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ABSTRACT 

Morpholine and pyrrolidine heterocyclic thiourea, dihexyl, diethyl, heterocyclic piperidine 

dithiocarbamate and ethyl xanthate ligands as well as their respective lead(II), copper(II), 

cadmium(II), indium(III) and gallium(III) complexes were prepared and characterized using 

known analytical methods such as melting points, microanalysis, infrared spectroscopy (IR), 

nuclear magnetic resonance (NMR) and thermogravimetric analyses (TGA). These compounds 

were obtained in very good yields ranging from 73-88% for the ligands and 60-96% for the metal 

complexes. Infrared analyses showed that the ligands bonded in a bidentate mode using both S-

donors for bonding in the case of dithiocarbamate and xanthate and S-donor and O-donor for 

bonding in the case of thiourea. Thermogravimetric analyses showed that the metal complexes 

decomposed in the temperature range from 136 to 600 °C. 

The prepared Pb(II), Cu(II), Cd(II), In(III) and Ga(III) complexes were used as single source 

precursors, either for thermolysis in hot capping agents or in the melt method, to produce lead 

sulfide (PbS), copper sulfide (CuxSy), cadmium sulfide (CdS), In-doped CdS and Ga-doped CdS 

nanoparticles respectively. Some reaction parameters such as the nature of the precursor, the 

capping group and the reaction temperature were varied in order to investigate their effects on the 

shape, size and the optical properties of the prepared nanoparticles. UV-visible and 

photoluminescence (PL) spectroscopies were used to elucidate the optical properties of the 

synthesized metal sulfides while transmission electron microscopy (TEM), high resolution 

transmission electron microscopy (HRTEM) and scanning electron microscopy (SEM) techniques 

were used to determine their shapes and sizes, and powder X-ray diffraction (p-XRD) technique 

used to determine their crystallinity. The PbS and CdS nanoparticles revealed quantum 

confinement in their absorption band edges. The variation of the capping agents (hexadecylamine, 

oleylamine, dodecanethiol and castor oil) slightly affected the shape at lower temperatures (150, 

190, 200 °C) and considerably at higher temperatures (˃200 °C). An increase of the band gap 

energy (shift to lower wavelengths) was observed when the capping group was varied from 

hexadecylamine to oleylamine for the CdS nanoparticles. The variation of the reaction temperature 

(150, 190, 200, 230 and 250 °C) showed a significant effect on the shape and size of the PbS, 

CuxSy and CdS nanoparticles. Lead sulfide nanoparticles were produced in shapes ranging from 
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spherical to oval, rod and predominantly cubes. Copper sulfide nanoparticles were obtained as 

cubes, spherical, hexagonal nanodisks and rod shapes while spherical, cubic and rods shaped CdS 

were formed. In-doped and Ga-doped CdS nanoparticles have been synthesized by the solventless 

thermolysis of melted precursors. SEM images revealed that the shape of CdS changes with indium 

and gallium doping. The P-XRD analyses revealed the cubic rock salt phase for PbS nanoparticles, 

roxbyite phase for CuxSy nanoparticles and wurtzite phase for CdS, In-doped CdS and Ga-doped 

CdS nanoparticles. P-XRD results demonstrated that both indium and gallium readily doped into 

the hexagonal cadmium sulfide structure causing the predicted reduction in the hexagonal unit cell. 

The lead, copper and cadmium complexes were also used to deposit lead sulfide, copper sulfide 

and cadmium sulfide thin films on glass substrate at different temperatures ranging from 350 to 

450 °C by the aerosol assisted chemical vapor deposition technique (AACVD). The thin films 

were characterised by SEM, energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction 

(XRD) techniques. SEM images of the deposited lead sulfide (PbS) thin films from Pb-morphtu 

complex revealed that the particle sizes were found be range between 83–85 nm and 71–105 nm 

for Pb-pyrrtu complex. Copper sulfide thin films of diverse morphologies ranging from cubic to 

snowy or irregular crystallites depending on the deposition temperature were observed. The 

surface morphology and size of the CdS films determined using scanning electron microscopy, 

showed the formation of films of various morphologies depending on the precursor, the deposition 

temperature and solvent used. The optical properties of the PbS films were studied by near infra-

red, UV–Vis spectroscopy and band gaps ranging from 1.46 – 1.55 eV were observed, suggesting 

a strong blue shift compared to the bulk PbS. The CdS films showed an overall blue shift in their 

absorption band edge (2.35 – 2.49 eV) compared to the bulk CdS. Elemental composition of all 

the thin films was confirmed by energy dispersive X-ray spectroscopy. Finally, the structures of 

lead and copper N-morpholine-N’-benzoylthiourea complexes and other precursors were also 

elucidated using single crystal X-ray techniques. 

Keywords: Single source precursors, Heterocyclic thiourea, Dithiocarbamate, Xanthate 

complexes, Thermolysis, Aerosol assisted chemical vapour deposition, Melt method, Metal 

sulfide, Indium and Gallium doped CdS, Nanoparticles, Thin films, Optical properties. 
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RESUME 

Les ligands hétérocycliques de morpholine et de pyrrolidine, des ligands dihexyl, diéthyl, 

pipéridine dithiocarbamates hétérocycliques et xanthate d'éthyle ainsi que leurs complexes 

respectifs de plomb(II), de cuivre(II), de cadmium(II), d'indium(III) et de gallium(III) ont été 

préparés et caractérisés en utilisant des méthodes analytiques connues telles que les points de 

fusion, la microanalyse, la spectroscopie infrarouge (IR), la résonance magnétique nucléaire 

(RMN) et l’ analyse thermogravimétrique (ATG). Ces composés étaient obtenus avec de très bons 

rendements allant de 73 à 88% pour les ligands et de 60 à 96% pour les complexes métalliques. 

Les analyses infrarouges ont montré que les ligands se liaient de manière bidentée en utilisant les 

deux donneurs S pour se lier dans le cas du dithiocarbamate et du xanthate et les donneurs S et O 

pour la liaison dans le cas de la thiourée. Les analyses thermogravimétriques ont montré que les 

complexes métalliques se décomposaient dans la plage de température allant de 136 à 600 ° C. 

Les complexes préparés de Pb(II), Cu(II), Cd(II), In(III) et Ga(III) ont été utilisés comme 

précurseurs à source unique pour la thermolyse dans des agents surfactants à chaud ou également 

pour le procédé de fusion permettant d'obtenir du sulfure de plomb (PbS), de sulfure de cuivre 

(CuxSy), de sulfure de cadmium (CdS), de nanoparticules CdS dopées à l’indium et CdS dopées au 

gallium respectivement. Certains paramètres de réaction tels que la nature du précurseur, le groupe 

surfactant et la température de réaction ont été modifiés afin d'étudier leur effet sur la forme, la 

taille et les propriétés optiques des nanoparticules préparées. Les spectroscopies UV-visible et de 

photoluminescence (PL) ont été utilisées pour élucider les propriétés optiques des sulfures 

métalliques synthétisés, tandis que les techniques de microscopie électronique en transmission 

(MET), de microscopie électronique en transmission à haute résolution (METHR) et de 

microscopie électronique à balayage (MEB) ont été utilisées pour déterminer leur forme, leur taille 

et leur poudre de diffraction à rayons X (P-DRX) utilisée pour déterminer leur cristallinité. Les 

nanoparticules de PbS and CdS ont révélé un confinement quantique à partir de leur bande 

d'absorption. La variation des agents surfactants (hexadecylamine, oleylamine, dodecanethiol et 

castor oil) a légèrement affecté la forme à des températures plus basses (150, 190, 200 ° C) et 

considérablement à des températures plus élevées (˃200 ° C). Une augmentation de l'énergie de la 

bande interdite (décalage vers les longueurs d'onde inférieures) a été observée lorsque l’agent 

stabilisant variait de l’hexadecylamine à l’oleylamine pour les nanoparticules de CdS. 



xviii 
 

La variation de la température de réaction (150, 190, 200, 230 et 250 ° C) a montré un effet 

significatif sur la forme et la taille des nanoparticules PbS, CuxSy et CdS. Les nanoparticules de 

sulfure de plomb ont été produites sous des formes allant de sphériques à ovales, en bâtonnets et 

principalement en cubes. Des nanoparticules de sulfure de cuivre ont été obtenues sous forme de 

cubes, de nanodisques sphériques, hexagonaux et de barres, tandis que des formes sphériques, 

cubiques et en forme de barres étaient formées. Les nanoparticules de CdS dopées à In et dopées 

au Ga ont été synthétisées par thermolyse sans solvant de précurseurs fondus. Les images en 

microscopie électronique à balayage ont révélé que la forme du CdS change avec le dopage à 

l'indium et au gallium. Les analyses aux rayons X ont révélé la phase sel gemme cubique pour les 

nanoparticules de PbS, la phase roxbyite pour les nanoparticules de CuxSy et la phase wurtzite pour 

les nanoparticules de CdS, CdS dopées à In et de CdS dopées au Ga. Les résultats de P-DRX ont 

montré que l’indium et le gallium étaient facilement dopés dans la structure hexagonale de sulfure 

de cadmium, ce qui entraînait la réduction prévue de la cellule unitaire hexagonale. 

Les complexes de plomb, de cuivre et de cadmium ont également été utilisés pour déposer des 

couches minces de sulfure de plomb, de sulfure de cuivre et de sulfure de cadmium sur un substrat 

de verre à diverses températures allant de 350 à 450 °C grâce à la technique de dépôt en phase 

vapeur assisté par aérosol (DPVAA). Les couches minces ont été caractérisées par des techniques 

de microscopie électronique à balayage, de spectroscopie par rayons X à dispersion d'énergie 

(EDX) et de diffraction de rayons X (DRX). Les images au MEB des couches minces de sulfure 

de plomb (PbS) déposées du Pb-morphtu complexe ont révélé que la taille des particules se situait 

entre 83 et 85 nm et entre 71 et 105 nm pour le Pb-pyrrtu complexe. Les couches minces de sulfure 

de cuivre de morphologies diverses, allant de cristallites cubiques à enneigés ou irrégulières, en 

fonction de la température de dépôt, ont été observées. La morphologie de surface et la taille des 

films de CdS, déterminées par microscopie électronique à balayage (MEB), ont montré la 

formation de films de différentes morphologies en fonction du précurseur, de la température de 

dépôt et du solvant utilisé. Les propriétés optiques des couches minces de PbS ont été étudiées par 

le proche infrarouge (PIR), spectroscopie UV – Vis et des bandes interdites allant de 1,46 à 1,55 

eV ont été observées, suggérant un fort décalage bleu par rapport au PbS massif. Les couches 

minces de CdS ont montré un décalage bleu à partir de leur bande d'absorption (2,35 - 2,49 eV) 

par rapport au CdS massif. La composition élémentaire de toutes les couches minces a été 

confirmée par la spectroscopie de rayons X à dispersion d'énergie. Enfin, les structures des 
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complexes N-morpholine-N’-benzoylthiourée de plomb et de cuivre et d’autres précurseurs ont 

egalement été déterminées à l’aide de la technique des rayons X monocristallins. 

Mots clés: Précurseurs à source unique, Complexes de Thiourée hétérocyclique, Dithiocarbamate, 

Xanthate, Thermolyse, Dépôt chimique en phase vapeur assisté par aérosol, Méthode de fusion, 

Sulfure métallique, CdS dopé à l'indium ou au gallium, Nanoparticules, Couches minces, 

Propriétés optiques.
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GENERAL INTRODUCTION 

 

The development of the nanotechnology, i.e. the techniques to control or manipulate matter on the 

nanoscale (atomic scale) to create new and unique materials and products (structures, devices and 

systems that have novel properties with enormous potentials), is such that this field is invading all 

the different branches of industry, including textile, cosmetic materials science, engineering and 

medicine. Nanotechnology is a wide and interdisciplinary area of research which has gained much 

worldwide interest over the past few years1. It is as a result of this growing interest that researchers 

like Richard Smalley in 1999 said ‘’Just wait the 21st century is going to be incredible. We are 

about to be able to build things that work on the smallest possible length scales, atom by atom. 

