL JSM-6390 LVSEM at a rating
voltage of 15-20 kV at different magnifications as indicated on the SEM images. Energy

dispersive spectra were processed using energy dispersive X-ray analysis (EDX) attached to a

Jeol, JISM-6390 LV SEM with Noran system six software formations near the surface.

4.2.5 Tansmission electron Microscopy (TEM)

Transmission electron microscopy (TEM) is used to determine the shape, size and size
distribution of nanoparticles samples. It is the fisrt method used for this determination. TEM
has the advantages of high magnification of spatial information in the signal by as little as 50
times to as much as a factor of 106. It also has the capability of providing both image and
diffraction information from a single sample. The transmission electron microscopy (TEM)

images were obtained using a ZEISS Libra 120 electron microscope operated at 120 kV.

In this chapter, the use of metal complexes presented in chapter three as single source
precursors to synthesize HDA capped metal sulfide nanopartricles are described. The
nanoparticles were characterized by absorption and photoluminescence spectroscopy to
determine their optical properties. Their structural and morphological properties were also

studied with XRD, SEM, EDX and TEM.
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4.3 Results and Discussion

4.4 Characterization of ZnS, CdS and HgS nanoparticles from [M(mtu);ced] precursor
(M =Zn, Cd, Hg)

4.4.1 X-ray Diffraction studies

Figure 4.1(a) shows the XRD pattern of the ZnS nanoparticles formed from the thermolysis
of complex (1) at 120 °C for 60 mins. It displays the characteristic XRD peaks of cubic phase
ZnS with obvious (1 1 1), (22 0) and (3 1 1) crystal plane reflections corresponding to 26 =
28.5°, 47.6° 56.4° and comparable to JCPDS card no. 5-566) [19]. Figure 4.1(b) shows the
diffractogram of CdS with peaks that are relatively broad and this clearly indicates that small
nanocrystals are present in the sample. In the case of CdS nanoparticles, the XRD pattern
shows that the as-prepared nanoparticles are in cubic crystalline phase. According to the
JCPDS card no. 80-0019, the diffraction peaks correspond to (1 11),(220),(311),(331)
and (4 2 2) crystal plane [20]. The diffraction peaks of HgS represented by Figure 4.1(c)
reveals peaks at 20 =26.9 °, 30.68 °, 43.82 °, 51.86 °, 62.55 °, 70.06 ° that corresponds to; (1
11),200),(220),311),(222),(400),(331)planes of HgS (metacinnabar) and are in
agreement with JCPDS card no. 00-006-0261 [21]. There is the formation of smaller ZnS and
CdS nanoparticles than those of the HgS as this can be ascribed to the relatively broader
diffraction peaks of the first two metal sulfides. Surface passivation is revealed by the

elongation of the XRD patterns [22, 23].
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Figure 4.1: XRD pattern of HDA capped (a) ZnS (b) CdS and (c¢) HgS nanoparticles from the

thermolysis of [Zn(mtu)2(ced)] [Cd(mtu)2(ced)] and [Hg(mtu),(ced)] at 180 °C

4.4.2 Transmission Electron Microscopy (TEM) studies of nanoparticles from

[M(mtu),ced]

TEM micrographs of metal sulfide nanocrystals synthesized from [Zn(mtu)x(ced)] (1),

[Cd(mtu),(ced)] (2) and [Hg(mtu)(ced)] (3) are presented in Figure 4.2. The micrograph of
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ZnS showed dot and rod shaped morphology while that of CdS is spheroid shaped and the
TEM micrograph of HgS displayed a rounded shape of agglomerated nanoparticles. The
spacing between the nanocrystals indicates that an organic material, in this case HDA, is
likely to be the capping agent of the metal sufilde nanoparticles [24, 25]. The particles size of
the HDA capped ZnS are in the range of 4.14 - 4.63 nm; those of CdS in the range of 6.14 -
11 nm while HgS nanocrystals have much more bigger sizes with range between 39.29 -

59.94 nm as can be seen in Figure 4.2 (a-c).

4.3.3 Scanning Electron Microscopy (SEM) AND EDX of MS from [M(mtu);ced]

The microstructure of the metals sufide nanocrystals was examined by scanning electron
microscopy (SEM). The SEM micrograph of HDA capped ZnS, CdS and HgS obtained by
the thermolysis of complexes: [Zn(mtu),(ced)] (1), [Cd(mtu)z(ced)] (2) and [Hg(mtu),(ced)]
(3) are displayed in Figure 4.3(i-111). The images from ZnS, Figure 4.3 (1), can be described as
rough and coagulated, while the images from CdS are like spheroids at Figure 4.3(i1) b higher
magnification and that of HgS have crumbs-like shapes both in Figure 4.3iii (a) low and (b)
higher magnifications. The elemental composition of the HDA capped metal sulfide
nanoparticles formed were confirmed by energy dispersive X-ray (EDX) analysis as shown in
Fig 4.3(c) The EDX spectra show peaks corresponding to the respective metal and sulfur with
only a noticeable contaminant being phosphorus and presumably from tri-n-octylphosphine
(TOP) in which the precursor metal complexes were dispersed prior to injection into hot
hexadecylamine (HDA). The morphology of the particles is nearly spherical. The smaller

particles can be easily seen clinging to the surface of the big particles.
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Figure 4. 2: TEM photograph of (a) ZnS, (b) CdS and (c) HgS nanoparticles obtained from

the thermolysis of [Zn(mtu)2(ced)], [Cd(mtu)2(ced)], and [Hg(mtu)2(ced)] at 180 °
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Because SEM can often only determine the particle size of secondary particles, it is assumed
that the secondary particles of metal sulfides consist of the primary particles which are in the

nanometer range, as estimated by effective mass approximation (EMA).

11

111

Figure 4.3: The SEM micrograph of (i) ZnS, (ii) CdS and (iii) HgS nanoparticles from
[Zn(mtu)2ced], [Cd(mtu),ced] and [Hg(mtu),ced] complexes, at 180 °C (a) low magnification, (b)

high magnification (c¢) EDX spectrum of these sample.
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4.4.4 Absorption and luminescence Studies.

UV-visible spectroscopy measures electronic transitions from the ground state to the excited
state and it’s a vital technique for monitoring the optical properties of quantum sized
nanoparticles. Normally, the wavelength at the maximum exciton absorption (A max)
decreases as the size of the nanoparticles decreases, as a consequence of quantum
confinements of the photogenerated electron hole carriers [26]. UV-Visible absorption
spectra for ZnS nanoparticles prepared from dissolution in toluene at room temperature
exhibits absorption peak at approximately 285 nm (4.35 eV) Figure 4.4(a) 1. The absorption
peak is significantly blue shifted compared to the bulk value 345 nm (3.6 eV) absorption
wavelength of the bulk [27]. The photoluminescence property of ZnS nanoparticles was
investigated at room temperature. It was observed that the PL spectrum shows a blue
emission peak centered at 327 nm, Figure 4.4 (b) i. This indicates a slight blue shift from the
bulk and can be ascribed to quantum confinement of the ZnS nanoparticles. CdS has an
excitonic feature at 467 nm. This showed a clear appearance of blue-shift of the absorption
peaks relative to the bulk CdS (515 nm) [28]. This observation actually indicates that the CdS
nanoparticles are quantum confined. The photoluminescence spectra of the CdS showed
broad emission peaks which correspond to large size distribution or the presence of
anisotropic particles. The emission maximum was observed at 459 nm, Figure 4.4 (b) ii. The

as-prepared nanoparticles are 56 nm blue shifted relative to the bulk CdS, 515 nm [29, 30].
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i1

Figure 4.4: Absorption and emission spectra of the nanoparticles (a) Absorption and (b) emission
spectra of HDA capped, ZnS (i), CdS (ii) and HgS (iii) nanoparticles synthesized from their respective

metal complexes [M(mtu),ced].
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This can be ascribed to quantum size effect of the CdS. In the case of HgS nanoparticles,
Figure 4.4(a) 111, the absorption spectra of the HgS nanoparticles, derived from the
thermolysis of [Hg(mtu),(ced)] exhibited an absorption maximum at 425 nm and
photoluminescence emission maximum at 387 nm as shown in Figure 4.4(a) 1ii. The HgS

nanoparticles is blue shifted compared to the bulk, 616 nm [31].

4.5 Synthesis of HDA capped ZnS, CdS and HgS nanoparticles from [M(dmtu),ced]
(where M = Zn, Cd or Hg).

The synthesis of the above listed nanoparticles were carried out according to the procedure
reported earlier for the synthesis of [M(mtu),ced] in section 4.1.1 but the [M(dmtu),ced was

used as the precursor.

4.5.1 XRD studies of HDA capped ZnS, CdS and HgS

Figure 4.5 shows typical XRD patterns nanoparticles. The ZnS diffractogram shows main
peaks at 20 values of 28.80°, 48.66° and 57.34° which can be indexed to miller indices of (1 1
1), (2 20)and (3 1 1) respectively. The assigned diffraction peaks is indicative of the
formation of cubic sphalerite phase of ZnS, Figure 4.5(b) [32]. The XRD spectrum of CdS,
Figure 4.5(b) reveals three main diffraction peaks of CdS nanoparticles and they are
broadened as a result of very small size of the crystallites. The diffraction peaks at 26 values;
26.75° (1 11),44.85° (2 2 0) and 52.93° (3 1 1) correspond to as cubic CdS phase (Powder

Diffraction JCPDS File no.10-454) [33].
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Figure 4.5: XRD pattern of HDA capped ZnS (a), CdS (b) and HgS (c) nanoparticles obtained from

the thermolysis of respective [Zn(dmtu),(ced)], [Cd(dmtu),(ced)] and [Hg(dmtu),(ced)] at 180 °C.
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The HgS diffractogram exhibits the characteristic peaks of the nanocrystals with discernible
peaks at 2 6 = 26.38° 30.51°, 43.72° 51.83° 54.30°. These values can be indexed to the
following miller indices; (1 1 1), (2, 0 0), (22 0), (31 1) and (2 2 2) respectively. The
diffractogram matches the cubic B-HgS (metacinnabar) with no reflection peaks due to
impurities according to JCPDS 06-0261 [31]. The sizes of the ZnS and CdS crystallites were
estimated from the XRD pattern using the Scherrer's equation [34]. They were found to be
4.23 and 4.8 nm which agrees slightly with the range obtained from the TEM analysis (4.33 -
8.14 nm and 4.09 - 7.78 nm). The XRD peaks of the all the metal sulfide discussed are

elongated and this is a confirmation of surface passivation of the nanocrystal [35].