These nanothings will revolutionize industries and our lives’’. Nanomaterials have the potential 

for modernization due to their small structures and this is because nanotechnology allows us to 

understand and create materials, devices and systems with fundamentally new properties and 

functions. This has significantly increased their commercial impact over the past few years and 

this is expected to revolutionize all industrial sectors in the future2. This was predicted in 1999 by 

M. C. Roco, R. S. Williams, P. Alivisatos when they said that ‘’Nanoscience and technology will 

change the nature of almost every human-made object in the 21st century’’. 

 

The word ‘’nano’’ denotes one billionth of a meter or 10-9 m in size, and purely it is expressed as 

1 nanometer (nm). Nanomaterials are therefore defined as materials having at least one dimension 

in the range of 1 – 100 nm. They can be in 0D (spheres, cubes and polyhedrons), 1D (rods and 

wires), 2D (thin films, prisms and plates) and 3D (nanoparticles)3. Nanostructured materials have 

significantly different properties due to their size and shape4–7. These properties are generated 

mainly by two main factors, both relating to the size of the material.8  

The first factor is the surface to volume ratio and the key advantage of nanomaterials is their large 

surface to volume ratio. As a material becomes smaller, the ratio of the number of surface atoms 

compared to those in the interior increases. This characteristic can be exploited in various potential 

industrial applications such as catalytic processing because of the enhanced chemical reactivity9,10.  

The second factor affecting the properties is the size of the materials. As the size of the solid 

decreases, the band gap gradually increases because of the quantum confinement effects, creating 



2 
 

a variation in the electronic properties of the crystal when using semiconductor nanomaterials. For 

instance, as the particle size decreases, its electronic band quantizes progressively, resulting in an 

increase of the energy band gap. In nanostructured materials, charge carriers are limited in three 

dimensions and, as the dimensions of the nanocrystal become analogous to the excitonic radius, 

quantum size effects take place11. The quantum effect causes the continuous band of the material 

to split into distinct, quantized levels and the first excitonic transition “band gap” increases in 

energy with the decrease of the diameter of the crystal. This has been confirmed by several reports 

on nanomaterials as well as the fact that the optical absorptions of the semiconductor 

nanocrystallites show a blue shift in the absorption edge with decrease of the particle size.12,13  

Additionally, the properties of the nanostructured materials are also determined by their 

morphology as it can influence the energy band gap. When the bulk materials are converted to 

‘’nanosize’’ different changes of physical properties are observed in the density of energy states 

(DOS). The DOS essentially scales easily with size, but with a scaling rule that is different from 

that found from surface effects. It is defined to a first approximation by the ‘particle in a box’ 

model in which the size of the box is assumed by the particle size. The morphology of the 

semiconductor nanomaterial also affects the energy band gap (Eg) of nanomaterials through the 

excited-state dynamics. This is the case with nanorods of cadmium selenide (CdSe) of the same 

length (∼30 nm) but different diameters, 2.5 and 8.0 nm, that exhibited 8 times faster intraband 

energy relaxation for thicker rods than thin rods.14,15 

 

Research on nanomaterials as semiconductors has attracted much attention due to their novel and 

potentially useful optoelectronic properties. Semiconductor nanomaterials can exhibit 3D quantum 

confinement and have potential technological applications. Amongst the various semiconductors, 

metal chalcogenides have been extensively studied by researchers and scientists, owing to their 

unique physical properties and potential for application in optical devices. Three types of metal 

chalcogenides exist, namely metal sulfide (MS), metal selenide (MSe) and metal telluride (MTe), 

and our focus in this work has been on metal sulfide nanostructured materials. Metal sulfides 

nanomaterials are abundant and cheap, due to the natural existence of numerous types on the planet 

earth. They have a very important and elaborate chemistry owing to the wide variety of recognized 

metal sulfide phases and their various properties. Bulk metal sulfide materials are employed 

technologically for diverse applications such as in pigments, luminescent materials for cathode ray 
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tubes etc16. Nanostructured metal sulfides find more applications as a result of their enhanced, 

sized dependant properties. 

 

Major progress has been made on the preparation of nanomaterials resulting in the formation of 

nanomaterials of different morphologies, which are particularly important for applications in 

diverse fields of technology. The accurate controlled synthetic routes of the size, shape, chemical 

composition, crystal structure, and surface chemistry of nanocrystallites lead to their exceptional 

properties. Some predictions of the optical properties of semiconductors nanomaterials are known 

from theoretical models17. Different synthetic routes for the preparation of semiconductor 

nanomaterials have been reported12,18,19. The best synthetic method should produce pure, 

crystalline, essentially monodispersed nanocrystallites having a surface that is independently 

derivatized20. There are two general synthetic pathways for the preparation of nanostructured 

materials namely, the top-down (physical destruction of larger material) and the bottom-up (build 

up from molecular precursors, often colloidal) routes. Several synthetic methods have been 

reported for the synthesis of nanoparticles, which usually follow two routes; precipitation from 

solution, habitually at room temperature and frequently involving the reduction of a metal salt and 

the decomposition of molecular precursors at higher reaction temperature in either the solid, liquid 

(solution) or vapour phase21. The use of molecular precursors make use of the existence of the 

preformed bonds, which can lead to material with fewer defects and/or better stoichiometry, and 

also avoiding toxic precursors. The two common techniques for synthesizing and controlling the 

size of nanoparticles are the hot injection and the heat up methods, which differ from each other 

by the temperature at which the precursors are introduced into the solvent. 

 

The ‘hot injection’ method was forged by Bawendi et al22 for the fabrication of cadmium 

chalcogenide quantum dots22. It is the earliest method designed for the synthesis of uniform 

nanoparticles. It involves the injection of the precursors dissolved in a minimum amount of solvent 

into a preheated hot solvent. Upon injection, the precursors decompose or react to yield the 

nanoparticles. The hot-injection method has the advantage of yielding monodispersed 

nanoparticles. This method of nanoparticle synthesis has been extensively used for the synthesis 

of nanoparticles of numerous compositions23–25. The ‘heat up’ method shares more resemblances 

with the precipitation method as demonstrated by LaMer than the ‘hot injection’, having all the 
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reagents together at the start of the reaction so proceeding through monomer accumulation, to 

nucleation and then to particle growth in order to produce nanoparticles26. Regardless of the 

various synthetic methods reported, a tenacious deal is the necessity to adopt other synthetic routes 

that are environmentally friendly and economically viable. Recent attention has been on the use of 

greener methods for the preparation of nanoparticle. This approach consists of using non-toxic 

solvents and/or capping groups in the synthetic process27–31. Chemical vapour deposition (CVD) 

is a commonly used synthetic method for the deposition of thin solid films of a material on a 

substrate. This method consists of the transportation of precursor solution into the reaction 

chamber and to the substrate through an inert carrier gas such as nitrogen or argon, or under 

vacuum. Since the innovative development of CVD, the method has progressed in a number of 

directions, resulting in the creation of a wide-range of variations of the process including low 

pressure-metal organic chemical vapour deposition (LP-MOCVD), metal organic chemical vapour 

deposition (MOCVD) and aerosol assisted chemical vapour deposition (AACVD)32–34. In this 

thesis, we have focused on the AACVD method. It is a simple and cheap process that offers the 

advantage of a uniform and large area deposition of the thin films over other deposition synthetic 

routes34. Besides the various chemical methods, the fabrication of pure phase ternary materials or 

doped materials, without the presence of any other phase or impurity is difficult and remains 

interesting. Therefore, some nanochemists have focused their interest on such materials by using 

the melt method otherwise called as the solventless method. It is a simple and easy approach in 

which the solid-state decomposition of the precursors is executed only by heat action under inert 

conditions.35,36  

Controlling the morphology of nanomaterials during the synthesis remains a persistent challenge 

to researchers in general and to material chemists in particular. Various factors such as the nature 

of precursor, the monomer concentration, the capping agent, the temperature of the reaction and 

the reaction time have an influence on the particle size and shape. Some previous reports have 

elucidated the particle growth during preparation with the effect of kinetic/thermodynamic growth 

on the final morphology of the nanostructured materials.37–39  

Many classes of inorganic complexes including dithioimidodiphosphinates40,41, 

dithiophosphinates42,43, thiosemicarbazides44,45, xanthate46–48, dithiocarbamates37,38,49–51 and 

alkyl/aryl thiourea52–55 have been used for their suitability as precursors for the growth of metal 

sulfide nanostructures. Nyamen and co-workers synthesized multi-podal CdS nanostructures using 
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heterocyclic dithiocarbamato complexes as precursors56, Mlowe et al57 reported on the 

bis(piperidinedithiocarbamato)pyridinecadmium(II) for the synthesis of CdS nanoparticles and 

aerosol-assisted chemical vapour deposition (AACVD) of CdS thin films. Recently, Kun and co-

workers synthesized heterocyclic bismuth(III) dithiocarbamato complexes for use as single source 

precursors for the synthesis of anisotropic Bi2S3 nanoparticles57. Arain et al58 used diethyl 

dithiocarbamate [Cd(S2CNEt2)2] complex to deposit the cadmium sulphide thin film at much lower 

temperature by aerosol assisted chemical vapour deposition (AACVD) and to prepare the 

nanocrystals in oleylamine (OLA) at high temperature. Trindade et al49 prepared some lead(II) 

dithiocarbamato complexes Pb(S2CNRR’)2 and employed them as single molecule precursors to 

produce nanocrystalline PbS by thermolysis in trioctylphosphine oxide. Akhtar and co-workers59 

prepared a series of symmetrical and unsymmetrical N,N-dialkyldithiocarbamatolead(II) 

complexes with the general formula [Pb(S2CNRR2)2] for use as single source precursors to grow 

PbS nanoparticles by thermolysis in oleylamine at temperature as low as 60 °C. Barreca and co-

workers60 reported the synthesis of cadmium bis(O-alkylxanthates) as potential molecular 

precursors for the chemical vapor deposition (CVD) of Cd(II) sulfide thin films. Al-Shakban et 

al61 reported on a simple, easily scalable route to monodispersed copper sulfide nanocrystals by 

the hot injection of a series of novel copper(I) xanthate single-source precursors 

[(PPh3)2Cu(S2COR)] (R = isobutyl, 2-methoxyethyl, 2-ethoxyethyl, 1-methoxy-2-propyl, 3-

methoxy-1-butyl, and 3-methoxy-3-methyl-1-butyl). Moloto et al62 synthesized the Cd(II) 

complexes of thiourea and N-alkylthioureas (with alkyl group or ethyl) for the use as  single source 

precursors for the preparation of TOPO-capped CdS nanoparticles. Ramasamy et al63 reported a 

series of new metal complexes of thiobiurets and dithiobiurets. They showed that the compounds 

are potentially useful as novel single source precursors for the deposition of metal sulfide thin 

films or nanoparticles. Bruce and co-workers54 reported on cadmium complexes of N,N-diethyl-

N’-benzoylthiourea and N,N-diethyl-N’-benzoylselenourea which have been used as single-source 

precursors for the preparation of HDA capped CdS and CdSe nanoparticles. In addition, Khan and 

co-workers64 investigated the phase and shape of copper sulfide nanostructures using mixed 

solvent systems. In 2017, Masikane et al65 reported lead(II) halide cinnamaldehyde 

thiosemicarbazone complexes as single source precursors for oleylamine-capped lead sulfide 

nanoparticles. Gervas et al66,67 synthesized rare pure phase Ni3S4 and Ni3S2 nanoparticles in 

different primary amine coordinating solvents and studied the effect of cationic disorder on the 
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energy generation and energy storage applications of NixCo3−xS4 thiospinel. However, despite this 

considerable progress made on the use of xanthates, dithiocarbamates and thioureas as molecular 

precursors, it was found that heterocyclic thioureas, dithiocarbamates and xanthates complexes 

have not been extensively studied as precursors for the preparation of metal sulfide nanomaterials.  

The work contained in this thesis therefore reports on the synthesis and characterisation of some 

xanthate (ethyl xanthate), (dihexyl, diethyl, piperidine) dithiocarbamates and heterocyclic thiourea 

(morpholine and pyrrolidine benzoylthiourea) metal complexes of cadmium(II), indium(III), 

gallium(III), lead(II) and copper (II) respectively. Their utilization as molecular precursors for the 

preparation of the corresponding metal sulfide nanoparticles and thin films (CdS, PbS and CuxSy) 

is also described. Moreover, we report also on the preparation of cadmium sulfide, indium and 

gallium-doped cadmium sulfide nanoparticles (CdS, Cd1-xInxS and Cd1-xGaxS) from ethyl xanthate 

complexes (Cd(II), In(III) and Ga(III)) using melt method as synthetic route by mixing xanthate 

precursors of different metals while varying the range of mole percentage of the metal from 0 to 

10%. Therefore, our aim is to investigate, the effect of the precursor type, the mixed solvent 

systems and the reaction temperature on the morphology, crystallographic phases and the optical 

properties of the synthesized nanostructured materials. 

 

The work in this thesis is divided into three parts. The first chapter presents the literature survey 

on semiconductor nanomaterials, their synthesis, precursors and factors influencing these 

materials. Chapter two presents the experimental methods and the various techniques used for the 

characterization of both the precursors and the nanomaterials, including instrumental techniques 

used. Finally, chapter three presents and discusses the results obtained. This is followed by a 

general conclusion and perspectives.  
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CHAPTER 1: LITERATURE REVIEW ON SEMICONDUCTOR NANOMATERIALS 

 

The synthesis, characterization and applications of nanomaterials have been investigated and their 

efficiency compared to the bulk materials has been well established. Their properties, however, 

are strongly dependent on their composition, arrangement of atoms and particle sizes. 

 

1.1. Semiconductor Nanomaterials 

A semiconductor is a solid substance that has a conductivity between that of a conductor and an 

insulator and they are typically used in the development of electronic chips, computing 

components and devices. They are commonly created using silicon, germanium or other pure 

elements. Semiconducting nanomaterials can exhibit a range of useful properties showing variable 

resistance, and sensitivity to light or heat. Since their properties can be modified by doping, or by 

the application of electrical fields or light, devices produced from semiconductors can find 

usefulness in amplification, switching, and energy conversion. 

The current understanding of the properties of a semiconductor relies on quantum physics to 

explain the movement of charge carriers in a crystal lattice. Doping of semiconductors increases 

the number of charge carriers within the crystal. Briefly, a doped semiconductor that has mostly 

free holes is called "p-type", but when it has mostly free electrons, it is called as "n-type"68. Some 

of the properties of semiconducting nanostructured materials were elucidated during the mid-19th 

and first decades of the 20th century. The first practical application of semiconductors in 

electronics was the fabrication of the cat whisker detector in 1904, an original semiconductor diode 

used in early radio receivers69. Progresses in quantum physics allowed the development of more 

other applications such as the transistor in 194770 and the integrated circuit (laptops, scanners, cell 

phones) in 1958.71 

 

https://en.wikipedia.org/wiki/Semiconductor_device
https://en.wikipedia.org/wiki/Energy_conversion
https://en.wikipedia.org/wiki/Quantum_physics
https://en.wikipedia.org/wiki/Crystal_structure
https://en.wikipedia.org/wiki/Extrinsic_semiconductor#P-type_semiconductors
https://en.wikipedia.org/wiki/Extrinsic_semiconductor#N-type_semiconductors
https://en.wikipedia.org/wiki/Cat%27s-whisker_detector
https://en.wikipedia.org/wiki/Transistor
https://en.wikipedia.org/wiki/Integrated_circuit
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1.2. Properties of semiconductor nanomaterials 

Nanomaterials as opposed to other semiconductor materials are affected by factors such as surface 

area, quantum effects, surface atoms, surface energy and reduced imperfections. These factors can 

vary or enhance characteristic properties of the materials including optical and magnetic 

properties. Because of their small dimensions, nanomaterials have very large surface area to 

volume ratio, resulting in more “surface” dependent properties. The finite size of the particle 

confines the spatial distribution of the electrons, leading to quantized energy levels due to size 

effects72. The quantum confinement is a change of electronic and optical properties of a material 

of sufficiently small size, typically 10 nanometers or less (Figure 1). The bandgap increases as the 

size of the nanostructure decreases. This phenomenon, specifically result in electrons and holes 

being squeezed into a dimension that approaches a critical quantum measurement, called the 

exciton Bohr radius. The quantum confinement effect is observed when the size of the particle is 

too small to be comparable to the wavelength of the electron. For a better understanding of this 

effect, we separately define quantum and confinement. Confinement means to restrict the motion 

of an arbitrarily moving electron to specific energy levels (discreteness) and quantum reflects the 

atomic kingdom of particles. Consequently, as the size of a particle decrease to nanoscale, the 

decrease in confining dimension makes the energy levels discrete and this increases or enlarges 

the band gap and eventually the band gap energy. Since the band gap and wavelength are inversely 

related to each other the wavelength decrease with decrease in size.73,74 
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Figure 1. Spatial electronic state diagram for (a) bulk material and (b) nanomaterial 

semiconductor displaying the quantum confinement effect.75 

1.2.1. Optical properties 

The most exciting aspect of nanomaterials is their novel optical properties, which vary from those 

of bulk materials. Applications based on optical properties of nanostructured materials include 

optical detector, sensor, solar cell, photocatalysis and biomedicine. Optical properties of 

nanocrystals depend on factors such as size, shape, surface characteristics, and additional variables 

including doping and interaction with the surrounding environment or other nanostructures. 

Similarly, shape can have an intense influence on optical properties of metal nanostructures. Figure 

3 shows the effect of size on the optical properties of a metal (gold) and semiconductor (CdSe) 

nanoparticles. While the fluorescence spectra of CdSe, nanoparticles change color from blue at 2.3 

nm through green to red at 5.5 nm, the color changes only faintly for gold nanoparticles as they 

increase in size76,77. Nevertheless, the optical properties of nanoparticles change intensely when 

an anisotropic shape such as the growth of nanorods is added to the nanoparticle because the 

increase in the size of the materials leads to the increase of the surface/volume ratio. The surface 

states near to the band can interact with the intrinsic states, resulting in the variation of the energy 
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levels of nanomaterials. Moreover, due to decrease in the sizes, a large number of atoms are 

dropped off from the surface of the materials, which leads to an increase in the surface energy.   

Some nanostructured materials present unique optical properties because of quantum size effect 

and this generally happens when the single nanocrystal dimensions are smaller than the de Broglie 

wavelength, where dipoles are formed by the merging of electrons and holes, leading to the 

formation of discrete energy levels21. The Fermi level of a body is a thermodynamic quantity, 

whose significance is the thermodynamic work required to add one electron to the body78. In metal 

nanoparticles, Fermi level exits at the centre of the energy band with slight energy level spacing, 

thus guiding their optical and electrical properties to look like those of continuum. Whereas in the 

case of semiconducting nanomaterials, Fermi level exists between two energy and the band edges 

govern the low energy optical and electronic properties (Figure 2).  

 

(a)                                                               (b) 

 

Figure 2. Schematic illustration of Fermi level context in (a); metal and (b); semiconducting 

nanomaterials. 

Therefore, optical excitations depend on the size of the nanomaterial and this is the reason why 

with semiconducting nanomaterials, decreasing size leads to an increase in the energy gap due to 

the shifting of the absorption band in the direction of higher frequency region. This phenomenon 

is called ‘quantum confinement effect’. The energy difference between the completely filled 

valence band and empty conduction band is called ‘energy separation’79,80. In the same way, some 
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reports on CdS nanoparticles have shown the presence of a red emission (+/- 700 nm) due to sulfur 

vacancies, and free-carrier recombination giving increase to a weak green fluorescence (515 nm)81. 

This can be prevented or reduced by the use of a capping group thus decreasing the possibility of 

charge carriers being imprisoned. This also includes capping of the quantum dots using materials 

with a higher band gap, for instance the preparation of cadmium sulfide (CdS) coated with CdSe 

nanoparticles23, as well as the use of coordinating solvents.82 

 

 

                                   (a)                                                                         (b) 

Figure 3. Fluorescence emission of (a); (CdSe) ZnS quantum dots of different sizes and (b); 

absorption spectra of different shapes and sizes of gold nanoparticles.76 

 

1.2.2. Magnetic properties 

Like optical properties, factors such as size, shape, stoichiometry, crystal structure and interparticle 

interactions have an influence on the magnetic properties of nanomaterials. The intrinsic magnetic 

properties (saturation magnetization, coercive force and curie temperature) hang only on their 

composition and crystallographic structure in bulk materials while in nanomaterials, these 

properties are influenced by dimensional and surface effects. The progress made in the study of 

nanostructured materials has provided the opening to investigate the magnetic properties from the 
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bulk to the atomic scale. Thus, super paramagnetism, high magnetic coercivity and quantum 

tunneling are new properties occasionally displayed by these magnetic nanocrystals.83 

Magnetism results from magnetic moments related to individual electrons. Magnetic moments are 

from two major sources: ‘’electron orbital motion and electron spin’’ (Figure 4), where the sum of 

these moments from electrons gives the net magnetic moment. Likewise, the magnetic property of 

a nanocrystal is also influenced by the response of electron and magnetic dipoles to an applied 

magnetic field and they are classified in different types including diamagnetism, paramagnetism 

and ferromagnetism. 

In diamagnetism, there is no production of intrinsic electron magnetic moments. In 

paramagnetism, the atoms or molecules of the material have net orbital or spin magnetic moments, 

which are proficient of lining up in the direction of the applied field. Paramagnetism commonly 

happens in all atoms and molecules with unpaired electrons, nevertheless the force of the 

magnetism is small. In ferromagnetism, the materials display permanent magnetism without 

applying external field. Therefore, they create spontaneous magnetization essentially owing to the 

quantum mechanical exchange interaction. For instance, the magnets synthesized from yttrium-

cobalt-samarium nanoparticles exhibit exceptional magnetic properties because of their high 

surface area84. As a result, the nanostructured materials find several applications in biotechnology 

and automobile alternators, motors for ships, magnetic resonance imaging (MRI) in medical 

diagnosis and ultra-sensitive analytical instruments.85 
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Figure 4. Magnetic moments rising from electron orbital motion (left) and electron spin (right).86 

 

1.3. Surface passivation of nanomaterials 

In general, nanostructured materials have a large surface area and frequently form agglomeration 

because of the van der Waals attractive forces and the tendency of the system to reduce the total 

surface or interfacial energy. The agglomeration is composed of coagulation and flocculation, 

where coagulation is the formation of strong or compact crystallites and flocculation is the 

formation of a loose network of aggregates. The agglomeration of particles generally occurs during 

synthesis, drying, manipulating etc... Therefore, unwanted agglomeration needs to be avoided 

during synthesis and manipulating stages since monodispersed particles are usually required for 

several applications87. Hence, surfactants are used as dispersants throughout the synthesis in order 

to produce non-agglomerated particles. A surfactant is an agent having an active surface, which 

can be partially soluble and possibly will reduce the interfacial tension via expanding upon the 

surface. A surfactant has an amphipathic structure composed of two constituents: a lyophobic 

group (solvent repulsive) and lyophilic group (solvent attractive). It can be anionic, cationic, 

zwitterionic (carrying both positive and negative charges), or non-ionic (carrying no charges). The 
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quality of a surfactant is estimated by its ability to reduce the surface steric barrier of a rising 

crystallite, displayed in the growth kinetics87. The coordinating solvents (capping agents) typically 

behave as Lewis base compounds and covalently bound to surface metal atoms. They can either 

be a layer of a different material epitaxially grown onto the surface of the particle, or an organic 

group bonded directly to the surface8. So far, two principal approaches have been proposed for the 

surface derivatization of nanocrystals. The first approach is the growth of a second phase on the 

surface of a colloidally synthesized material, referred to as an activation step. Examples include 

the post-treatment of CdS with hydroxy groups to form Cd(OH)2, or the use of ligands like 

thiolates21 (Figure 5). Surface derivatization decreases the surface defects and therefore improves 

the possibility of electron-hole recombination. The second approach focuses on the derivatization 

of nanoparticles with solvent molecules, such as synthesizing nanoparticles from inorganic 

compounds, using tri-n-octylphosphine oxide (TOPO) as the solvent, which may then be replaced 

for alternative ligands like pyridine. Rossetti et al88 have previously reported a method for the 

fabrication of CdS nanoparticles by the controlled nucleation of CdS on mixing of dilute aqueous 

solutions of cadmium sulfate (CdSO4) and ammonium sulfide ((NH4)2S). Similarly, Kortan et al.89 

synthesized CdSe capped, zinc sulfide (ZnS), ZnS/CdSe, and CdSe/ZnS nanoparticles from the 

inverse micelar solutions by addition of organoselenides (Silylchalcogenide chemicals) where they 

could control the growth of CdSe nanoparticles. 