4.5.2 Transmission Electron Microscopy (TEM) studies of nanoparticles from
[M(dmtu);ced].

TEM images of ZnS, CdS and HgS nanoparticles from the precursors; [Zn(dmtu),(ced)],
[Cd(dmtu),(ced)] and [Hg(dmtu),(ced)] are shown in Figure 4.6(a-c). The ZnS spectrum
reveals ellipsoidal and rod shaped nanoparticles; the CdS are rod-like shaped while the HgS
are rice-like shaped. The spacing between the nanocrystals is suggestive of the use of organic
compound with donor electrons as a capping agent [36]. The sizes of ZnS, CdS and HgS
nanoparticles are 4.33-7.21, 4.95-7.78 6.44-15.70 nm respectively. The crystallinity of the
lattice planes observed in the XRD analysis is confirmed by the TEM analysis [37]. It is
observed that the morphology of the ZnS and CdS nanoparticles is not the same with the one
obtained from the precursor complex of the methyl thiourea. Spherical, (ZnS), and cube,
(CdS), shaped morphology are revealed when methyl thiourea were used as precursor while
with dimethyl thiourea rod shaped morphology were obtained for both ZnS and CdS

nanoparticles.
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Figure 4.6: TEM photograph of (a) ZnS, (b) CdS and (c) HgS nanoparticles obtained from the

thermolysis of [Zn(dmtu),(ced)], [Cd(dmtu),(ced)] and [Hg(dmtu),(ced)] at 180 °C.
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4.5.3 Scanning Electron Microscopy (SEM) of ZnS, CdS and HgS nanoparticles from
[M(dmtu);ced]

SEM images of ZnS, CdS and HgS nanoparticles are shown in Figure 4.7(i-ii1). The SEM
images of CdS showed well-arranged dense sphere-like shapes of approximately 3 pm in
diameter. The surfaces of all the metals sulfides are slightly rough at lower magnification and
smooth at higher magnification. The samples are aggregated as a result of the sample
preparation from isolated dry powder. Despite the fact that the organic moieties are the same
for these as-synthesized nanoparticles their morphologies are different, most likely because it
is influenced by the chemistry of the central metal [31]. The elemental composition of the
metal sulfide nanoparticles formed was confirmed by the energy dispersive X-ray analysis
(EDX). The EDX spectra of ZnS, CdS and HgS nanoparticles are depicted in Figure 4-7(c),
and the presence of Zn, Cd, Hg and S can be observed in all except that Phosphorus appear to
be visible in the ZnS and CdS nanoparticles spectra possibly as a contaminant from the use of
tri-n-octyl phosphine which served as a medium in which the precursor complexes were
dispersed prior to injection in a hot coordinating solvent, HDA. The peaks from the EDX are

consistent with the formation of the respective metal sulfide nanoparticles.

125



i1

i1l

Figure 4.7: The SEM micrograph of (i) ZnS, (ii) CdS and (iii) HgS nanoparticles from
[Zn(dmtu),ced] [Cd(dmtu),ced], [Hg(dmtu),ced] complexes, at 200 °C (a) low magnification, (b)

high magnification (c¢) EDX spectrum of the these samples.
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4.5.4 Optical studies of ZnS, CdS and HgS from [M(dmtu);ced] (where M= Zn, Cd or
Hg]

Figure 4.8a and b shows the absorption and photoluminescence spectra of ZnS, CdS and
HgS. The absorption spectra of ZnS, CdS and HgS showed a characteristic absorbance band
with a maximum located at a wavelength of 287 nm (4.32 eV) relative to bulk 340 nm (3.6
eV). Generally, the absorbance band appears at shorter wavelength when compared to the
bulk. This significant observation has been explained as a result of quantum confinement [38,
39]. The absorption spectrum of the as-synthesized CdS nanoparticles Fig 4.8iia shows an
absorption inflection point at around 429 nm (2.89 eV), which can be assigned to the
excitonic absorption feature of CdS. The band gap has a blue shift of about 86 nm, in
comparison with the value of the bulk 515 nm (2.40 eV) [40]. Thus, indicating the quantum
confinement of the as-prepared CdS nanoparticles which has been similarly reported in
literature [41]. The absorption spectrum of HgS also showed a quantum confinement that is
characteristics of nanodispersed semiconductor nanoparticles. The bulk band gap of HgS is
620 nm (2.0 eV) and the as-prepared showed a significant blue shift in the absorption edge to
393 nm (3.15 eV). The spectrum also exhibits a second peak at 336 nm and this observation
is suggestive of a highly monodispersed nanoparticles [42]. The tailing of the absorption

features in CdS and HgS is due to particle sizes [43].

The photoluminescence (PL) spectra of ZnS, CdS and HgS nanoparticles, Figure 4.8(b) i-iii
obtained at excitation wavelength of 250, 340 and 393 nm respectively show emission bands
at 3.83 eV (323 nm), 3.06 eV (405 nm) and 3.17 eV (393 nm) for ZnS, CdS and HgS
nanoparticles sequentially are in the locality of the band gap obtained from their absorption
spectra. Hence, they are due to band to band transition. PL is commonly used for band gap,

band-to-band investigations and also impurity level detection.
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Figure 4.8: Absorption and emission spectra of the nanoparticles (a) Absorption and (b) emission
spectra of HDA capped, ZnS (i), CdS (ii) and HgS (iii) nanoparticles synthesized from their respective

metal complexes [M(dmtu),ced].
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4.6 Synthesis of HDA capped MS nanoparticles from [M(detu),ced]
Similar procedure to the synthesis of ZnS, CdS and HgS from the complex represented by

[M(detu),ced] has been reported in section 4.1.1.

4.6.1 XRD patterns of HDA capped ZnS, CdS and HgS nanoparticles from
[M(detu);ced] (where M= Zn, Cd or Hg).

Typical XRD patterns of the as-prepared HDA capped ZnS, CdS, and HgS nanoparticles
prepared by the thermolysis of [Zn(detu),ced], [Cd(detu),ced] and [Hg(detu),ced]
respectively at 120 °C are shown in Figure 4.9. In the XRD pattern of ZnS nanoparticles,
three reflection peaks were observed at 26 of 28.1°, 32.2°, 47.3° and 56.4° indexed to (1 1 1),
(200), (220)and (3 1 1) planes, in the XRD diffractogram of the ZnS nanoparticles
corresponding to the zinc blende structure (cubic, B-ZnS) [44, 45]. The broadening of the
three diffraction peaks is also observed and this suggests that the dimension of the ZnS
nanoparticles is very small. The average size as estimated from the XRD using Sherrer
formula is 9.9 nm. The XRD pattern of the CdS shows three main reflection patterns from (1
11),(220)and (3 1 1) which can be indexed to 26 values of 26.87°, 44.48° and 52.54°. The
CdS nanoparticles on comparing with the data of JCPDS file card no 10-454, are identified as
B-CdS which belong to cubic crystal system [46]. The mean size of CdS has been estimated
to be 7.7 nm. The broadening of the peaks is as a result of the small particle size of the
nanocrystals. The HgS has peaks at diffraction angles of 26.59°, 30.81°, 43.98°, 51.99°,
54.61°, 63.81°, 70° and 72.52° corresponding to the miller indices (111) (200) (220), (311),
(222), (400), (331) and (422). These are comparable to the planes of HgS (metacinnabar
system) and are in good agreement with JCPDS 00-006-0261 [47]. Surface passivation is
revealed by the elongation of the XRD pattern [23]. The small sizes of the particles can be

confirmed by the relative broadening of the peaks.
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Figure 4.9: XRD pattern of HDA capped ZnS, CdS and HgS nanoparticles obtained from the

thermolysis of [Zn(detu),(ced)], [Cd(detu),(ced)] and [Hg(detu),(ced)] at 120 °C
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4.6.2 Transmission Electron Microscopy (TEM) studies of nanoparticles from
[M(detu),ced]

The TEM image of ZnS nanoparticles shown in Figure 4.10 (a) reveals that small particles
aggregated into secondary particles because of their extremely small sizes and higher surface
energy with average crystallite sizes of ZnS being 2.69-4.66 nm. The morphology of the ZnS
is dot and rod shaped. CdS nanoparticles in a way have a spheroid and rod shaped
unagglomerated and it’s uniformly monodispersed as can be seen in Figure 4.10(b). There is
an observed trend in the morphology of ZnS and CdS nanoparticles as the thiourea alkyl
substitutents were changed from methyl to dimethly to diethyl. One can infer from the TEM
images that symmetrical (dimethyl, diethyl) substituted thiourea ligands in the complexes
gave rod shaped ZnS and CdS nanoparticles and assymetrical substituted thiourea (methyl)
gave spherical and cube shaped for ZnS and CdS nanoparticles respectively. Rod shapped
nanoparticles being anisotropic have higher surface to volume ratio and invariably possesses
higher energy per atom [48]. They have beneficial properties for application in chemical
stability and exhibits enhanced catalytic activity compared with spherical shaped
nanoparticles [49]. The size of the CdS nanoparticles was estimated to be between 4.88-7.68
nm. The HgS nanoparticles, Figure 4.10(c) appear to be spherical in shape and equally
monodispersed although some part of it seems to be agglomerated. The average size of HgS
nanoparticles is in the range of 8.34 -11.10 nm. It is hard to determine the exact dimension of
HgS particles by only observing the TEM image because the extremely small particles

aggregate to secondary particles [50].
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Figure 4.10: TEM photograph of (a) ZnS, (b) CdS and (c) HgS nanoparticles obtained from the
thermolysis of [Zn(detu),(ced)], [Cd(detu),(ced)] and [Hg(detu),(ced)] at 120 °C.
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4.6.3 Scanning Electron Microscopy (SEM) of ZnS, CdS and HgS from [M(detu);ced]

The ZnS nanoparticles at lower magnification showed a rough surface which appeared to be
smooth at higher magnification as shown in Figure 4.11(b). A good growth environment of
the nanoparticles can be revealed by the similarity and uniformity of the spheres and this also
indicate good crystallinity of the sphere from other aspects [51]. At higher magnification the
large particles were observed to be aggregates of the nanoparticles as seen in the SEM images
of ZnS, and CdS and HgS nanoparticles, (Figure 4.11(b)). The EDX of the nanoparticles;
ZnS, CdS and HgS showed peaks of Zn and S, Cd and S, Hg and S respectively with the
appearance of phosphorus peaks in ZnS and CdS as the only noticeable contaminant from
tri-n-octyl phosphine (TOP) in which the precursor metal complexes were dispersed prior to

injection into the hot hexadexylamine (HDA).