However, the selection of a surfactant should be done by taking into consideration many factors 

since they are different from each other. For instance, a molecule that binds tightly to the surface 

of the particle is not desired because it would affect the growth of the particle. While a softly 

coordinating agent would produce large crystals or aggregates. Therefore, for a perfect surface 

coating90, some basic conditions such as preventing undesirable aggregation throughout chemical 

synthesis and the long-term storage, good solubility while maintaining the functionalities of the 

nanomaterials should be met. Chen and co-workers prepared an oleic acid (OA) capped lead 

sulfide (PbS) nanoparticles in which the effect of the capping agent has been clearly examined 

(Figure 6).91 
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Figure 5. Scheme showing semiconductor nanoparticles capped with (a) TOPO, (b) an organic 

ligand, (c) inorganic ligand, and (d) a layer of a secondary semiconductor material.8 
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Figure 6. TEM images of: (a) non-capped PbS nanoparticles and (b) OA-capped PbS 

nanoparticles.91 

1.4. Synthesis of nanomaterials 

Over the past few years, a lot of progress has been made in the synthesis of semiconductor 

nanomaterials (nanoparticles and thin films) owing to their incredible applications in electronics, 

catalysis and biomedicine, since their morphology and size have an effect on their physical, 

chemical and biological properties at the nanometer range. A lot of progress has been made in the 

synthesis of materials in the nanoscale with better properties. Two approaches have attracted the 

attention of researchers in the preparation of advanced nanostructured materials namely, the 

‘bottom-up’ and ‘top-down’ processes. The bottom-up approach consist of assemblies of atoms to 

produce nanosized and monodispersed materials. While the top-down approach breaks down or 

dis-assembles molecules to produce nanosized materials. Numerous synthetic procedures have 

been developed using both the bottom-up and top-down processes as seen in Figure 7. However, 

the bottom-up process is more advantageous because the control of the shape, size and crystallinity 

of nanomaterials is easier than when the top-down approach is employed. Moreover, the bottom-

up process is easy and cheap and the nanoparticles synthesized are of high quality, monodispersed 

and have adaptable surface properties. This is confirmed by the model of variation of concentration 



17 
 

of Lamer and Dinegar. It includes three stages of which the first stage represents the formation of 

uniform particles by diffusion, while the second stage represents bigger size particles formation 

by the aggregation of smaller subunits, while stage three represents the formation of large particles 

by Ostwald ripening.92,93   

 

 

Figure 7. Scheme showing the various synthetic methods of Top-down and Bottom-up for 

synthesis of nanomaterials. 

 

The first ‘’top-down’’ route for the synthesis of nanostructured materials involves and includes 

size reduction of macroscopic units by physical techniques such as ball milling, arch discharge, 

spray pyrolysis and mechanical deformation. While the ‘’bottom-up’’ approach involves the 

association of microscopic units by chemical routes and include hydrothermal, electrodeposition, 

chemical vapor deposition, sonochemical etc. Nanochemists generally use bottom-up methods 

over the top down approach for the synthesis of nanostructured materials. This is simply due to 

the fact that the top down route usually leads to the imperfection of the surface structure94. 

Therefore material scientists have developed several methods to prepare nanomaterials of various 

shapes such as quantum dots, cubes, spheres, polyhedrons (0-D); rods, wires, tubes (1-D) and 
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prisms, plates, sheets, thin films (2-D) for the desired properties targeted to particular 

applications.1,7,95 

For the synthesis of group II-VI nanomaterials in particular, two chemical routes are known for 

developing nanomaterials. The first method is the conventional approach in which separate group 

II and VI precursors are employed either as elemental or molecular species. The second method 

includes the use of a single source precursor21. The use of single source precursors (SSPs) offer 

numerous key advantages over other synthetic methods such as the presence of preformed bonds 

and its ability to provide material with less defects and/or better stoichiometry95. Preferably, 

synthetic chemical routes should result in the production of pure, monodispersed, crystalline 

particles stabilized from the surrounding chemical environment by a capping group. Various 

synthetic methods have been used for the preparation of metal sulfides nanostructures using 

inorganic compounds as molecular precursors. These methods include precipitation route, solution 

phase thermal decomposition, chemical vapour deposition and solventless methods.9,23,35,36,96–98 

1.4.1. Precipitation route 

The main method of preparation of semiconductor nanoparticles was, until recently, classical 

colloid chemistry, involving controlled arrested precipitation from colloidal solutions88,99,100. This 

is achieved by performing a precipitation reaction in a homogenous solution in the presence of 

stabilizing agents in order to favor the growth of nanocrystals and prevent them against 

agglomeration. Lamer and co-workers reported on the synthesis of highly monodispersed colloids 

and they suggested that nanosized particles can be easily synthesized if the nucleation and growth 

processes are well controlled92. The diagram known as the Ostwald ripening diagram illustrates 

that small particles, which are unstable, dissolve and then recrystallized to produce larger and more 

stable particles (Figure 8). In this diagram, the formation of the nuclei (seed) is readily started 

firstly by a rapid increase of the monomer concentration in the solution until a super saturation 

level, then secondly the growth of the particles from nuclei results in a progressive decrease of the 

monomer concentration and finally the coordinating solvents stabilize the surface of the resulting 

nanoparticles. We simply note that in this process, the control of reaction conditions and the 

crystalline phase is difficult to determine the final morphology of the nanocrystals.93  
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Figure 8. Process of the crystal growth of colloidal nanoparticles (Ostwald ripening).93 

The size of the crystals formed through this route depends on numerous variables such as the nature 

of precursor and concentration, reaction temperature, pH of the solution and capping agent. For 

instance, Rossetti and co-workers reported the preparation of CdS nanoparticles, involving the 

reaction between aqueous solutions of CdSO4 and (NH4)2S, and they have determined the particle 

size by varying the nucleation kinetics by the control of pH.88 

Nevertheless, although the precipitation method works well and is the first route used for the 

preparation of high quality semiconductor materials, it is still problematic compared to other 

methods owing to air sensitivity and poor crystallinity of the materials.8 

1.4.2. Solution phase thermal decomposition or the hot injection route 

The thermal decomposition of precursors can be carried out in the solid, liquid and gas phase, 

although solution phase decomposition (single source precursor route) is undoubtedly the most 

extensively synthetic route used and it is our focus in this thesis. The difficulties related to the low 

temperature precipitation method could be overcome by the dissolution of molecular precursors in 
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a high boiling point solvent, followed by its decomposition at high temperature (from 200 to 300 

°C). 

The Hot injection method means the injection of reagents into hot solvents that involves the rapid 

nucleation and cooling below the solubility product. 

1.4.2.1. Dual source precursor route 

This method was pioneered by Bawendi and co-workers for the preparation of high quality 

cadmium chalcogenide CdE (E= S, Se and Te) quantum dots. They reported the injection into hot 

TOPO (tri-n-octylphosphine oxide) of a volatile dimethyl metal (Me2M, M= Cd or Zn) and a 

chalcogen source which were previously dissolved in TOPO. Whilst for the selenium containing 

crystals, tri-n-octylphosphine selenide (TOPSe) was produced from dissolving selenium 

compound in TOP (tri-n-octylphosphine), as shown in (Figure 9). The rapid injection of TOPSe 

involves super saturation and the formation of seed. This is proceeded by a slow crystal growth, 

resulting in the production of passivated particles by the TOPO and/or TOPSe which coordinate 

to the surface metal atoms upon the crystal22,101. Some compounds can be replaced with other 

organic molecules having different functional groups. Some examples of capping agents employed 

include tri-n-octylphosphine sulfide (TOPS), tri-n-butyl phosphine, pyridines, tris-(2-ethylhexyl)-

phosphate and furans.102,103 

Generally, this chemical method gives high quality particles, having a low number of defects. 

Nonetheless, the reaction conditions are rough and involve hazardous, toxic, and pyrophoric 

material in the case of metal-alkyls. These compounds are injected into high boiling points 

solutions (around 350 °C), which would be unwanted for commercial utilization. Since dimethyl 

cadmium and dimethyl zinc are volatile, toxic and pyrophoric compounds having relatively low 

boiling points8. Consequently, there is need to consider new replacements methods, which are safe 

and environmental friendly for the fabrication of nanoparticles. 
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HNR1R2 + CE2

MeOH
Na(E2CNR1R2) + H2O

MCl2

H2O

M(E2CNR1R2)

M= Cd/Zn

E= S/Se

R1, R2= Alkyls

 

Figure 9. Reaction scheme for the synthesis of molecular precursors.104 

 

1.4.2.2. Greener precursor route 

Ndifon and co-workers reported on low temperature synthesis of PbS and CdS nanoparticles in 

olive oil. They thermolysed the precursors at a relatively low temperature of 180 °C. The results 

revealed that distinct cube shaped PbS nanoparticles were obtained with the X-ray diffraction 

peaks assigned to the cubic rock salt phase. The optical properties of the olive oil capped CdS 

particles fabricated exhibited evidence of quantum confinement and the CdS particles produced 

were spherical in shape31. Similarly, Revaprasadu et al 27 described a synthesis and characterization 

of castor oil and ricinoleic acid capped CdS nanoparticles using single source precursors. The 

study showed that the optical properties of CdS were typical of particles that displayed quantum 

confinement effects. X-ray diffraction studies revealed the existence of both cubic and hexagonal 

phases depending on the reaction conditions. They found that ricinoleic acid capped CdS gave 

cubic phase particles whereas castor oil capped CdS gave both cubic and hexagonal phases 

dependent on the reaction temperature and the precursor used. The morphology of the particles 

varied from oval-short rods to spherical shaped particles with sizes ranging from 10 to 22 nm27. 

Subsequent study by Bunge and co-workers105 showed results associated with controlled growth 

of CdE (E= S, Se and Te) through the pyrolysis of CdO and Cd(OAc)2, from 0.67 to 1 mole ratio 

for Cd to E. The work presented that the growth of CdS gave only spherical shaped while CdSe 

and CdTe gave rod like and tetrapod like shaped particles105. Masikane et al 106 have done further 

work on castor oil and olive oil-capped In2S3 and CuInS2 nanoparticles from xanthate complexes 
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using the hot injection method. They demonstrated that the capping agent and reaction temperature 

have an influence on the morphological, crystallographic and optical properties of the 

nanoparticles. Rod-like and irregular cubic-like morphologies were obtained in the β-In2S3 and 

CuInS2 nanoparticles respectively. The crystallinity of the nanoparticles improved significantly 

with an increase in reaction temperature. They found that band gaps of between 3.5–4.3 eV and 

1.15–1.5 eV were estimated for β-In2S3 and CuInS2 nanoparticles respectively106. This synthetic 

method is eco-friendly and uses relatively non-toxic chemicals. 

1.4.2.3. Single source precursor route 

Thermal decomposition of precursors is considered so far as a convenient and effective route to 

synthesize size and shape controlled nanoparticles107. The morphology and chemical structure of 

metal sulfides nanoparticles can be controlled by regulating the experimental conditions such as 

the reaction time, the reaction temperature, the capping agent and the monomer concentration. 

Nanocrystalline semiconductor materials are produced by decomposition through injecting a 

solution of the single source precursor into a high boiling coordinating solvent generally at 

temperatures over 200 °C. Usually a mixture of tri-n-octylphosphine (TOP) or tri-n-

octylphosphine oxide (TOPO) and long chain alkyl amine including oleylamine (OLA), 

hexadecylamine (HDA) and dodecylamine (DDA) is used, followed by refluxing for a specific 

duration (Figure 10). The nanocrystals are then separated by precipitating the mixture with 

ethanol9,108. In addition, single source precursor route has many advantages including their 

significant volatility and stability to moisture when compared to other synthetic routes (such as 

colloidal routes and dual source organometallic precursor route)60. The thermal decomposition of 

such compounds produce nanoparticles with great yields. Moreover, purification of the products 

is easier as only one compound is involved. The key advantages of single source precursor route 

over other conventional routes using dual sources reside in the fact that, they produce limited pre-

reactions and high quality nanoparticles109. The single source precursor route was used in this 

thesis owing to its simple nature, efficacy and reproducibility.  
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Figure 10. Schematic setup for hot injection route of nanocrystals.107 

1.4.3. Heat up route 

This synthetic route has almost same resemblances with the precipitation route designed by LaMer. 

In this method, all the chemicals are mixed together at the beginning of the reaction. This takes 

place via monomer accumulation, to nucleation and afterwards to the growth of particle in order 

to produce nanocrystals26. The reagents are dissolved in a hot coordinating solvent frequently in 

an oxygen free atmosphere at room temperature, and heated up to the required temperature. The 

reactions are usually performed during a long time allowing for the whole breakdown of the 

precursors. Several studies have been done using this route, although this method is more 

favourable for the fabrication of metal oxide nanoparticles.110–112  

1.4.4. Deposition of thin films 

A thin film is a layer of material ranging from fractions of a nanometer to several micrometers in 

thickness. The controlled deposition of thin film materials is a fundamental stage for many 

applications. Deposition of thin films classically consist of applying a thin film of material onto a 

substrate (Figure 11). A typical example is the mirror, which has a thin metal coating on the back 

of a sheet of glass to form a reflective interface. The development of the deposition methods of 

thin films during the 20th century have enabled a wide range of technological inventions in areas 

such as magnetic recording media, electronic semiconductor devices, light emitting diodes (LEDs) 
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and for both energy generation (thin film solar cells) and storage (thin film batteries). In addition, 

thin films play a significant role in the advance and study of materials with new and unique 

properties113,114. However, various methods including chemical bath deposition (CBD), chemical 

vapour deposition (CVD) and atomic layer deposition (ALD) are commonly used for the 

deposition of thin films. In this work, we have focused on CVD technique because it is more 

advantageous compared to others since it uses gas phase precursor with very low pressures and 

also it is a simple, cheap and cost effective process. 

 

Figure 11. Schematic illustration of a deposited thin film material onto a substrate. 

1.4.4.1. Description of chemical vapour deposition (CVD) 

Chemical vapour deposition (CVD) is a useful synthetic route employed for the deposition of thin 

films of a material on a solid substrate. The CVD process consist of the transportation of molecular 

precursor into the reaction chamber and to the substrate by use of an inert carrier gas like nitrogen 

or argon, or under vacuum. The process includes important stages such as gas phase reaction of 

precursors, diffusion of precursors to substrate, surface reaction of adsorbed precursors, desorption 

and diffusion of by-products, diffusion of atoms to lowest energy substrate sites, nucleation and 

film growth (Figure 12). The expansion of the CVD method to low-pressure metal–organic 

chemical vapour deposition (LP-MOCVD), metal–organic chemical vapour deposition (MOCVD) 

and aerosol-assisted chemical vapour deposition (AACVD) has been driven by the commencement 

of CVD reactions from diverse sources of energy rather than thermal energy.115 
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Figure 12. Schematic illustration of the process involved during chemical vapour deposition 

(CVD): [a] gas phase reaction of precursors; [b] diffusion of precursors to substrate surface; [c] 

surface reaction of adsorbed precursors; [d] desorption and diffusion of by-products; [e] 

diffusion of atoms to lowest energy substrate sites; [f ] nucleation and film growth.115 

 

1.4.4.2. Low pressure metal-organic chemical vapour deposition 

This method uses metal organic complexes as molecular precursors rather than the inorganic 

precursors used in the conventional CVD. The precursor is expected to be volatile at a temperature 

below its decomposition temperature. It must also be stable and less toxic for easy usage and 

storage116. O’Brien and Trindade studied numerous inorganic precursors through sublimation 

experiments in order to check their volatility and suitability for LP-MOCVD growth. They 

discovered that Pb(S2CNnBu2)2 was the best favorable precursor for the deposition of PbS films.95 

1.4.4.3. Metal-organic chemical vapour deposition (MOCVD) 

This technique consist of depositing films through the decomposition of volatile organometallic 

precursors in TOP at relatively high temperatures (over 300 °C) and then injected into high boiling 

TOPO. This leads to the formation of the nanocrystals as an effect of the decomposition of the 

precursor, where a rapid burst of nucleation followed by Ostwald ripening occurs after the 

preliminary injection. The resulting nanoparticles are coated with TOPO to prevent agglomeration. 

The precipitates formed are separated by centrifugation and redispersed in toluene to provide an 

optically pure solution of TOPO-capped nanoparticles117,118. Zhang et al reported work on this 

synthetic route where pure PbS microcrystallites with irregular polyhedral, cubic, and fish bone-, 
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star-, and flower-like morphologies were deposited using lead diethyldithiocarbamate as molecular 

precursor119. Nevertheless, this technique has some complications such as, the difficulty to control 

stoichiometry, impurity incorporation, undesirable side reactions and high processing temperature, 

which might be the origin of the inter-diffusion of layers.59 

1.4.4.4. Aerosol assisted chemical vapour deposition (AACVD) 

AACVD is a liquid-phase variation of the conventional CVD process. In this process, the 

precursors are dissolved in a solvent from which an aerosol is produced by the use of an ultrasonic 

humidifier, creating a ‘precursor mist’, which is then transferred to the CVD reactor by a carrier 

gas (Figure 13). The solvent evaporates once the aerosol reaches the substrate because the increase 

in temperature leaves the vaporized precursor in its gaseous state, after which deposition onto the 

substrate can take place to yield the wanted material. Two possibilities exist for the reactions 

leading to the deposition of film. On the one hand, decomposition of the vaporized precursor can 

happen in the gas phase leading to the formation of intermediates, which then become adsorbed 

onto the substrate along with some unaffected vaporized precursor. Extra decomposition and 

heterogeneous reaction leads to the deposition of generally good quality and well-adhered thin 

films of the preferred material. On the other hand, if the substrate temperature is too high, 

decomposition and chemical reaction takes place mostly in the gas phase leading to homogeneous 

nucleation of particles. The adsorption of preformed particles tends to lead to the deposition of 

porous films on the substrate115. Though AACVD is not cheap due to the extra cost of solvents 

and equipment, it overcomes some of the limitations of MOCVD as it is a simple process that 

offers the advantage of a uniform and large-area deposition. Some researchers like Akhtar et al120 

reported investigations on the successful growth of PbS thin films on polyimide substrates by this 

method using [Pb(S2COBu)2] at temperatures as low as 150 °C120. Likewise, Clark and co-

workers121 also reported on the synthesis and characterization of PbS materials using N donor-

adducts of ethyl and lead butyl xanthate by this route at a temperature of 200 °C and an argon 

carrier gas over two hours.121 
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Figure 13. Setup of the AACVD technique.115  

1.4.5. Solventless route (Melt method) 

The solventless route is a simple melt method in which solid-state breakdown of the metal 

complexes is performed by an easy heat usage under inert atmosphere. The synthetic method is 

greatly suitable for scaling up compared to others techniques. The reaction conditions can be 

simply controlled because of the non-presence of any high boiling solvents or noxious precursors. 

This makes the production atomic scale nanomaterials to be effective, cheap and environmentally 

favourable35. In some previous reports, various metal nanoparticles and binary metal 

chalcogenides with different shapes, such as nanospheres, nanorods, nanowires and nanodisks 

were formed by the decomposition of reactive melts of diverse single source precursors122–125. 

Among these complexes, the usage of metal xanthate complexes is beneficial owing to their low 

decomposition temperature, which leads to the preparation of the desired material in a fairly short 

time. In addition, the by-products produced by the disintegration of metal xanthate complexes are 

highly volatile and can be taken away simply, resulting in the formation of materials with good 

purity and stoichiometric. In this thesis, we set our sights on this method to dope CdS nanoparticles 

with indium and gallium. 
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1.5. Single source precursors (SSPs) 

A single source precursor is a compound or material that has a metal-sulfur, metal-selenide or 

metal-telluride bond available. It is used for the preparation of semiconductor nanomaterials. They 

are of a great importance for technological processing since they are prepared to contain the 

required elements in their exact stoichiometry and their nature affects the chemical composition, 

crystallographic structure and morphology of the resulting product. Furthermore, their use leads 

to the growth of nanomaterials under mild conditions with superior synthetic control over 

dispersity and crystallinity. Various reports on single source precursors have shown that, they are 

an effective approach to high quality, crystalline monodispersed semiconductor 

nanomaterials108,117,126. One of the most important aspect in tuning the properties of a 

nanostructured material lies in the selection of a good single source precursor. Molecular 

precursors containing all the elements to be deposited can be suitably used as building blocks for 

the single-step transformation of molecules into nanostructured materials. The existence of 

preformed bonds can lead to a product with fewer defects and/or better stoichiometry. Hence, the 

formation metal sulfide is highly expected due to the presence of preformed metal sulfide (M-S) 

bonds and the absence of metal carbon (M–C) bonds in these single source precursors. Likewise, 

most of the single source precursors are air stable and consequently they are easy to manipulate 

and characterize. Another motivation for the use of single source precursors is their potential to 

decrease the environmental influence of material processing because of the limited solvent used 

during preparation. As a conclusion, the choice of a single source precursor should match with the 

above advantages in order to be a suitable precursor. 

1.5.1. Sulfur based single source precursors 

Several single source precursors have been used for the preparation of metal chalcogenide (MS, 

MSe and MTe) nanoparticles and thin films using different synthetic routes. However, the 

precursors employed for the fabrication of metal selenide and metal telluride nanomaterials are 

very unstable and change their form upon moderate heating. In addition, the reagents are highly 

toxics, dangerous, pyrophoric and very expensive. Whereas indispensable requirements such as 

nontoxicity, biocompatibility and water solubility of nanocrystals are desirable for instance for 

medical applications22,127,128. Sulfur based precursors have been widely investigated, because they 

are less toxic or harmful, and therefore there are still avenues that need to be explored. In this 
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study, the focus is to explore sulfur based molecular precursors such as sulfur containing ligands 

to synthesize metal sulfide nanostructured materials. 

1.5.2. Thiourea complexes as SSPs 

Thioureas are well known ligands and are usually generalized as N,N-dialkyl-N’-acylthioureas; 

their first synthesis was reported by Douglass and Dains129 in 1934. They are easily prepared by 

reacting acid chlorides with potassium thiocyanate to form acyl isothiocyanate, which on further 

reaction with an amine yield the acyl thiourea ligand in a simple one-pot method (Scheme 1).129 
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Scheme 1. Global syntheses of thiourea ligand (R’= alkyl, aryl and R= alkyl). 