4.6.4 Absorption and Photoluminescence studies.

The absorption spectrum of ZnS nanoparticles obtained from the thermolysis of
[Zn(detu),ced] also shows quantum size effect which are characteristic of nanodispersed
semiconductors nanoparticles. The absorption peak showed a broad close to band edge
emission observed at 287 nm (4.32 eV) as shown in Figure 4.12(a) 1. This peak exhibited a
blue shift of about 53 nm compared to the bulk 340 nm (3.65 eV) [35]. The
photoluminescence emission maximum appeared at 331 nm (3.74 eV) which is relatively
blue shifted compared to the bulk ZnS (340 nm) [52]. The absorption spectrum of CdS,
Figure 4.12 (a) 11, also shows quantum size effects which are characteristic of nanodispersed

semiconductors.
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Figure 4.11: The SEM micrograph of (i) CdS, (ii) ZnS and (iii)) HgS nanoparticles from
[Zn(detu),ced], [Cd(detu),ced] and [Hg(detu),ced] complexes, at 120 °C at; (a) low magnification,

(b) high magnification (¢c) EDX spectrum of the these samples
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Figure 4.12: Absorption and emission spectra of the nanoparticles (a) Absorption and (b) emission
spectra of HDA capped, (i) ZnS, (ii) CdS and (iii) HgS nanoparticles synthesized from their respective

metal complexes [M(detu),ced].
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The synthesized CdS shows a blue shift in the absorption peak at 467 nm (2.65 eV) compared
with the bulk CdS (515 nm, 2.14 eV) [53]. The photoluminescence spectrum shows an
emission maximum at around 458 nm which is also a significant blue shift from the band
edge of the bulk (515) nm as shown in Figure 4.12(b) ii. The absorbance spectrum of HgS
reveals presence of excitonic feature at 430 nm ( 2.88 eV) with a typical tailing of the
absorption band and an emission maximum at 390 nm (3.17eV), Figure 4.12 (a,b) iii, as
compared to the bulk HgS 620 nm (2.0 eV) [54]. This showed quantum confinement with a

significant blue shift from the band edge compared with the bulk.

4.7 Synthesis of metal sulfide nanoparticles obtained from tetramethylthiuram
disulfide [M(Mey(tds)(ced)] (where M = Zn, Cd, Hg)

4.7.1 X-ray diffraction studies of HDA-capped ZnS, CdS, HgS derived from

[M(Megytds)ced]

The powder XRD patterns of the ZnS, CdS and HgS nanoparticles are shown in Figures
4.13(a-c). For ZnS, Figure 4.13(a), the three peaks with 20 values 26.78°, 44.43° and 52.36°
correspond to the presence of hexagonal ZnS. The indicator is the peak value 26.78° plane
which corresponds to (1 0 1) and is in good agreement with Joint committee of powder
diffraction standard (JCPDS-75-1534) data belonging to hexagonal ZnS [55] and the
presence of 52.36° which suggest the hexagonal phase of ZnS [56]. The XRD pattern of CdS
1s shown in Figure 4.13(b) and show a single phase sphalerite crystal structure. The 20 values
are: 26.9°, 36.16°, 43.6° and 51.83° that can be indexed to the following planes: (1 1 1), (20
0), (2 2 0) and (3 1 1) planes of the cubic phase B-CdS (JCPDS 80-0019). The peak

broadening of XRD pattern indicates that small nanocrystals are present.
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Figure 4.13: XRD patterns of ZnS, CdS, and HgS nanoparticles synthesized from [M(Mestds)ced]

(where M= Zn, Cd, Hg).
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The listed peaks as observed in the XRD pattern of HgS, Figure 4.13(c), are at 20 = 26.49°,
30.64°, 43.85°, 51.89° and 54.33°. They match the peaks of known metaccinabar [57/52]. The
peaks are intense and all orient along the planes (1 1 1),(200),(220),(311),(400). All

these peaks are to be indexed to face-centered cubic HgS.

4.7.2 Transmission electron microscopy (TEM) studies of nanoparticles from
[M(Megytds)ced].

TEM images of the ZnS, CdS and HgS nanoparticles synthesized from [M(Me4tds)ced] (M =

Zn, Cd, Hg) respectively are presented in Figure 4.14(a-c). It is observed that the particles of

the ZnS in Figure 4.14(a) are dot shaped and the particles are evenly distributed.

Figure 4.14: TEM photograph of (A) ZnS, (B) CdS and (C) HgS nanoparticles obtained from the

thermolysis of [Zn(Me4tds)(ced)], [Cd(Me4tds)(ced)] and [Hg(Me4tds)(ced)] at 120 °C.
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The CdS particles display a spherical shaped morphology while in the HgS sample,
agglomerated oval shaped particles were observed. TEM showed that the product was
composed of 40% isolated particles and 60% agglomerated particles. The average size of

HgS nanoparticles is in about 60 nm.

4.7.3 Scanning electron microscopy (SEM) studies of nanoparticles from

[M(Megytds)ced].
The microstructure of the nanocrystals was examined by scanning electron microscopy
(SEM) and the elemental compositions of the nanoparticles formed were confirmed by
energy dispersive X-ray (EDX) analysis as shown in Figure 4.15. Zinc and sulfur are the
main composition of the sample with traces of phosphorus that is an impurity. The
phosphorus is from the trioctyl phosphine in which the precursor material was discharged. At
higher magnification, the surface of ZnS nanoparticles appears smooth and spherical while
the CdS showed flowery morphology intercalated with granular-like shaped materials and

the HgS nanoparticles appear to be a combination of granules and flowery material.
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Figure 4.15: SEM photograph of (A) ZnS, (B) CdS and (C) HgS nanoparticles obtained from the
thermolysis of [Zn(Me4tds)(ced)], [Cd(Me4tds)(ced)] and [Hg(Me4tds)(ced)] at 120 °C
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4.7.4 Optical property of metal sulfide (MS) derived from [M(Megtds)ced] (M = Zn, Cd
and Hg)

UV-Visible spectra analysis has served as a useful technique for the characterization of
semiconductor nanoparticles, which exhibit quantum size effect. The quantum size effect is
caused by the photo-generated electron-hole pairs. The UV-Visible absorption spectrum of
semiconductor nanoparticles depends on their size and the absorption maximum decreases
with the nanoparticle size [57]. The UV-Vis absorption spectra (Figure 3.16(a) i-1ii showed
that the absorption peaks of analyzed ZnS, CdS and HgS particles are at 288, 439 and 296 nm
respectively, a relative blue-shift to the band gap of the bulk which are at 340, 515 and 563
nm respectively [50, 58]. The peak positions can be related to the mean diameter of the
particles, smaller diameter meaning lower wavelength. The results showed the effect of
quantum confinement [59]. The absorption shift represents a change in band gap along with
exciton features, which can be used as a measure of particle size and size distribution. The
calculated gap for the ZnS, CdS, and HgS particles are = 3.78, 2.82, and 3.89 eV

respectively.

In semiconductor nanoparticles, the position of absorption band edge can be taken as
indicator of their sizes. The approach has proven very useful since the result obtained from
this method has not been affected by the presence of aggregates. The electronic coupling
between particles in an aggregate is sufficiently weak so that the resultant spectrum is
determined by the primary particles only [60]. Brus equation [61] was used to calculate the
particle size from the absorption edge. From the characteristic absorption spectra, the size of

CdS and ZnS nanoparticles were estimated to be about 5.68 and 7.88 nm in diameter.
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Figure 4.16: Optical absorption (a) and corresponding photoluminescence spectra (b) of HDA capped

ZnS, CdS, and HgS nanoparticles synthesized from [M(Megtds)ced].
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The photoluminescence spectra of the as—prepared ZnS, CdS and HgS from their respective
complexes were recorded at room temperature at an excitation wavelength of 370 nm and
they exhibit emission peak maxima at 398, 394 and 393 nm respectively. The ZnS is red
shifted with respect to the bulk and CdS and HgS are blue shifted compared with their bulk

materials.

4.8 Conclusion

In the synthesis of the ZnS, CdS and HgS, 3 different substituted thiourea complexes were
used as single source precursors and these gave different morphologies of ZnS and CdS
nanoparticles. Although the thermolysis in HDA was conducted at either 120 °C or 180 °C
the same growth time of 1 h was employed. For the ZnS and CdS from methyl thiourea
spherical and cube shaped morphologies were obtained. The precursor complexes with
dimethyl thiourea substituent gave both rod shaped ZnS and CdS nanoparticles. ZnS and CdS
synthesized from diethyl thiourea gave spherical shaped and a combination of rod and
spherical shaped for ZnS and CdS respectively. Lastly the precursor complex with
tetramethythiuram disulfide ligand generated rod shaped morphology for both ZnS and CdS

nanoparticles.

Narrowing down our analysis on ZnS and CdS because of the conspicuous observation one
can infer that all the symmetrical substituted thiourea (dimethyl and diethyl) gave rod shaped
CdS nanoparticles while the asymmetrical substituted thiourea (methyl) produced a cube
shaped CdS nanoparticles. The particle size of ZnS nanoparticles from diethyl thiourea
exhibit the smallest particle sizes with an average crystallite size of 2.69 - 4.66 nm when
compared with 4.14 - 4.63 nm and 4.33 - 7.21 nm observed from methyl and dimethyl

thiourea precursor complexes. The relevance of this revealation is that symmetrical
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substituted thiourea ligand will have a better application in catalysis because rod shaped
nanoparticles have enhanced catalytic acativity than the spherical shaped nanoparticles. This
is due to the facts that they have higher surface to volume ratio and invariably there are
higher energy per atom. Generally anisotropic nanoparticles have enhanced catalytic activity

than isotropic (spherical ones.
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CHAPTER 5

5. Synthesis and characterization of ZnS and CdS nanoparticles from 1-cyano-1-
carboethoxy-2,-2-ethylenedithiolato—kS,S’—bis(N,N’-diisopropylthiourea—
kS)M(II) and their nitrogen heterocyclics adducts as single source precursors (M
=Zn and Cd).

5.1 Introduction

1, 1 dithiolate derivatives are chelating ligands that form stable complexes with many
transition metals [1, 2]. These ligands have been known to have high affinity for metals such
zinc and cadmium as this can be buttressed by the use of the ligand as scavengers for the
above mentioned elements in biological media. Among these are: dithiocarbamates, xanthates
with varying length of alkyl groups that have been duly reported [3, 4]. Several of these
complexes have been explored as precursors for the synthesis of metal sulfide nanoparticles
and thin films [5-7]. 1,1 dithiolate complexes of Zn(Il) and Cd(Il) are to some extent
unsaturated and will react with nitrogenous ligand bases to form adducts [8, 9]. The parent
complexes of the divalent transition metals with four-coordinate geometry are known to
expand their coordination number by intermolecular association, or by adduct formation with
solvents or appropriate ligands of equivalent litigating strength or by polymerization [10].
The propensity for increase in coordination number is exhibited by the ease with which Zn
and Cd of 1, 1 dithiolate ligands react with nitrogen, oxygen sulfur and phosphorus donors
[11, 12]. Original polymeric structures in 1, 1 dithiolate compounds are broken to monomeric
adducts by their reaction with Lewis bases. Hence, 1, 1 dithiolate ligands form stable
trigonal-bipyramidal or unstable six coordinate geometry adducts upon reaction with nitrogen
based ligands. Thermolysis of heteroleptic 1, 1 dithiolate complexes give particles with non-

spherical morphologies [13] and this is attributable to non-similar mechanism of formation
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due to change in decomposition profile of the compounds [14]. It is worthy of note that the
addition of neutral nitrogen donor ligands in the precursor complexes promotes the axial

growth direction of nanoparticles or enhances the synthesis of anisotropic nanoparticles.