Thiourea ligands easily react with metal salts to form metal complexes and the resulting complexes 

have been used as molecular precursors. Nair et al130 described CdS nanoparticles synthesized by 

thermolysis using cadmium (Cd) complexes of alkyl-substituted thioureas (N,N’-dioctyl thiourea, 

N,N’-dicyclohexyl thiourea and N,N’-diisopropyl thiourea) as the sulfur source (precursor). The 

particles varied in shape from rods (15–25 nm in length) to spheres (up to 8 nm in diameter) 

showing the wurtzite CdS phase. Their optical properties were depended on their size and shape, 

which were also influenced by the length of the alkyl chain of the precursor type.130  

Similarly, O’Brien et al131 reported on the crystal structure of the copper(II) complex of 1,1,5,5-

tetra-iso-propyl-2-thiobiuret [Cu(SON(CNiPr2)2)2], which was used to synthesize copper sulfide 

nanoparticles by solution thermolysis at different temperatures (200-280 °C). The nanocrystals had 

different morphologies (spherical, hexagonal disks and trigonal crystallites), depending on the 

reaction temperature, concentration of the complex and growth time. The Cu7S4 nanocrystals had 

a mixture of roxbyite (monoclinic) and anilite (orthorhombic) phases. Djurleite (Cu1.94S) 

nanocrystals were obtained when a solution of the precursor in oleylamine was injected into hot 

dodecanethiol. The complex was also used to deposit copper sulfide thin films by aerosol assisted 
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chemical vapour deposition (AACVD) between 280-400 °C. The diffraction pattern showed 

predominantly a mixture of cubic CuS and hexagonal Cu2S phases at all temperatures and the 

morphology of the copper sulfide thin films were spherical crystallites at 280 °C, cuboids at 320 

°C and plate like crystallites between 360 and 400 °C.131 

Moloto and co-workers132 also reported on the preparation of CuxSy and PbS nanoparticles from 

alkylthiourea lead and copper complexes as precursors. They reacted a series of mono- and di-

substituted alkylthiourea complexes (H2NCSNHR and RHNCSNHR; R = CH3, CH2CH3) with lead 

and copper to obtain PbS and CuxSy nanocrystals with predominantly wurtzite facets shaped like 

tiny rods. The PbS and CuxSy nanoparticles showed quantum confinement effects with a blue shift 

in their absorption spectra. Both the copper and lead sulfide nanoparticles had a truncated 

octahedral shaped, though some of the copper sulfide particles were triangular. The diffraction 

peaks of the PbS particles were indexed to the cubic rock salt structure, whilst those of copper 

sulfide particles obtained from the bulk solid matched to a mixture of sulfides of two principal 

ratios, Cu1.8S (digenite) and Cu31S16 (djurleite).132 

1.5.3. Dithiocarbamate complexes as SSPs 

Dithiocarbamates are generally prepared by reacting CS2 with a secondary amine in presence of a 

base (Scheme 2). Different metal dithiocarbamate complexes have been synthesized and used for 

the preparation of metal sulfide nanostructures. 

 

NH + CS2

NaOH
N

S Na

S

 

Scheme 2. Global syntheses of dithiocarbamate ligand. 

Kun et al 57 reported on the synthesis of bismuth sulfide (Bi2S3) nanoparticles by thermolysis using 

catena-(µ2-nitrato-O,O’)bis(piperidinedithiocarbamato)bismuth(III) and tetrakis(µ-

nitrato)tetrakis[bis(tetrahydroquinolinedithiocarbamato)bismuth(III)] complexes as molecular 

precursors. They obtained high quality, crystalline, long and short orthorhombic Bi2S3 nanorods 

whose length depended on the reaction temperature (190 to 270 °C)57. O’Brien and co-workers49 
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also reported the synthesis of PbS nanocrystallites using a novel single molecule precursor 

approach and elucidated the single-crystal structure of Pb(S2CNEtPri)2. The results showed that 

the PbS nanocrystallites had a cubic (rock-salt) structure. They also found that the morphology 

and size of the synthesized PbS particles were strongly affected by the reaction temperature.49 

A series of symmetrical and unsymmetrical N,N-dialkyldithiocarbamatolead(II) complexes with 

the general formula [Pb(S2CNRR2)2] was also used for the synthesis of PbS by thermolysis and 

AACVD methods by Akhtar et al59. They discovered that near spherical PbS nanoparticles were 

obtained at 60 °C, whereas at 80 °C, the PbS particles were cubic. They proposed a mechanism 

for the growth of spherical and cubic nanoparticles. The quality of PbS thin films deposited by 

AACVD method was influenced by reaction temperature, where deposition at higher temperatures 

resulted to an expected change in morphology59. Nyamen et al31,56,108 also reported on the synthesis 

of multi-podal CdS nanostructures using heterocyclic dithiocarbamato complexes as 

precursors31,56,108. They prepared two bis(dipiperidinyldithiocarbamato)cadmium(II) and 

bis(ditetrahydroquinolinyldithio-carbamato)cadmium(II) complexes which were used as 

molecular precursors for the preparation of oleylamine (OLA), decylamine (DA) and 

dodecylamine (DDA) capped CdS nanoparticles. They found that the amine capped CdS particles 

were blue shifted and the CdS crystals had different shapes, which varied with the reaction 

temperature and ranged from short and elongated nanorods (rods, bipods, tripods and tetrapods) to 

nanocubes (180 and 270 °C). The powder-x ray diffraction (P-XRD) patterns showed the wurtzite 

phase of CdS to be dominant56. Additionally, Mlowe and co-workers96 reported on cadmium 

dithiocarbamato complexes of piperidine and tetrahydroquinoline for the deposition of CdS thin 

films by AACVD at 350, 400 and 450 °C. They determined the X-ray single crystal structure of 

the bis(piperidine dithiocarbamato)cadmium(II) complex. They observed that the particle sizes 

were in the range between 50–110 nm and 100–220 nm for both complexes. Hence, the deposition 

temperature influenced the morphology, size and composition of the films.96 

1.5.4. Dithiocarbonato complexes (Xanthates) as SSPs 

Xanthate ligands [RCOS2]
- are well known for their different coordination modes including 

monodentate, bidentate chelating or bridging. They are easily synthesized by reacting CS2 and an 

alcohol in presence of a base (Scheme 3). Their properties can be improved by the choice of 
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suitable O-bond substituents. The metal xanthate complexes have shown interesting thermal 

properties hence their use as precursor for the growth of metal sulfide nanostructured materials.133 

+ CS2

NaOHR

OH
R

O S Na

S

 

Scheme 3. Global syntheses of xanthate ligand (R= alkyl). 

O’Brien and co-workers134 have extensively studied these complexes for metal sulfide 

nanoparticles and thin films using various synthetic routes. They investigated the size and 

morphological effect of  PbS nanocrystals on polymer thin films from lead(II) xanthate and 

dithiocarbamate complexes. They showed the preparation of lead sulfide from molecular 

precursors within a polymer matrix to form networks of PbS nanocrystals by spin coating. They 

explored the effect of the alkyl chain length and showed that the xanthates complexes were more 

promising precursors giving nanocrystals with controlled sizes and shapes. The lead(II) octyl 

xanthate complex caused anisotropic growth, forming PbS nanowires within the polymer matrix. 

The P-XRD analysis of films deposited at various temperatures (80 to 275 °C) showed that the 

extent of precursor decomposition was temperature dependent, where the more prominent peak 

positions were indexed to PbS galena 00-005-0592134. Recently, McNaughter et al135 also 

investigated the effect of alkyl chain length on the structure of lead(II) xanthates and their 

decomposition to PbS in melt reactions. They decomposed the complexes at different temperatures 

(150-200 °C) to form PbS nanocrystals. Microscopic analyses showed that the choice of precursor 

had an influence on nanocrystal size with longer alkyl chains resulting in smaller cubic 

nanocrystals. In addition to cubes, anisotropic growth was detected from decomposition of some 

precursors. P-XRD results revealed that, after 30 minutes at 125 °C, the precursor only partially 

converts to PbS, while at 150 °C and higher, there is a complete conversion of the precursor to 

lead sulfide (ICDD # 00-005-0592) within 30 minutes.135 

In the same way, Mundher et al61 reported on novel xanthate complexes for the size-controlled 

synthesis of copper sulfide nanorods. They presented a simple, easily scalable route to 

monodisperse copper sulfide nanocrystals by the hot injection of a series of novel copper(I) 

xanthate single-source precursors [(PPh3)2Cu(S2COR)] (R = isobutyl, 2-methoxyethyl, 2-
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ethoxyethyl, 1-methoxy-2-propyl, 3-methoxy-1-butyl, and 3-methoxy-3-methyl-1-butyl). They 

found that the width of the rods was dependent on the length of the xanthate chain and a 

relationship between the ground-state energy of the precursor and the copper sulfide rod width was 

established through a computational study61. At long reaction times (1h), some complexes gave 

nanocrystals that were exclusively Cu2S, whereas, at short reaction times (5s), all eight precursors 

generated Cu1.74S, with a diffraction pattern identical to that of roxbyite (JCPDS 00−064−0278). 

Hence, the unit cells for the nanoparticles were in good agreement the literature values for the two 

phases61. Revaprasadu and co-workers136 also described pure phase deposition of flower-like thin 

films by aerosol assisted chemical vapor deposition and solvent mediated structural transformation 

in copper sulfide nanostructures. They used bis(O-isobutyldithiocarbonato)copper(II) complex 

[Cu(SCSOCH2CH(CH3)2)2] as single source precursor to prepare both copper sulfide thin films 

and nanoparticles. They deposited copper sulfide thin films by the AACVD method and the 

nanoparticles were synthesized by hot injection route. The deposited copper sulfide thin films 

showed different morphologies from spherical to flower or flakes-like crystallites depending on 

the temperature of deposition. The P-XRD studies of the deposited films revealed the formation 

of pure covellite-hexagonal phases of copper sulfide, with high crystallinity at elevated 

temperature. The nanoparticles synthesized in dodecanethiol (DT), and 1-octadecene at 150 °C, 

190 °C and 230 °C showed the formation of monodispersed nanoparticles of Cu1.78S roxbyite phase 

with an average size of ca. 12 ± 1 nm. They discovered that when oleylamine was used as a capping 

solvent, covellite and digenite phases were obtained at temperatures of 110 °C and 190 °C 

respectively. Finally, rod shaped particles at 110 and 150 °C were observed, whereas at higher 

temperatures formation fairly spherical nanoparticles were observed136. The deposition of 

cadmium sulfide and zinc sulfide (ZnS) thin films by AACVD from molecular precursors has also 

been reported by Memon et al137. They used a new set of complexes with a general formula 

[M(S2CNn Bu2)2] [where M = Cd(II) (1) and Zn(II) (2)] to deposit thin films of cadmium sulfide 

and zinc sulfide. They found that, thin films of CdS deposited at low temperature (350 °C) 

consisted of densely packed granular crystallites with an average size of ca. 150 nm, while at 

higher temperatures (400 and 450 °C) particles with varying sizes and mixed morphologies were 

obtained. The ZnS thin films deposited at 400 °C showed rod-like structures, whereas dense 

globular-like structures were obtained at 450 °C. The P-XRD studies of the ZnS thin films 

deposited at 400 °C showed the formation of hexagonal phase (JCPDS 80-0007), while that of 
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CdS thin films deposited at various temperatures confirmed the formation of the wurtzite phase 

(ICDD-2306).137 

 

1.6. Critical parameters for growth and shape control of nanomaterials 

The synthetic routes for the preparation of nanostructured materials can be classified into three 

groups. The grinding methods including wet and dry grinding, reactive grinding, gas-phase 

methods including chemical vapor deposition (CVD), laser ablation deposition (LAD), sputtering 

techniques and liquid-phase methods including forced hydrolysis, hydrothermal synthesis, sol-gel 

process and micro-emulsion. Apart from the size, other features including size distribution (as 

monodisperse as possible), effective suppression of agglomeration processes, and well-directed 

control of the surface functionalization have to be taken into consideration for the preparation of 

high quality nanomaterials. Moreover, the applicability of a method can be restricted by limiting 

conditions for specific compositions and materials properties. With grinding, the degree of 

agglomeration and contamination by material scratched from the grinding bulk must be estimated. 

Grinding routes are very important for practical purposes since, they lead to the obtaining large 

quantities of nanomaterials cheaply.  

Gas-phase methods are commonly used as continuous processes that give crystalline nanoparticles 

with mostly non-covered surfaces. Nevertheless, due to the high synthesis temperatures (above 

250 °C), such methods may help in the production of hard crystallites, which are challenging to 

obtain distinct primary particles. In addition, it can even prevent or hinder the formation of 

complexes with different phases. The formation of materials, which are metastable under the 

synthesis conditions, occurs only to a restricted degree. This is because gas-phase reactions are 

frequently based on thermodynamic control. Whereas with liquid-phase methods, there is an 

efficient control of particle size and agglomeration behaviour. The reactive surfaces can be 

protected with functionalized organic molecules, such as stabilizing agents (long chain alkyl 

compounds or polymers) directly after nucleation138. The use of such stabilizers makes it possible 

to monitor the shape of nanoparticles, resulting in the formation of a wide variety of nanoparticles 

ranging from simple spheres to lentil like shaped and rod-shaped forms to tetrahedral, octahedral, 

cubes, or stellate shaped nanoparticles139. The use of some high-molecular weight stabilizing 

agents may however be a handicap due to unwanted effects on the properties and function of the 
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nanoparticles. The preparation of high quality nanoparticles (those having a well-defined diameter, 

nearly monodisperse size distribution, and minimum degree of agglomeration) can basically be 

restricted into two main important conditions. The first one is the directed control of nucleation 

and nucleus growth and the second is the effective suppression of agglomeration processes. LaMer 

and Dinegar described nucleation as an endothermic process (Figure 14).92 

 

Figure 14. Schematic representation of the mechanism during growth of nanoparticle according 

Lamer and Dinegar’s model of variation of concentration versus time. Curve I shows formation 

of uniform particles by diffusion, curve II shows bigger size particles formation by aggregation 

of smaller subunits, and curve III shows formation of large particles by Ostwald ripening.92 

Energy is required to split bonds in the initial compounds, for the removal of solvate shells, and 

crossing the surface tension barrier of the solvent (endothermic processes). Whilst nucleus growth 

and Ostwald ripening are exothermic processes since they liberate the enthalpy of formation of the 

material including lattice binding energy. Therefore, agglomeration of the nanoparticles is also 

energetically favored, as it reduces surface area and saturates the bonding and coordination sites 

(Figure 15).  
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Figure 15. Schematic illustration of growth and stabilization of nanoparticles.140 

The preparation of nanoparticles is easy and nowadays, scientists have developed several methods 

in order to control reactions conditions. To avoid premature switch from nucleation to nucleus 

growth, the addition of a certain amount of activation energy (for instance performing the reaction 

at a higher temperature) is useful. The surfaces of the particles have to be saturated instantly after 

nucleation by electrostatic or steric stabilization to shield the nanoparticles from further growth or 

agglomeration (Figure 15). Electrostatic stabilization can be accomplished by targeted adsorption 

of ions like H+, OH-, SO4
2-, NO3

-, RCOO-, RSO3
- and R4N

+ on the particle surface. Steric 

stabilization is achieved by adsorption of long-chain organic molecules such as oleyl amine, oleic 

acid, trioctyl phosphine and trioctyl phosphine oxide138. In addition, nucleus growth and 

agglomeration can also be monitored by complete separation of the reaction spaces. Further control 

can be achieved by high dilution or by continual removal of the nanomaterials already produced141. 

The potential of the “hot injection” method for preparing quantum dots has been demonstrated by 

Bawendi and co-workers.22 
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1.7. Applications of semiconductor nanomaterials 

Metal sulfide semiconducting nanomaterials have useful applications in several areas such as solar 

cells, sensing, health care delivery, photocatalysis and environmental pollution control. These 

applications are talked over in the next subparagraphs and they are because of their very small size 

being in the nanometer scale. 

1.7.1. Solar cells 

Solar cells have attracted the interest of many researchers due to attractive technologies that have 

emerged to substitute fossil fuels. Solar energy does not cause any pollution and it is abundant on 

earth. For economic reasons, further inexpensive materials (polymers) have been explored to move 

on from silicon and other costly semiconductors142. A solar cell is defined as a solid-state electrical 

device that transforms sunlight energy into electricity by the photovoltaic effect. It is based on a 

thin film made up of a mixture of inorganic nanostructured materials and a semi-conducting 

polymer inserted between two charge-collecting electrodes143. The organic materials consisting of 

conjugated polymers absorb light as the donor and transport holes. These conjugated polymers 

contribute to the ease of processing, low cost, physical flexibility and large area coverage of the 

semiconductor. The inorganic materials (nanoparticles) are employed as the acceptors and electron 

transporters in the solar cell assembly. A solar cell is more effective to generate an electric field 

(heterojunction) at an interface among two different semiconductor materials15,144. This property 

comes from their optical band since they can be modified through both material selection and 

quantum confinement and also owing to progress in the synthesis, which permit control over 

nanoparticle size and shape to improve performance. 

1.7.2. Sensing 

Over the past few years, a lot of considerable progress has been made in sensor technology. The 

principle of sensing is based on deposition of semiconductors on selected parts of a chip or on 

nano-cantilevers, which helps to evaluate gas mixtures by determining solubility, vapour pressure, 

melting point or reaction of the constituents from a variety of nanobased sensing material 

(semiconductor nanostructures). A selective tricking of biomolecules or cells through molecular 

recognition is permitted by biomolecules to perform some sensors145,146. Such a complex 

miniaturized sensor, which is often termed lab-on-a-chip, requires a high degree of interdisplinary 
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cooperation among chemists, biochemists, physists, materials scientists and engineers. A great 

deal of collaboration is essential between researchers and scientists to make the production of such 

reduced composite sensor feasible. 

1.7.3. Health care delivery 

Semiconductor nanomaterials also provide interesting opportunities in medicine owing to their 

relatively small size when compared to a cell (10 – 100 μm) or a virus (20 – 450 nm), which allows 

them to move more or less easily inside an organism. For this, the nanomaterials are usually coated 

to make them biologically compatible. In other cases, hyperthermia is artificially induced by 

dispersing magnetic particles through the tissue and then applying an alternating magnetic field of 

necessary strength and frequency147. Magnetic nanostructures have been used to improve the 

contrast of magnetic resonance (MR) imaging148. Owing to complications in differentiating tumors 

from normal tissues in the body via a magnetic resonance imaging, patients are frequently injected 

with contrast agents, like gadolinium chelates and iron particles in order to selectively highlight 

the tumors. For example, in fluorescence imaging, the energy from an external source of light is 

adsorbed by the imaging agent injected near the tumor site (Figure 16, step A) and almost 

immediately is re-mitted at a longer, lower-energy wavelength which is easily detected by the 

detector (Figure 16, step B).74 

 

 

Figure 16. Schematic illustration of the application of the contrast agent on the tumor site (step 

A) followed by detection of reflected fluorescence emission from the contrast agent (step B).74 
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1.7.4. Photocatalysis and environmental pollution control 

Photocatalysis consist of adsorbing the contaminant organic molecules, from air or water, on the 

surface of semiconductor materials. The photocatalytic activity of nanomaterials has a very high 

rate compared to conventional materials owing to its higher number of active sites on the surface 

and its small sizes. The materials that have very small size will get a higher surface area to volume 

ratio and this makes its surface more active. For instance, nano alumininosilicates have been used 

as a solid-fuel in rocket propulsion and also as adsorbents to fix toxic transition metal ions for 

removal from waste149. In the same way, zinc oxide has also been used as adsorbent for the 

degradation of chlorinated phenols150. Nanostructured materials play a crucial role in the removal 

of organic pollutants from industrial wastes because of their very small sizes, therefore they are 

much appropriate for catalytic converters151. They are used to transform poisonous gases such as 

carbon monoxide and nitrogen oxide and also employed in power generation equipment to avoid 

environmental pollution arising from burning gasoline and coal.152 

1.8. Statement of the research problem 

Over the past few decades, nanochemists have achieved prodigious progress for the effective 

synthesis of semiconductor nanomaterials. However, there is still a big challenge to produce high 

quality and shaped controlled nanocrystals. Many reports have proven that electronic properties 

are greatly dependent on the shape, size, phase and type of the metal chalcogenides precursor. 

Equally, the choice of the precursor employed depends on the ease of its decomposition, because 

impurities are included into some precursors after decomposition. Some of the metal chalcogenides 

nanostructured materials such as copper, nickel, cobalt, iron and manganese have numerous 

phases, thus, an impurity free pure phase is essential. Despite the exhaustive work reported so far 

on the use of complexes as precursors for the fabrication of nanostructures, one of the 

complications in the preparation of nanoparticles is the control of the growth of the particles 

through the variations of the reaction parameters (precursor type, capping agent, reaction 

temperature etc.) As a result, there is still need to investigate the effect of these parameters on the 

preparation of metal containing nanomaterials as novel precursors. In our continuing search for 

new single source precursors for the preparation of high quality and cheap metal sulfide 

nanomaterials, we found out that heterocyclic thiourea, dithiocarbamates and xanthates complexes 

have not yet been well explored for their use as starting materials. Following the interest on these 
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classes of compounds, our research group have recently investigated the use of heterocyclic 

benzoylthiourea, heterocyclic dithiocarbamates and xanthates complexes as single source 

precursors for the preparation of metal sulfide nanostructures. 

We sought to enlarge the work on the utilization of dithiocarbamate and xanthate metal complexes 

as molecular precursors for the synthesis of binary metal sulfide materials. Finally, we doped CdS 

nanoparticles with indium and gallium at various percentages (0 to 10%) from ethyl xanthates 

complexes since they have been shown to improve on both the structural and optical properties of 

nanomaterials. The influence of some parameters (precursor type, reaction temperature and 

capping agent) on the morphology, crystallographic phase and optical properties of the prepared 

nanostructured materials was investigated. 

1.9. Objectives 

In this work, we synthesize ligands as proficient precursors for the production of high quality 

nanostructures. 

1.9.1. Main objective 

The main objective of this work is to synthesize high quality metal sulfide (MS) nanomaterials 

using metal heterocyclic benzoylthiourea, dithiocarbamates and xanthates. In this respect, we set 

to synthesize novel metal (M= Pb and Cu) morpholine benzoylthiourea, pyrrolidine 

benzoylthiourea, cadmium dithiocarbamate, cadmium, indium and gallium xanthate complexes for 

use as efficient precursors for the preparation of high quality PbS, CuxSy, CdS, Cd1-xInxS and Cd1-

xGaxS nanomaterials. 

1.9.2. Specific objectives 

To attain our goal, we set to:  

 prepare lead(II) and copper(II) metal complexes from the synthesized heterocyclic 

morpholine and pyrrolidine benzoylthiourea ligands using the method described by 

Douglass and Dains129. Cadmium(II) complexes are prepared from the synthesized dihexyl, 

heterocyclic piperidine dithiocarbamate and commercial diethyl dithiocarbamate and ethyl 

xanthate ligands. In addition, indium(III) and gallium(III) complexes from the commercial 

ethyl xanthate are synthesized using a route described by Trindade and O’Brien21. The 
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ligands and complexes are characterized by elemental analysis, infrared spectroscopy, 1H 

NMR and TGA/DTA analyses. The crystal structures of some of the complexes obtained 

will be also elucidated. 

 use the prepared complexes as molecular precursors to synthesize lead sulfide (PbS), 

copper sulfide (CuxSy) and cadmium sulfide (CdS) nanoparticles by thermolysis and also 

to prepare indium doped CdS and gallium doped CdS using the solventless method. 

 characterize the metal sulfide nanomaterials by UV-visible and photoluminescence (PL) 

spectroscopies (determine their optical properties), transmission electron microscopy 

(TEM) and high-resolution transmission electron microscopy (HRTEM) techniques (for 

morphology and size) and X-ray diffraction (to elucidate their crystal structure). 

 investigate the effect of the precursor type, the temperature reaction and the capping agent 

on the morphology and size of the synthesized nanoparticles. 

 use the various complexes as molecular precursors to deposit PbS, CuxSy and CdS thin 

films on glass substrate by the AACVD technique. 

 use the cadmium, indium and gallium ethyl xanthate complexes to synthesize undoped 

CdS, indium doped CdS and gallium doped CdS nanoparticles by the solventless technique.  

 characterize the deposited thin films, the undoped and doped CdS nanoparticles by: 

scanning electron microscopy (SEM) technique (morphology), P-XRD technique and 

energy dispersive X-ray spectroscopy technique (to elucidate their elemental composition)
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CHAPTER 2:  EXPERIMENTAL METHODS 

The different synthetic methods and techniques of characterization used in this work are described 

in this chapter. 

2.1. Reagents 

Benzoyl chloride 99%, morpholine 99%, pyrrolidine 99%, potassium thiocyanate 98.5%, 

cadmium(II) chloride 99.99%, copper(II) chloride 97%, dodecanethiol (DT) 98.5%, gallium(III) 

chloride 99.99%, hexadecylamine (HDA) 98%, indium(III) chloride 98%, oleylamine (OLA) 

98%, tri-n-octylphosphine (TOP) 90%, 1-octadecene 90%, sodium diethyl dithiocarbamate 

trihydrate 97%, dihexylamine 97%, potassium ethyl xanthogenate 96%, piperidine 99%, carbon 

disulfide 99.5% and Castor Oil (CO) were purchased from Sigma-Aldrich. Lead(II) nitrate 99%, 

ethanol 99.5%, acetone, chloroform, dichloromethane, petroleum ether, methanol 99.5%, sodium 

hydroxide 98%, cadmium(II) chloride monohydrate 99%, tetrahydrofuran and toluene were 

purchased from Merck. All the reagents were used as received without any further purification. 