An insight in the thermal behaviour of metal complexes provides useful information about
their potential applications [15]. Despite the fact that the products of decomposition of most
chalcogenide compounds are chalcogen metals, the major drawback militating against their
usage as precursor is poor volatility. One approach to enhance their performance as
precursors is to form more (branched) complex compounds. The metal centers of five or six
coordinate geometry of metal complexes show increased density. These adduct have thermal
properties that reveals increased volatility on the addition of nitrogen donor Lewis base as
ligands. Effects of pyridine and other polypyridine nitrogen donor ligands in heterocyclic
derivative of 1, 1 dithiolate have been reported in literature [16, 17]. Ligands play important
role in the decomposition of coordination compounds due to several properties such as
volatility; basicity (the ability of donor atoms electron to interact with metals), induced
inductive and mesomeric effect, number of donor atoms and the number of atoms which
participate in coordinative bond [18]. Hence, this ultimately influences the decomposition
profile of the compound and also enhances their use as precursor complex in the preparation

of metal sulfide nanoparticles [19, 20].

Chapter 5 consists of two main sections. Section 1 is about the synthesis and characterization
of I-cyano-1-carboethoxy-2,2-ethylenedithiolato—«S,S’-bis(N,N’-diisopropylthiourea—
kS)zinc(I) complexes and their nitrogen donor ligands as adducts (pyridine and
polypyridine). These complexes were thermolysed at 180 °C and used for the synthesis of

four different ZnS nanoparticles; ZnS1, ZnS2 ZnS3 and ZnS4. Section 2 contains the
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synthesis of the Cd(Il) analogue complex of Zn(II), 1-cyano-1-carboethoxy-2,2-
ethylenedithiolato—«S,S’—bis(N, N’-diisopropylthiourea—«kS)cadium(II) and its nitrogen donor
adducts. The three Cd(II) complexes were also used as single source precursors for the
synthesis of CdS nanoparticles. Seven complexes were reported in all, in this chapter; four
Zn(II) and three Cd(II) (made up of two parent complexes and 5 adducts). All the complexes
were prepared from the metal salts of zinc or cadmium, diisopropyl thiourea and 1,1
dithiolate derivatives and their pyridine and two polypyridine adducts (2, 2’ bipyridine and

1,10 phenanthroline).

5.1.1 Synthesis of HDA capped metal sulfides nanoparticles

0.6 g of the precursor complex, was dissolved in 7 mL of tri-n-octylphosphine (TOP) and
then injected into a three-necked flask containing 6 g of hot HDA at a temperature of 180 °C
with vigorous stirring under nitrogen. A subsequent decrease in temperature of 15 - 25 °C
was observed. The solution was heated gradually and the temperature was allowed to
stabilize at 180 °C. After 60 mins, the yellowish solution obtained was allowed to cool to
about 70 °C and methanol was added to precipitate the nanoparticles. The flocculent
precipitate formed was centrifuged and the supernatant was decanted, after which the isolated
solid was dissolved in toluene. The above centrifugation and isolation procedure was
repeated three times for the purification of the prepared cadmium sulfide nanoparticles. A
similar procedure was adopted for the preparation of HDA capped ZnS and CdS
nanoparticles. ZnS1, ZnS2, ZnS3 and ZnS4 are HDA capped nanoparticles obtained from the
thermolysis in HDA of precursor complexes Zn(diptu),(ced)], [Zn(diptu)(ced)(py)],
[Zn(diptu)y(ced)(bpy)] and [Zn(diptu)(ced)(phen)] respectively while CdS1, CdS2 and
CdS3 nanoparticles were equally obtained from [Cd(diptu),(ced)], [Cd(diptu),(ced)(bpy)]

and [Cd(diptu),(ced)(phen)] sequentially.
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5. 2 Characterization of the nanoparticles from Zn(II) complex and its adducts

5.2.1 Structural studies

5.2.2 X-ray diffraction studies of the nanoparticles

Figure 5.1 represents the XRD diffraction pattern of as-prepared ZnS1, ZnS2, ZnS3 and ZnS4
nanoparticles. All the zinc sulfide nanoparticles exhibit three diffraction peaks except for
ZnS2 which shows additional peaks that is suggestive of a mixture of crystalline phases. The
diffraction peaks appeared at 20 of 28.31°, 47.54° and 56.16° 26.40°, 28.14°, 35.58°, 41.20°
44.43°, 47.49°, 56.19° 23.72°, 28.09°, 47.01° and 55.41°; 28.03°, 47.05° and 56.10° for ZnSl1,
ZnS2, ZnS3 and ZnS4 respectively. The XRD peaks were indexed by comparing the
observed data with the standard JCPDF 80-0020. The 260 values correspond to (111), (220)
and (311) planes sequentially and they can be indexed to cubic phase of ZnS. ZnS2
nanoparticles from the pyridine adducts is observed to possesses additional peaks at 20 =
26.40°, 35.58° 41.20° that can be indexed to (002), (102) and (103) miller indices of
hexagonal ZnS. It is a most likely confirmation that ZnS2 is a mixture of both cubic (zinc
blende) and hexagonal (wurtzite) phase nanoparticles. Similar results have been reported in
the literature [21, 22]. The broadening of the XRD peaks is due to the nanocrystalline nature
of the as-prepared nanoparticles. The particle sizes were also estimated using Schereer
equation from the most intense peaks. The sizes obtained are 2.3 nm, 3.7 nm 3.8 nm and 4.5

nm respectively for ZnS1, ZnS2, ZnS3 and ZnS4 respectively.
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Figure 5.1: The XRD patterns of (a) ZnS1, (b) ZnS2 and (c¢) ZnS3 and (d) ZnS4
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5.2.3 Tranmission electron microscrope (TEM) studies of ZnS nanoparticles

Typical TEM micrograph of ZnS1, ZnS2, ZnS3 and ZnS4 nanoparticles obtained from the
as-prepared complexes [Zn(diptu)ced] (10), [Zn(diptu)ced(py)] (11), [Zn(diptu)ced(bpy)]
(12), [Zn(diptu)ced(phen)] (13) are shown in Figure 5.2. From these micrographs, it is
evident that the nanoparticles have slightly different morphologies. The ZnS1 nanoparticles,
from the parent complex appear roughly spherical with particle sizes of 1.92-3.42 nm. ZnS
from the pyridine adducts gave rod shaped morphology with diameter size of 2.63-3.91 nm
and length of about 10.5 nm. The ZnS3 and ZnS4 from the 2, 2’ bipyridine and 1, 10
phenanthroline adducts also gave anisotropic particles whose particle sizes are in the rage of
2.3-3.72 nm and 2.98-4.74 nm respectively. ZnS2 has a different morphology from the rest of
the metal sulfide nanoparticles and this can be explained by the presence of pyridine which
might have altered the thermal decomposition profile of the precursor complex. Similar
results have been reported in the literature for CdS and ZnS nanoparticles and it is most likely
that the ligand can affect the shape of nanoparticles [23, 24]. The enhacement of axial growth
of the metal sulfide nanoparticles can b attributed to he incorporation of nitrogen donor

ligand in the precursors of he nanoparticles [25].
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Figure 5.2: TEM micrograph of (a) ZnS1, (b) ZnS2 (c) ZnS3 and ZnS4
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5.2.4 Scanning electron microscopy of ZnS nanoparticles

Figure 5.3(a-f) shows the SEM micrograph of ZnS1, ZnS2, ZnS3 and ZnS4 respectively. The
monograph of ZnS1 from complex ZnS1 displayed at lower magnification while flower-like
images of the nanoparticle can be observed at higher magnification. The SEM image of
ZnS2 shown in Fig 5.3(b) reveals paricles that exhibit a wooly-like morphology at lower

magnifications and close to flower-like (petal-like) shapes at higher magnification.

15kV X1,000

Figure 5.3: SEM micrographs of ZnS1, ZnS2, ZnS3 and ZnS4
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The as-synthesized ZnS3 and ZnS4 obtained from complexes 3 and 4, polypydine adducts,
displayed remarkable morphology both at the lower and higher magnification. At lower
magnification, a clearly visible combination of cloud-like shapes intercalated with flower-like
shapes are observed while the morphology at higher magnification is more of flowery flakes.
It’s worthy of note that the change to flowery morphology is more pronounced in the ZnS

obtained from the adduct complexes.

5.2.5 Optical spectra of the ZnS nanoparticles

The behaviour of semiconductor nanocrystals can only be understood better with optical
absorption study. The band gap which can be defined as the distance between the valence
band and conduction band is an important characteristic of semiconductor materials. The
optical absorption spectra of ZnS1, ZnS2, ZnS3 and ZnS4 nanoparticles in the range of 200-
800 nm are shown in Figure 5.4. It is obvious that all the spectra are devoid of absorption in
the visible region (800-390 nm). Absorption edge or excitonic absorption appeared at shorter
wavelength in the UV region at 296, 322, 325 and 326 nm for ZnS1, ZnS2, ZnS3 and ZnS4
nanoparticles respectively. The apparent exhibition of blue shift in all the ZnS is a reflection
of increase in band gap due to quantum confinment effect. Bulk ZnS being a direct band gap
material has a band gap of approximately 3.66 eV [26]. The blue shift in the absorption edge
corresponds to increase in effective band gap of the material. The absorption edge of the ZnS
nanoparticles which is equivalent to the bandgap energy is calculated to be 4.19 eV, 3.89 eV,
3.81 eV, and 3.80 eV for ZnS1, ZnS2, ZnS3 and ZnS4 respectively. The band gap values are
slightly reduced from ZnS1 to ZnS4 due to increase in the particle sizes of the metal sulfide

synthesized from the various precusor complexes.
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Figure 5.4: UV-Vis spectra of ZnS1, ZnS2 and ZnS3 and ZnS4

5.2.6 Photoluminescence studies of ZnS

Photoluminescence spectra of the as-prepared samples ZnS1, ZnS2, ZnS3 and ZnS4 in the
range of 250 - 600 nm are shown in Figure 5.5(a). All the samples except the ZnS4 show two
different emission peaks at; 296.2, 296.3, 296.5 nm for the low intensity narrow emission
peaks and 384.5, 385.8 387.51 and 395.5 nm for the broad centered emision peaks of ZnS1,
ZnS2, ZnS3 and ZnS4 respectively. The emission peaks around 296 nm can be ascribed to
spontaneous emission orginating from band to band transition while the broad emission peaks
at around 384.5 nm could emanate from surface states [27, 28]. PL with multiple emission
peaks have been earlier reported in literature [29]. The inset diagram in Figure 5.4(b) contains

the emission peaks that are blue shifted relative to ZnS bulk [30].
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Figure 5.5: PL spectra of HDA-capped ZnS1, ZnS2, ZnS3 and ZnS4
Table 5.1: Particle sizes and band gap values of HDA-capped ZnS nanoparticles
Nanoparticles | Particle size from | Particle size from | Absorption Band gap Eg
eaks (nm eV
XRD (nm) TEM (nm) P (o) (V)
ZnS1 2.3 1.91-2.23 296 4.19
ZnS2 3.7 2.63-3.91 322 3.89
ZnS3 3.8 2.23-3.72 325 3.81
ZnS4 4.5 2.98 -4.75 326 3.80

5.3 Structural and optical studies of HDA capped CdS nanoparticles from

[Cd(diptu),ced/N-N] (where N-N is bpy or phen)
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5.3.1 X-ray diffraction studies of the CdS nanoparticles

Figures 5.6 (a), (b) and (c) show the X-ray diffractogram of HDA-capped nanoparticles
synthesized from [Cd(diptu),(ced)], [Cd(diptu),(ced)(bpy) and [Cd(diptu)(ced)(phen)]. In
the XRD patterns, the peaks which occurred at 20 values of [24.56° 26.5°, 36.95°, 44.0°,
48.2°, 52.0°], [24.13°, 26.89°, 36.63°, 44.16° 48.29°, 52.26°], and [25.20° 26.85 °, 28.54°,
37.36° 44.18° 48.32°, 52.26°] for the CdS obtained from the precursor complexes (1), (2)
and (3) respectively, correspond to (1 0 0), (0,02),(102),(110),(103)and (11 2)Miller
indices. These peaks are characteristic of hexagonal CdS nanoparticles [32]. Figure 5.6(c)
shows an additional peak at 20 value of 28.54° which corresponds to Miller index for
crystalline plane of (1 0 1) [33-35] and they correlate with the standard reference (JCPDS 01-
080-0006). The broadness of the XRD patterns indicates small crystallite size of the sample
and elongation of the XRD pattern in case of capped nanoparticles shows surface passivation
[35, 37]. The average particle sizes of CdS1, CdS2 and CdS3 nanoparticles are; 5.1, 4.58 and
7.92 nm respectively as calculated from the full-width at half maximum (FWHM) of the most
intense peak using Scherrer’s equation [38, 39]. CdS1, CdS2 and CdS3 represents the
nanoparticles obtained from the thermolysis of precursors complexes [Cd(diptu),(ced)],

[Cd(diptu)z(ced)(bpy) and [Cd(diptu),(ced)(phen)] respectively in HDA.
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Figure 5.6: The XRD patterns of (a) CdS1, (b) CdS2 and (c) CdS3.
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5.3.3 Transmission electron microscopy (TEM) studies of HDA capped CdS
nanoparticles

In order to further investigate the structure of CdS nanoparticles, TEM analysis was carried
out on the samples and Figure 5.7(a-c) show TEM images of CdS1, CdS2, and CdS3
respectively. The TEM micrograph showed that the as-synthesized CdS nanoparticles are

monodispersed and well defined.

Figure 5.7: TEM micrograph of (a) CdS1, (b) CdS2 and (c) CdS3
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The nanoparticles show a close to spherical morphology with a slight rod-like elongation
observed in CdS3. Precursor molecules obtained from N-donor adducts has been reported to
give rise to anisotropic nanoparticles [40, 41], and this has been attributed to the phenomenon
of oriented attachment or self-assembly [42]. The particle sizes were estimated to be in the
range 4.15 - 6.16 nm, 3.64 -7.37 nm and 5.27- 8.79 nm respectively for CdS1, CdS2 and
CdS3. Nanocrystals from the CdS1 are the most monodispersed and the TEM micrograph
reveals that the nanoparticle size increased in the order CdS1 < CdS2 < CdS3. The obtained
TEM results indicate that the HDA-capped CdS nanoparticles were of small sizes,
homogenously distributed and the particle sizes are in agreement with the size estimation
obtained from the XRD analysis. There is no large dense flocs observed in the TEM images
and this indicates that the prepared CdS nanoparticles were well-dispersed in the solution

[43].

5. 3.4 Scanning electron microscopy (SEM) of HDA-capped CdS nanoparticles.

The surface morphology of the nanocrystals was investigated by scanning electron
microscopy (SEM). SEM micrographs were taken at both lower and higher magnifications as
shown in Figures 5.8 a, b and ¢ for the CdS1, CdS2 and CdS3 respectively. The inset contains
the EDX spectra. All the SEM micrograph showed smooth, spherical and regular
nanoparticles shapes at lower magnification with the most pronounced aggregation obtained
from CdS3 at higher magnification. The uniformity and similar dimension of the sphere
reveals a good growth environment of CdS crystals, which indicate good crystallinity of the
sphere [44]. The elemental compositions of the nanoparticles formed were confirmed by

energy dispersive X-ray (EDX) analysis. All the 3 EDX spectra showed Cd and S peaks.
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Figure 5.8: SEM and EDX inset micrograph of (a) CdS1, (b) CdS2 and (c) CdS3
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5.4 Optical properties of HDA capped CdS nanopaticles

5.4.1 UV-Visible absorbance spectroscopy

The band gap of group II-VI nanoparticles lies within the UV - Visible region, and therefore,
the minimum energy required to excite electron from the valence state lies in the UV-Visible
region. The UV spectra of CdS1, CdS2 and CdS3 shown in Figure 5.9 and measured in
toluene showed typical blue shift in the band gap energy associated with semiconductor
nanoparticles. The nanoparticles showed band gap energy around 3.27 eV (379 nm); 3.26 eV
(380 nm); 2.94 eV (421 nm) for CdS1, CdS2 and CdS3 respectively. The band gap of CdS
bulk is 2.40 eV (515 nm) [45, 46]. The nanoparticles, CdS1, CdS2 and CdS3, showed a blue
shift of 0.74, 0.73 and 0.82 eV relative to the CdS bulk which is indicative of quantum
confinement in the prepared nanoparticles. The most direct way of extracting the optical band
gap is to determine the photon energy at which there is a sudden increase in the absorption

[47].

Figure 5.9: UV-Vis spectra of CdS1, CdS2 and CdS3
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The optical band gap energy of nanocrystalline samples are determined from the absorption

maxima and it can be calculated from the absorption peak using the simple wave equation;

Where Eg is band gap energy, h is the planks constant, c is the velocity of light, A is the
wavelength at which the absorption peak is obtained. From the absorption spectra of the
nanoparticle samples, it could be deduced that CdS1 has the smallest size, and this is in
agreement with both the TEM and XRD results. The particle size and band gap of the CdS1,

CdS2 and CdS3 nanoparticles at 180 °C are shown in table 5.2.

Table 5.2: Particle sizes and band gap values of HDA-capped CdS nanoparticles

Nanoparticles | Particle size from | Particle size from | Absorption Band gap - Eg
XRD (nm) TEM (nm) peaks (nm) (V)

CdS1 5.1 4.15-6.16 379 3.27

CdS2 4.58 3.64-7.37 385 3.22

CdS3 7.72 5.27-8.79 424 2.92

5.4.2. Photoluminescence spectra of the CdS nanoparticles

The photoluminescence spectra of the three CdS nanoparticles were measured at room
temperature, and at an excitation wavelength of 370 nm. The obtained spectra are shown in
Figure 5.10. The peak emission maxima were observed at 380 nm for CdS1, 388 nm for
CdS2 and 409 nm for CdS3. In all the as-prepared nanoparticles significant blue shifts

relative to the bulk CdS, 515 nm [48], which might be due to quantum confinements are
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observed. The extent of the blue shift of the HDA-capped CdS nanoparticles relative to the
bulk is similar but it is worthy to note that the degree of the blue shift is in the order of ;
CdS3< CdS2< CdS1. The emission peak is also broader in CdS3 than in CdS1 and CdS2 and

this 1s indicative of particles with larger size distributions.
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Figure 5.10: PL spectra of HDA-capped CdS1, CdS2 and CdS3.

5.4.3 Infra-red spectroscopy analysis.

To further investigate and confirm the interaction between the HDA and the CdS
nanoparticles, the FTIR measurement was taken. The comparison of the spectra reveals
similar features in the wave number range from 300 to 4000 cm™. Figure 5.11 shows
overlapped spectra of pure HDA, the nanoparticles CdS1, CdS2, and CdS3; and the important
peaks are shown in the IR spectra. In the higher wave number region, three peaks of HDA are
found at 3334 cm™, 2851 cm™ and 2922 cm” which correspond to v(N-H) , vas(-CHx-),
and vs(-CHj-). In the spectra of the nanoparticles, these peaks were found, respectively,

around 3336 cm™ 2851 cm™, 2933 cm™ in CdS1; 3336 cm™, 2864 cm™, 2922 cm™ in CdS2,
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and 3338 cm™, 2852 cm™, 2922 cm™ in CdS3. This examination points to the fact that HDA

is indeed an essential component of CdS nanoparticles.

Figure 5.11: Infra-red spectra of pure HDA and HDA-capped CdS nanoparticles.

5.5 Conclusion

Two complexes and 5 pyridine and polypyridine (2, 2’ bipyridine and 1,10 phenanthroline)
adducts of (1-cyano-1-carboethoxyethylene-2,2-dithiolato—«S,S’)-bis(N,N’-methylthiourea—
kS)M(II) (where M = Zn and Cd) were prepared and all were used as single source precursors
for the synthesis of HDA capped ZnS and CdS nanoparticles. The Zn(Il) parent complexes,
pyridine, 2,2 bipyridine and 1,10 phenanthroline adducts were thermolysed at 180 °C.
Nanorod shaped nanoparticles of ZnS were obtained from the pyridine adducts while
bipyridine and 1, 10 phenanthroline adducts gave anisotropic particles. CdS1, CdS2 and
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CdS3 nanoparticles prepared from the parent complex, 2,2’bipyridine and 1,10
phenanthroline respectively have different sizes which increase in the following order CdS1
< CdS2 < CdS3 (4.15 - 6.16, 3.64 - 7.37, and 5.27 - 8.79 nm). In addition, the CdS
nanoparticles obtained from adducts complexes are observed to be anisotropic. All the metal
sulfide nanoparticles are blue shifted in the absorption and confirms quantum confinement.
Fourier transform infra-red was used to investigate the interaction between the CdS
nanoparticles and the capping agent and it was confirmed the presence of HDA on the
surfaces of the nanoparticle. The degree of blue shift of nanoparticles relative to the bulk
material is a measure of quantum confinement of the particle. Based on this, ZnS1 and CdS1
both from the thermolyses of the parent complexes display most quantum confined metal

sulfide nanoparticles.
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CHAPTER 6

6. Synthesis and structural studies of ZnS and CdS polymer

nanocomposites

6.1 Introduction

A nanocomposite is the fusion of two or more different materials in which at least one of the
components has dimensions less than 100 nm [1]. In polymer nanocomposites, the blends
consist of organic polymer matrix and inorganic components (semiconductors). The lack of
satisfactory mechanical, thermal and electronic properties of the conventional polymer
materials gave rise to the need to functionalize them in an attempt to improve their properties
and extend their potential applications [2, 3]. Polymethyl methacrylate (PMMA), poly(vinyl
alcohol) (PVA), and polyvinyl pyrrolidone (PVP) are among the most widely used polymers
in the synthesis of nanocomposites because of their availability and low cost [4 - 7]. Among
group II-VI compound semiconductor nanoparticles, ZnS and CdS are the most promising
materials [8]. A lot of studies have been expanded on ZnS and CdS polymer nanocomposites
with trendy focus on electrical conductivity but contrarily, little investigation is conducted
about the thermal stability of these composites [9-13]. Despite the essential electrical
conductivity of these materials, thermal stability of the polymer nanocomposites is
uncompromisable; it is important as it modify the polymer properties to be tapped for

advance applications.

The two common routes for the synthesis of polymer nanocomposites are the ex-situ and in-
situ methods [14-16]. The two methods are liquid based, and the end products are solids

which are obtained by either co-precipitation or solvent evaporation [17]. The synthesis of
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MS/PMMA or PVA or PVP where (M = Zn or Cd) via different chemical and physical routes
have been reported by many authors [18 - 22]. However, there is no report on comparative
studies of the structural properties and thermal stability of the nanocomposites of ZnS/CdS
nanoparticles in PMMA, PVA and PVP. In this chapter, the synthesis, structural and thermal
properties of different polymer nanocomposites prepared by the incorporation of ZnS and
CdS into the matrices of theses polymers; poly(methyl methacrylate) (PMMA), poly(vinyl
alcohol) (PVA) and polyvinypyrrolidone (PVP) are reported. The structural studies of the
metal sulfides/polymer nanocomposites was carried out by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy, Ultraviolet—visible spectroscopy (UV-vis), transmission

electron microscopy (TEM) and thermogravimetric analysis (TGA).

6.2 Experimental

6.2.1 Synthesis of nanocomposites

The ZnS and CdS nanoparticles were synthesized as reported in the literature [23]. The ZnS
and CdS nanoparticles in PMMA, PVA and PVP were prepared by a solution casting method
[24]. Laboratory grade PMMA, PVA and PVP were respectively dissolved in toluene and
stirred for 2 h, followed by the addition of 8 weight % of ZnS or CdS nanoparticles dissolved
in the same solvent and added to the polymers solution. The choice of 8 weight % is the
concentration of modifiers that exhibits appreciable properties to justify the purpose of the
study. The mixture was stirred at 60 °C for 24 h, to allow the reaction of the nanoparticles
with the polymers and poured into petri dishes to give the various nanocomposites. The
toluene was allowed to evaporate slowly over a period of 48 h in dry atmosphere. The film

was then removed and dried in the vacuum at 70 °C [25, 26].
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6.3 Results and discussion

6.3.1 FTIR spectra studies

Figure 6:1(a) shows the overlapped FTIR spectra of pure PMMA and the respective
nanocomposites incorporating ZnS and CdS nanoparticles. The graphs are rescaled to allow
overlapping. Pure PMMA and the corresponding ZnS and CdS nanocomposites show a weak
band in the range of 3448 - 3455 cm™ that is due to stretching vibration of O-H. PMMA
exhibits bands around 2952 and 2823 cm’ that are assigned to C-H asymmetric and
symmetric stretching vibrations respectively. The bending vibrational bands of the methyl
group appear around 1490 cm™ and 1457 cm™ [27]. Furthermore, there is a sharp and intense
band at 1769 cm™ which is attributed to the stretching vibration of the carbonyl, C=0. The
ZnS/PMMA and CdS/PMMA nanocomposites showed stretching vibrations with no
significant difference from the pure PMMA and this is indicative of weak chemical
interactions between the host polymer and the nanoparticles. Similar studies about the
interaction of PMMA and nanoparticles have been reported by other researchers [28]. HDA
was used as a passivating agent for the metal sulfide nanoparticles and peaks in the region of
3181-3336 cm™ can be ascribed to the N-H stretching of primary amine. These peaks are
observable in the infra-red absorption spectra of the nanocomposites and it’s indicative of the

presence of HDA [29, 30].

Figure 6.1(b) presents the overlapped FTIR spectra of pure PVA, and the respective
composites with ZnS and CdS nanoparticles. PVA exhibits a broad band at 3429 cm™ which
is assigned to O-H stretching frequency of the hydroxyl group. This band has been shifted to

3425 and 3424 cm™ in ZnS/PVA and CdS/PVA respectively.
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Figure 6.1: FTIR spectra of (a) pure PMMA, ZnS/PMMA, CdS/PMMA, (b) pure PVA, ZnS/PVA,
CdS/PVA, (c) pure PVP, ZnS/PVP, CdS/PVP.
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Two bands observed in the pure PVA at 2942, 1755 cm™ which correspond to C-H and C=0
stretching vibrations respectively are found at 2938, 1710 c¢cm™ and 2931, 1749 cm™ in
ZnS/PVA and CdS/PVA polymer nanocomposites. The vibration band at 1646 cm™ due to
C=C stretching in the PVA appears at 1659 and 1653 cm™ in the ZnS/PVA and CdS/PVA
nanocomposites respectively. The observation of characteristic bands of PVA in ZnS/PVA
and CdS/PVA confirm the interaction between these semiconductor inorganic nanoparticles

and PVA. Similar results have also been reported for ZnS/PVA [31] and CdS/PVA [32].

The interactions between the nanoparticles and the PVP, host polymer, were also
investigated. Figure 6.1(c) shows the overlapped spectra of PVP and their respective
nanocomposites. In the FTIR spectrum of PVP, the band at 1681 cm™ is due to the C=0O
stretching mode and after the formation of ZnS/PVP and CdS/PVP nanocomposites the C=0O
stretching band appear at 1663 and 1641 cm™. The 17 and 40 cm™ shift observed indicates a
strong interaction between the nanoparticles and the PVP host. The band in the region of
1500 - 1300 cm™ is fairly strong and this is because of the contribution from the in-plane C-H
bending of different -CH, and -CH moieties. Most likely the C-H bending modes are coupled
with C-N stretching modes. The existences of strong interactions between ZnS or CdS with

PVP have also been reported before [33, 34].

6.3.2 Thermal analysis of PMMA and nanocomposites
The thermogravimetric analysis (TGA) of the pure PMMA, the ZnS/PMMA and CdS/PMMA
nanocomposites are presented in Figures 6.2(a-c) respectively. The thermal degradation of

PMMA occurs in three stages, as inferred from the DTG graph. The degradation of PMMA
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usually begins with the initiation at the weak head- to- head linkage at 171.56 °C [35], and

this has been observed in Figure 6.2(a).
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Figure 6.2: Overlapped TGA, DTG and DSC of (a) pure PMMA, (b) ZnS/PMMA and (c)
CdS/PMMA.
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Hence the first stage of weight loss is due to the head-to-head scission of the unsaturated end
group [36]. The last two degradations occurred at 286.94 °C and 363.32 °C which can be
ascribed to the initiation at the unsaturated end and at the polymer backbone respectively
[37]. The nanocomposites, ZnS/PMMA and CdS/PMMA displayed different degradation
temperatures as shown in the maximum decomposition temperature of the last stage which
appeared in pure PMMA at 363.32 °C, occurred at 374.25 and 375.89 °C in ZnS/PMMA and
CdS/PMMA respectively. The major weight loss in PMMA occurred within the range of 180
- 380 °C which is in agreement with the structural decomposition of the polymer [36]. On the
other hand, the decomposition of ZnS/PMMA nanocomposites occurred over the range of
180 - 420 °C and 180 - 425 °C for the CdAS/PMMA nanocomposites. The DSC shows three
endothermic peaks in pure PMMA which correspond to three degradation stages while three
endothermic peaks are observed in ZnS/PMMA and only one in CdS/PMMA. Thus, the
thermal stability of both polymer nanocomposites is greater than that of the pure polymer
matrix. The thermal stability of the PMMA has been improved by the incorporation of ZnS

and CdS separately into the polymer matrix.

6.3.3 Thermal analysis of PVA and nanocomposites

Figure 6.3(a-c) presents the overlapped TGA and DTG curves of the pure PVA, ZnS/PVA
and CdS/PVA nanocomposites. There are three stages of weight loss in the degradation
pattern of the pure PVA. The earliest one which is between 80 to 220 °C is attributed to the
release of chemically bound water [38]. The maximum rate of decomposition of this first
stage is at 210 °C, under the experimental conditions. It corresponds to a 28% weight loss.
The second decomposition step is in the temperature range of 230 to 430 °C, causing a total

weight loss of about 80% and the maximum rate of decomposition is 271 °C.
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Figure 6.3: Overlapped TGA, DTG and DSC of (a) pure PVA, (b) ZnS/PVA and (c) CAS/PVA
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The final decomposition temperature occurred in the range 410 to 500 °C with peak at 426
°C, and this is assigned to the cleavage of the C-C pillar of the PVA [39]. The ZnS/PVA
degradation pattern is different from that of the pure PVA; only three major decomposition
stages occurred. The temperature of the highest rate of decomposition observed at 271 °C in
the pure polymer occurred at around 370 °C in the nanocomposites. This indicates an
enhanced thermal stability with about 100 °C. A plateau occurred at 449 °C indicating the end
of the decomposition, which is about 26 °C higher when compared with the temperature
recorded for pure PVA. In the TGA curve of CdS/PVA, there are four stages of
decomposition. The first decomposition occurred in the range 40 to 80 °C, and this can be
attributed to the expulsion of weakly bound water [40]. This was followed with three
decomposition steps with peaks at 270, 349 and 432 °C respectively. After the last
decomposition, approximately 60% weight loss occurred in the nanocomposites with

enhanced thermal stability.

6.3.4 Thermal analysis of PVP and nanocomposites

Figure 6.4(a-c) shows the overlapped TGA-DTG graph of pure PVP and the corresponding
nanocomposites. There are two stages of decomposition in the pure PVP as can be inferred
from the differential thermal gravimetric (DTG) curve. The first decomposition step which
occurred between 50 - 100 °C with a slight weight loss can be attributed to the evaporation of
physically trapped moisture [41]. The decomposition of the PVP commenced at 350 °C and
ended at 480 °C, accompanied by about 95% weight loss [42]. There appeared complete
decomposition of the pure PVP at 429 °C and it is accompanied by single DSC endothermic
peak whose maximum is at 282 °C [43]. The TG and DTG curves of ZnS/PVP are similar to
that of pure PVP, with two stages of decomposition but with enhanced thermal

decomposition temperature observed at 433 °C.

187



Deriv. Weight (%/min)

Deriv. Weight (‘%6/min)

100 20
] 429.85°C |
80 - 15
1 T =
60 = 410 E
= ] A =3
= 1 = 1 =)
=3 e D
> J = 1 =
= = -
40 — £ 215 =
B
] + a
20 o
o T T T -5
o 200 400 600 800
Exo Up Temperature (°C) Universal V4.7A TA Instruments
100 25
] - 20
80 L
] +as
60 — S 5
= ] = I
=1 ] E oo
2 < 1
]
40 - L ad
1 *+s
1 496.03°C T
20 3
] +o
o T T T -5
o 200 400 600 800
Exo Up Temperature (°C)
100
80
60
==
=
=3
5]
=
40
20
o r
o 200 400 600 800
Exo Up Temperature (°C)

Figure 6.4: Overlapped TGA, DTG and DSC of (a) pure PVP, (b) ZnS/PVP and (c) CdS/PVP.
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This could be ascribed to the effect of the incorporation of ZnS in the matrices of the PVP
and good interactions between PVP and the ZnS nanoparticles. The composite shows a major
weight loss of about 74% between 410-470 °C. The TG and DTG of CdS/PVP show a slight
variation from that of pure PVP with a decomposition peak at 433 °C. It also displayed a
significant weight loss of about 72% in the temperature range of 390 - 467 °C. The DTG peak
maximum for the ZnS/PVP and CdS/PVP are 433 °C and 432 °C compared to 429 °C of the
pure PVP. The TGA curves of the ZnS/PVP and CdS/PVP maintains a plateau from 496 °C
and 483 °C respectively due to the complete decomposition of the volatile part of PVP

leaving the metal sulfide and negligible weight of the stable substrate as the final residue.

Table 6.1: Summary of decomposition temperatures of nanocomposites relative to variations in the

decomposition of their respective pure polymers

Decomposition | Extent  of  enhanced
Nanocomposites | DTG decomposition | temperature thermal  stability  of
peak max. (°C) range (°C) nanocomposites (°C)
ZnS/PMMA 374 320 - 457 9
CdS/PMMA 376 340 - 449 12
ZnS/PVA 370 330 - 449 98
CdS/PVA 350 270 - 432 78
ZnS/PVP 433 360 - 496 3
CdS/PVP 432 370 - 482 7

The results obtained from the TGA and DTG show that the interactions of the ZnS and CdS
nanoparticles with the polymers enhance thermal stability of the resulting polymer

nanocomposites. This is deduced from the data obtained when the decomposition
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temperatures of the nanocomposites is relatively compared with the variation in the
decomposition temperature of their respective pure polymers. The summary of this is
presented in Table 6-1. The sequence of thermal stabilities as a result of the incorporation of
the nanoparticles in the polymer matrices is in the following order: ZnS/PVA > CdS/PVA >

CdS/PMMA > ZnS/PMMA > CdS/PVP > ZnS/PVP.

6.4 X-ray diffraction studies of nanocomposites

6.4.1 XRD of pure PMMA and its composites: MS/PMMA (Where M =Zn or Cd)

The XRD pattern of pure PMMA, ZnS/PMMA and CdS/PMMA nanocomposites measured
in the scan range of 10 to 80° are shown in Figure 6-5(a). The amorphous nature of PMMA is
indicated by the presence of the first broad peak at lower diffraction angle around (10 - 20°).
From the pattern, the characteristic peak for pure PMMA is observed at 20 value = 12.85°
[44]. ZnS/PMMA exhibits two broadened diffraction peaks (from 25° - 43°) which may be
due to overlapping of (100), (002), (101) miller indices. These peaks correlate well with
hexagonal ZnS wurtzite (structure standard pattern of JCPDS card No. 80 - 0007). The
diffraction peaks are in agreement with earlier reported studies [45, 46]. For the CdAS/PMMA
the diffraction peaks appeared at; 13.32°, 28.24°, 43.13° and 52.88°. The diffraction peaks at
20 = 13.32° is typical of PMMA. The peaks at 28.24 °, 43.13 ° and 52.88° are indexed to
scattering from the (1 1 1), (2 2 0) and (3 1 1) cubic phase of CdS planes [47]. The mean
crystallite sizes of the ZnS/PMMA and CdS/PMMA could not be calculated using the Debye-
Scherer equation due to the overlap of the nanoparticles and polymer peaks. The broadening
of the XRD peaks is indicative of the small particle sizes of the as-prepared nanocomposites

[48].
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6.4.2 XRD of pure PVA and its composites: MS/PVA (Where M =Zn or Cd)

XRD pattern of pure PVA, PVA/ZnS and PVA/CdS are shown in Figure 6.5(b). The
diffraction peaks of the pure PVA exhibits four peaks at 20 = 10.81°, 19.37°, 22.52° and
40.19° which correspond to the crystalline phase of PVA [49]. The crystalline nature of PVA
stems from the strong intermolecular interaction between PVA chains through the
intermolecular hydrogen bonding [50]. In the diffraction pattern of the ZnS/PVA, the peaks
that are attributable to ZnS nanoparticles of the composite are observed at 20 = 26.94°, 47.01°
and their miller indices; (100) and (110), which suggests the presence of hexagonal phase of
ZnS (wurtzite). Similar results have been reported in literature [51]. The 26 = 19.37°, 22.52°
and 40.19° and 22.15° being characteristic peak of PVA component. Nevertheless, another
peak is expected around 26 = 52° (103) and this is not distinguishable. This observation has

been reported in previous research by other authors [52].

The low intensity of ZnS/PVA peaks can be attributed to interaction of metal sulfides with
PVA; metal sulfides decrease the degree of PVA crystallinity when incorporated in PVA
polymer [53]. In the XRD pattern of the PVA/CdS composite, the characteristic peak of the
PVA is noticeable with other peaks at 20 = 10.96°, 19.73°, 22.50°, 31.74° and 40.72° and their
miller indices are; (100), (101), (200), (002) (111) respectively. The peaks from the CdS
nanoparticles of the composites are observed at 260 = 26.57°, 36.63°, 46.26° and 52.42°. These
peaks could be indexed to the scattering from (1 1 1), (1 02), (1 0 3), (3 1 1) hexagonal and
cubic phase of CdS respectively. The peaks correlate both with diffraction peaks associated
with hexagonal phase of CdS; (20 = 36.84 and 46.82°) [54] and cubic phase of CdS; (26.85
and 52.24°) [55], and indicates the mixture of both phases. The particles sizes could not be
calculated from using Debye-Scherer equation because the peaks overlap with the polymer

peaks.
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Figure 6.5: XRD diffractions (a) pure PMMA and its respective nanocomposites) (b) pure

PVA and its respective nanocomposites, and (c¢) pure PVP and its respective nanocomposites
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6.4.3 XRD of pure PVP and its composites: MS/PVP(Where M =Zn or Cd)

Figure 6.5(c) shows the XRD patterns of the pure PVP, and its respective nanocomposites:
ZnS/PVP and CdS/PVP. The peaks around 26 = 10.5° and 21.53° are typical characteristic
peaks of PVP [56 - 59]. ZnS/PVP shows two peaks at 20 = 10.5° and 21.53°, which
corresponds to the characteristic peak of pure PVP, and another two broadened peaks which
may be ascribed to the wurtzite phase of ZnS. This diffraction pattern is in agreement with
earlier observation [46]. The XRD pattern of the PVP/CdS exhibited 4 peaks at 20 = 25.39°,
43.06°, 46.82° and 51.70° which correspond to the (1 1 1), (2 2 0), (3 1 1) miller indices.
These peaks match with the cubic CdS of JCPDS file (JCPDS no 10 - 454) [60]. The absence
of peaks at 20 values of 24.8°, 36.2° and 47.84° ruled out the possibility of hexagonal phase

CdS presence in CdS/PVP [61].

6.5 Transmission electron microscopy (TEM) studies

Figure 6.6(a) shows the TEM images of the ZnS/PMMA, which appeared as slightly
spherical shape, which are loosely distributed with an average particle size in the range of
1.51 - 3.35 nm. Figure 6.6(b) shows the CdS/PMMA nanocomposites with CdS also
embedded in the matrices of PMMA. The nanoparticles have rod shape, and with an average
size in the range of 4.07 - 6.92 nm. These particles are homogenous and almost equally
distributed in the PMMA matrices. It could be noted that there occurs a slight difference in
the particle size estimation using the XRD and the TEM and this can be ascribed to the
intrinsic twining and dislocation present in the lattice of the sample [62]. Figure 6.6(c) and
(d) represents the TEM micrograph of ZnS/PVA and CdS/PVA respectively. Figure 6.6(c)
shows the incorporated ZnS nanoparticles in PV A matrices. The nanoparticles are rod-shaped

with sizes in the range of 2.44 - 5.87 nm. TEM micrograph in Figure 6.6(d) reveals cocoon-
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like shaped materials with size in the region of 2.57 - 4.90 nm. The nanoparticles appear

polydispersed and aggregated.

a b
C d
e f

Figure 6.6: TEM micrographs of (a) ZnS/PMMA (b) CdS/PMMA (c) ZnS/PVA(d)
CdS/PVA (e) ZnS/PVP (f) CdS/PVP.
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The TEM micrograph of ZnS/PVP presented in Figure 6.6(e) reveals uniform distribution of
spherical ZnS embedded in the polymer matrices of the PVP. The sizes of the ZnS
nanoparticles are in the range of 1.5-3.25 nm. It is apparent from the TEM micrograph of
CdS/PVP, Figure 6.6(f), that CdS nanoparticles embedded in the polymer matrix of PVP are
distinguishable, although they are in contact with one another. They are a bit agglomerated
into a massive structure although they reveal an average particle size whose ranges are in the

region of 1.75 - 4.55 nm.

6.6 Scanning electron microscopy (SEM) studies

The micrographs shown in Figure 6-7(a-e) is a representative SEM images of the pure
PMMA, the PMMA/ZnS and PMMA/CdS at low and high magnifications and it was
observed that the ZnS nano fillers cause remarkable change in the morphology of pure
PMMA (as observed in Figure 6.7(b). Higher magnification images show the presence of
slight agglomeration, and this might be due to the existence of a larger interaction between
nanoparticles as compared with polymer-particle interaction [63]. The SEM image of the
PMMA/CdAS presented in Figure 6.7(d) exhibited homogenous dispersion of CdS in the

PMMA unlike the agglomeration observed at higher magnification, Figure 6.7(¢).
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Figure 6.7: SEM micrographs of (a) Pure PMMA (b) ZnS/PMMA-low mag (c) ZnS/PMMA-
high mag. (d) CdAS/PMMA-low mag. (¢) CdS/PMMA-high mag
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The micrograph in Figure 6.8(a-e¢) shows the pure PVA, ZnS/PVA and CdS/PVA

nanocomposites. The pure PVA is made up of fine spherical material.
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Figure 6. 8: SEM micrographs of (a) Pure PVA (b) ZnS/PVA-low mag. (¢) ZnS/PVA-high mag (d)

CdS/PVA-low mag. (e) CdS/PVA-high mag.
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There is a significant change in the morphology of PVA/ZnS and CdS/PVA with the former
exhibiting a uniform dispersion of the ZnS nanofillers in the PVA polymer matrices, Figure
6.8(b). The SEM micrograph of PVA/CdAS at higher magnification displays an almost
splitting image of the pure PVA with CdS embedded in the polymeric matrix. The image
shows rounded spheres of uniformly dispersed CdS nanoparticles in the PVA polymer

matrix.
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Figure 6.9: SEM micrographs of (a) Pure PVP (b) ZnS/PVP-low mag (¢) ZnS/PVP-high mag.

(d) CdS/PVP-low mag. (e) CdS/PVP-high mag
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The SEM micrograph of pure PVP is presented in Figure 6.9(a) and it exhibits a smooth
flower-like material. Part of the ZnS/PVP layers appeared to be exfoliated with the ZnS
embedded in the PVP polymer matrix, Figure 6.9 (b-c). The micrograph of CdS/PVP at lower
magnification, Figure 6.9(d), did not show an appreciable result unlike the image at higher
magnification which shows the CdS that appeared to be incorporated in the matrix of the PVP

as spherical uniformly dispersed particles, Figure 6.9 (e).

6.7 Optical property of the nanocomposites

The absorptions spectra of the pure polymers with the respective nanocomposites are
presented in Fig 6.10 (a-c). All the polymers do not absorb within the measured range as
evident in the absence of absorption peak in the spectrum. The onset absorption for
CdS/PMMA, CdS/PVA and CdS/PVP were found as a shoulder at approximately 457 nm
(2.72 eV), 441 nm (2.82 eV) and 438 nm (3.21 eV) respectively. The absorption peak of
these nanocomposites show that they are 58 nm, 74 nm and 77 nm blue shifted from the bulk
CdS, 515 nm (2.40 eV) [64]. The spectra of the ZnS/PMMA, ZnS/PVA and ZnS/PVP show
absorption on set at approximately 316 nm (3.92 eV) 314 nm (2.25eV) and 327 nm (3.42 eV)
respectively. When compared with the bulk ZnS 340 nm (3.66 eV) [65], they are 24 nm, 26
nm and 13 nm blue shifted The blue shifts of the polymer nanocomposites are indicative of
quantum confinements of the embedded nanoparticles. It is important to note that all the
nanocomposites exhibit enhanced quantum confinement except CdS/PMMA and CdS/PVA
when compared with the HDA-capped ZnS and CdS that were earlier reported [23]. The
optical band gap energy of nanocrystalline samples is determined from the absorption on-set

of the various UV-Vis spectra and it can be calculated from the absorption peak [66].
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Figure 6.10: Absorption spectra of (a) PMMA, ZnS/PMMA, CdS/PMMA, (b) PVA ZnS/PVA,

CdS/PVA, (c) PVP, ZnS/PVP, PVP/CdS
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UV-vis spectrum is used to calculate the particle size of nanocrystals using the effective mass
approximation formula, (EMA) [67]. Table 6.2 below shows the summary of the optical

properties of the various polymer nanocomposites.

Table 6.2: Optical band gaps and blue shifts of absorption band of the metal sulfides/polymer

nanocomposites
Sample Wavelength Band gap (eV) Blue shift (eV)
(nm)
ZnS/PMMA 316 3.92 0.26
CdS/PMMA 457 2.71 0.31
ZnS/PVA 314 3.95 0.29
CdS/PVA 441 2.82 0.42
ZnS/PVP 327 3.79 0.13
CdS/PVP 438 2.83 0.43

6.8 Conclusion
In this work, ZnS and CdS were incorporated into PMMA, PVA, and PVP matrices to form
corresponding metal sulfides/polymer nanocomposites. The structural and thermal properties
of the composites were studied with XRD, TEM, SEM and TGA. Wurtzite crystalline phase
of ZnS were obtained from the XRD analysis for all the ZnS polymer nanocomposites. Cubic
phase of CdS were also displayed by the CdS/PMMA and CdS/PVP but the CdS/PVA
showed the combination of both cubic and hexagonal phase of CdS in PVA composite. TEM
micrographs show that the sizes of the metal sulfides in the composites are in the range of

1.59 - 6.9 nm and these values are in close agreement with the ones obtained from the XRD.
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SEM micrographs show almost uniform dispersion of the ZnS and CdS nanoparticles in the
respective polymers. The TGA reveals that the ZnS/PVA and CdS/PVA thermal stability are
the most enhanced by the incorporation of the metal sulfide in the matrices of the polymers.
All except CdAS/PMMA and CdS/PVA show greater degree of quantum confinement when
metal sulfide were incorporated into the various polymer matrices as compared with the

HDA-capped ZnS and CdS nanoparticles previously reported.
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CHAPTER 7

7. Summary of Results, Conclusion and Future Work

7.1 Summary of Results

Nineteen complexes were reported in this work and out of which 5 were adducts, (one
pyridine, two adducts of 2, 2’ bipridine and two adducts of 1, 10 phenanthroline). The
complexes are of mixed ligand of thiourea or tetramethyl thiuram disulfide and 1-cyano-1-
carboehoxy-2, 2 ethylene dithiolate. All the complexes were thermolysed in HDA to
synthesize their respective metal sulfide nanoparticles. The work is divided into six sections.
Chapter one contains the introduction and literature review. The introduction included the
classification of semiconductors, the different ligands that have been used as a chalcogenide
source in the synthesis of metal sulfide nanoparticles and the different routes of metal sulfide
synthesis. Chapter two contains the experimental part of this work and it includes detailed
experimental procedures for the synthesis of all the mixed substituted thiourea or tetramethyl
thiuram disulfide and 1- cyano-1-carboethoxy-2, 2 ethylene dithiolate and its mixed Zn(II),
Cd(I) and Hg(Il) complexes with methylthiourea, dimethylthiourea, diethylthiourea,
diisopropyl thiourea or tettramethyl thiuram disulfide. The chapter also containes detailed

physical and characterization techniques.

Chapter 3 is the result and discussion part of the coordination chemistry of all ligands to the
central metal in the complexes and adducts. The details of the coordination between the
various ligands and the metals were elucidated with spectroscopic techniques. Additionally,
the TGA and the DTG spectra were also reported in the chapter and proof of the suitability of
the precursor complexes for the synthesis of ZnS, CdS and HgS were also established from

the decomposition of the complexes into their respective metal sulfides.
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Chapter 4 gives detailed results and discussions of the twelve HDA capped ZnS, CdS and
HgS nanoparticles from 12 precursor complexes. The metal sulfide nanoparticles were
characterized with X-ray diffractions (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy for their
structural and morphological properties. Rod, spherical, cube shaped morphology were
observed as the alkly substituent of the thiourea changed. It was revealed that precursor
complexes with asymmetrical substituted thiourea gave spherical shaped morphology while
the nanoparticles obtained from symmetrical thiourea were a rod shaped or a combinatation
of rod and other shapes (anisotropic) and irregular shaped nanoparticles were obtained with
sizes in the range of 1-11 nm. The crystalline phases of the ZnS nanoparticles were majorly

cubic, that of CdS are cubic while the HgS exhibit metacinnabar phase.

Chapter 5 describes the synthesis, result and discussion of the thermolysis of seven HDA
capped ZnS and CdS nanoparticles four of which are ZnS from; a parent complex and three
adducts (pyridine, 2, 2’- bipyridine and 1, 10-phenanthroline). The XRD results revealed that
the ZnS nanoparticles obtained from the pyridine adduct precursor complex is mixture of
hexagonal and cubic crystalline phases. Three HDA capped CdS nanoparticles were
synthesized from the thermolysis of parent complex and 2 adducts of 2, 2’ bipyridine and 1,
10-phenanthroline respectively. The CdS sulfide nanoparticles from 2, 2’- bipyridine and 1,
10-phenanthroline adducts gave anisotropic shapes and the sizes of nanoparticles obtained

from the 1,10-phenanthroline precursor are bigger than others.

Chapter 6 comprises all detailed incorporation of ZnS and CdS into different polymer
matrices to give polymer encapsulated ZnS and CdS nanoparticles. The structural and

thermal studies of the nanocomposites prepared, were investigated and compared with the
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pure polymers polymethyl methacrylate, (PMMA), Polyvinyl alcohol (PVA) and Polyvinyl
pyrolindonne (PVP)]. The study revealed that ZnS/PVA and CdS/PVA are the most

thermally stable relative to the thermal stability of the pure polymers.

7.2 Conclusion

This work entails the synthesis of Zn(II), Cd(II) and Hg(II) complexes using respective metal
halides, mixed ligands of substituted thiourea (methy, dimethyl, diethyl and diisopropyl) or
tetramethyl thiuram disulfide and 1-cyano-1-carboethoxyl-2,2-ethylene dithiolate. Pyridine,
2, 2’-bipyridine and 1, 10-phenanthroline adducts of the parent diisopropyl thiourea complex
of Zn(II) and Cd(II) were further synthesized. The metal complexes were characterized
infrared, "H and "?C-NMR spectroscopy and bonding between the ligands and the central
metal ions were confirmed. All the complexes were gave respective metal sulfide on
decomposition hence they were thermolyed in HDA to give ZnS, CdS and HgS nanoparticles.
The nanoparticles were characterized for their structural and optical properties. From the
results it was observed that for the precursor complexes of thiourea the ZnS and CdS
nannoparticles have morphology that tend to follow a trend that is related to the symmetry of
the alkyl substituent of the thiourea ligand in the precursor complexes. This was revealed by
the rod shaped morphology from the dimethyl and diethyl thiourea and the spherical shaped
that was obtained from the methyl thiourea. Adducts precursor complexes of 2, 2.- bipyridine
and 1,10 phenanthroline gave anisotropics particles. Polymer nanocomposites of ZnS and
CdS were also prepared using a solution casting method to investigate the structural and
thermal stability of nanoparticle encapsulated composites. The polymer sused are polymethyl
metharcrylate, polyvinyl alcohol and poly vinyl pyrrolidone. Infrared spectrosocopy was used
to establish interaction between the nanoparticles and the pure polymer. ZnS and CdS

polyvinyl alcohol nanocomposited were found to be thermally most stable when their
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stabilities were compared relative to the pure polymers. This was done with thermgravimetry

technique.

7.3 Future work

Future work on this project will involve the use of other chalcogenide such as a transition
metal like metal selenide or tellurides for synthesis of semiconductor nanoparticles. Novel
metal complexes using other 1, 1 dithiolate derivatives can also be considered as single
source precursors. There are a few 1, 1 dithiolate derivatives that can come to mind as
ligands for the synthesis of complexes with the ultimate use as single source precursors.
The complexes used in the work are rich in sulfur and they have antimicrobial,
antibacterial antifungus activities. If they are screened against these microbes the results
are most likely to be impressive and effective.

Capping agents with longer carbon chain can also be considered for further synthesis of
nanoparticles. The synthesis of nanoparticles for photocatalytic purification of water
should also be explored. Environmentally benign metal complexes like Fe and Cu can

also be synthesized as an alternative to the reported metal complexes.
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