2.2. Syntheses of the ligands and complexes as SSPs 

The heterocyclic morpholine, pyrrolidine thiourea and the heterocyclic piperidine dithiocarbamate 

ligands with their corresponding Pb(II), Cu(II) and Cd(II) metal complexes were prepared using 

the methods described by Douglass et al 129 and O’Brien et al45 which have been summarized in 

2.2.1. – 2.2.6 below. 

2.2.1. Syntheses of N-morpholine and N-pyrrolidine-N’-benzoylthiourea ligands 

Benzoyl chloride (2.0 mL; 17 mmol) was dissolved in 50 mL of acetone and the resulting mixture 

added dropwise to a suspension of potassium thiocyanate (1.67 g; 17 mmol) in 30 mL of acetone. 

The reaction mixture was heated under reflux for 30 min, then cooled to room temperature. A 

solution of the corresponding amine (morpholine/pyrrolidine; 17 mmol) in 10 mL of acetone was 

added and the resulting mixture stirred for 2 h. Distilled water (250 mL) was added to the resultant 

solution and the solid product filtered off, then dried in air and purified by recrystallization in 

ethanol:dichloromethane (1:1) mixture. 
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2.2.2. Synthesis of sodium piperidine dithiocarbamate ligand 

Carbon disulfide (6.0 mL, 100 mmol) was added in small portions to an equimolar mixture of 

sodium hydroxide (4.0 g, 100 mmol) and piperidine (9.9 mL, 100 mmol) and the mixture cooled 

in an ice bath at 0 ºC. The reaction mixture was stirred at room temperature for 30 min; the 

solidified mass was then dried in air and recrystallized in a mixture of acetone/petroleum ether. 

The final compound was washed with chloroform and dried by suction. 

The chemical reaction for the synthesis of the piperidine dithiocarbamate ligand is shown in 

Scheme 4. 

 

NaOH CS2

ice bath at 0 0C

H2ONH N

S-Na+

S

Piperidine (pip) Napip-dtc  

 

Scheme 4. Chemical reaction scheme for the synthesis of the piperidine ligand. 

 

2.2.3. Syntheses of metal(II) N-morpholine and N-pyrrolidine [M(morph/pyrr-tu)2] 

complexes, M= (Pb and Cu) 

The metal salt (2 mmol) (lead nitrate and copper chloride) was each dissolved in 20 mL of water 

and added dropwise to a solution of the corresponding ligand (4 mmol) (N-morpholine and N-

pyrrolidine-N’-benzoylthiourea) in 50 mL of ethanol at room temperature. The resulting mixture 

was stirred for 30 min and the final product obtained was filtered off, washed with distilled water 

and dried at room temperature, and purified by recrystallization in ethanol:dichloromethane (1: 1). 

The chemical reaction for the synthesis of the thiourea ligands and their corresponding Pb(II) and 

Cu(II) complexes is shown in Scheme 5. 
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Scheme 5. Chemical reaction scheme for the syntheses of the thiourea complexes. 

2.2.4. Synthesis of cadmium(II) dihexyl dithiocarbamate complex  

Carbon disulfide (1.2 mL, 20 mmol) was added in small portions to an equimolar mixture of 

sodium hydroxide (0.8 g, 20 mmol) and dihexylamine (4.7 mL, 20 mmol). The mixture was cooled 

in an ice bath at 0 ºC. After 15 min, cadmium chloride (2.0 g, 10.0 mmol) dissolved in distilled 

water (30.0 mL) was added dropwise to the corresponding solution of the dithiocarbamate ligand 

while stirring. The reaction mixture was stirred for 1 h and the precipitate formed was filtered off, 

washed with excess distilled water and dried overnight at room temperature. 

The chemical reaction for the preparation of the dihexyl dithiocarbamate ligand and its Cd(II) 

complex is shown in Scheme 6. 
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Scheme 6. Chemical reaction scheme for the synthesis of the Cd(II) dihexyl dithiocarbamate 

complex. 

 

2.2.5. Syntheses of cadmium(II) diethyl dithiocarbamate, piperidinyl dithiocarbamate and 

ethyl xanthate complexes 

Cadmium chloride monohydrate (1.0 g, 5.0 mmol) was dissolved in distilled water (25.0 mL) and 

the solution added dropwise to a solution of the dithiocarbamate or xanthate ligands (10.0 mmol). 
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The reaction mixture was stirred for 1 h, and the precipitate formed was filtered off, washed with 

excess distilled water and dried overnight at room temperature. 

The chemical reaction for the preparation of the Cd(II) diethyl, piperidine dithiocarbamate and 

Cd(II) ethyl xanthate complexes is shown in Scheme 7. 

 

 

 

 

Scheme 7. Chemical reaction scheme for the syntheses of the Cd(II) diethyl, piperidine 

dithiocarbamate and Cd(II) ethyl xanthate complexes. 
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2.2.6. Syntheses of cadmium(II), indium(III) and gallium(III) ethyl xanthate complexes 

2.2.6.1. Synthesis of bis(ethylxanthato)cadmium(II)  

Cadmium chloride (1.83 g, 10.0 mmol) was dissolved in distilled water (20.0 mL) and the solution 

added dropwise to a stirred solution of potassium ethyl xanthogenate ligand (3.21 g, 20.0 mmol). 

After an hour, the resulting pale yellowish precipitate was filtered, washed with excess distilled 

water and allowed to dry overnight at room temperature in air. 

2.2.6.2. Synthesis of tris(ethylxanthato)indium(III)  

Potassium ethyl xanthogenate (2.18 g, 13.56 mmol) was dissolved in dry tetrahydrofuran (100 mL) 

under N2. A colourless solution of indium(III) chloride (1.00 g, 4.52 mmol) in 5 mL 

tetrahydrofuran was added dropwise to the potassium xanthate solution and the mixture stirred for 

an hour. The mixture was then filtered to remove KCl and the tetrahydrofuran was removed in 

vacuo, resulting in a cream coloured powder. The product was recrystallized in chloroform to give 

colourless crystals.  

2.2.6.3. Synthesis of tris(ethylxanthato)gallium(III) 

Gallium(III) chloride (2.01 g, 11.40 mmol) was dissolved in 10 mL of dry toluene under N2. 

Potassium ethyl xanthogenate (5.50 g, 34.20 mmol) was dissolved in dry toluene (50 mL), added 

dropwise to the gallium chloride solution and the mixture stirred for three hours at room 

temperature under N2. KCl was removed by filtration and the toluene was removed in vacuo, 

resulting in the formation of a cream coloured powder. 

The chemical reaction for the preparation of the Cd(II), In(III) and Ga(III) ethyl xanthate 

complexes is shown in Scheme 8. 
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Scheme 8. Chemical reaction scheme for the syntheses of the Cd(II), In(III) and Ga(III) ethyl 

xanthate complexes. 
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2.3. Syntheses of organically capped metal sulfide nanoparticles using the hot injection 

route 

The lead sulfide (PbS), copper sulfide (CuxSy) and cadmium sulfide (CdS) were prepared from the 

molecular precursors through the hot injection method as reported by O’Brien and Pickett.37  

Figure 17 shows the schematic set up for the preparation of metal sulfide PbS, CuxSy and CdS 

nanoparticles. 

 

 

Figure 17. Schematic set up for the preparation of metal sulfide nanoparticles. 

 

2.3.1. Syntheses of lead sulfide (PbS) nanoparticles 

A specified amount of 0.3 mmol (0.2 g) of the [Pb(morph-tu)2] or [Pb(pyrr-tu)2] complex was each 

dissolved in 3.0 mL of the dispersion solvent (oleylamine or castor oil). The solution was injected 

into 5.0 mL of hot capping agent (OLA or CO) in a three-necked flask to the desired temperature 

(150 - 250 ºC). The solution turned black and a drop in temperature of 10 - 20 ºC was observed, 

then the reaction was allowed to stabilize to the desired temperature (150 - 250 ºC). After a reaction 
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time of 30 mins, aliquots of samples were taken and methanol was added, resulting in the formation 

of a flocculent precipitate. The precipitate was separated by centrifugation and then dispersed in 

toluene to give blackish OLA- or CO-capped PbS nanoparticles (see Image 1). 

 

 

Image 1. a) Some tubes of synthesized a) OLA-capped PbS and b) CO-capped PbS 

nanoparticles. 

The above reaction procedure is detailed in Table 1. 

Table 1. Reaction parameters for the syntheses of PbS nanoparticles 

Precursor-Mass (g) Dispersion 

solvent 

(mL) 

Capping 

agent (mL) 

Volume of the 

capping agent 

(mL) 

Temperature of 

the reaction (°C) 

Time of the 

reaction (min) 

[Pb(morph-tu)2]-0.2 OLA OLA 5 150 30 

    200 30 

    250 30 

[Pb(pyrr-tu)2]-0.2 OLA OLA 5 150 30 

    200 30 

    250 30 

[Pb(morph-tu)2]-0.2 CO CO 5 150 30 

    200 30 

    250 30 

[Pb(pyrr-tu)2]-0.2 CO CO 5 150 30 

    200 30 

    250 30 
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2.3.2. Syntheses of copper sulfide (CuxSy) nanoparticles 

Briefly, 5.0 mL of the capping agent (OLA or dodecanethiol) was placed in a three-necked flask 

and purged with N2, after applying vacuum for few minutes at room temperature, using a Schlenk 

line to evacuate any air. The capping agent was slowly heated to the desired temperature (150 - 

250 °C) and the temperature was maintained for 10 mins. A specified amount (0.35 mmol) of the 

precursors ([Cu(morph-tu)2] or [Cu(pyrr-tu)2]) was each dispersed in 3.0 mL of the dispersion 

solvent (OLA and/or DT) and injected into the pre-heated capping agent. Upon injection, the 

colourless solution turned brownish, and a drop in temperature of 15 - 20 °C was observed, the 

temperature was quickly maintained to desired temperature (150 - 250 °C). After a reaction time 

of 30 min, aliquots of samples were taken and methanol was added, this resulted to the formation 

of a flocculent precipitate. The precipitate was separated by centrifugation and then dispersed in 

toluene to obtain dark brownish OLA- or DT-capped CuxSy nanoparticles (see Image 2). 

 

Image 2. Some tubes of synthesized a) DT-capped CuxSy and b) OLA-capped CuxSy 

nanoparticles. 

The above reaction procedure is detailed in Table 2. 
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Table 2. Reaction parameters for the syntheses of CuxSy nanoparticles. 

Precursor-Mass (g) Dispersion 

solvent 

(mL) 

Capping 

agent (mL) 

Volume of the 

capping agent 

(mL) 

Temperature of 

the reaction (°C) 

Time of the 

reaction (min) 

[Cu(morph-tu)2]-0.2 OLA OLA 5 150 30 

    200 30 

    250 30 

[Cu(pyrr-tu)2]-0.2 OLA OLA 5 150 30 

    200 30 

    250 30 

[Cu(morph-tu)2]-0.2 OLA DT 5 150 30 

    190 30 

    230 30 

[Cu(pyrr-tu)2]-0.2 OLA DT 5 150 30 

    190 30 

    230 30 

[Cu(morph-tu)2]-0.2 DT DT 5 150 30 

    190 30 

    230 30 

[Cu(pyrr-tu)2]-0.2 DT DT 5 150 30 

    190 30 

    230 30 

 

2.3.3. Syntheses of cadmium sulfide (CdS) nanoparticles 

A specified amount of 1.2 mmol of the [Cd(dihex-dtc)2] or [Cd(dieth-dtc)2] or [Cd(pip-dtc)2] or 

[Cd(eth-xan)2] complex was each dissolved in 6.0 mL of tri-n-octylphosphine (TOP). The solution 

was injected into 6.0 mL of hot capping agent (OLA or hexadecylamine) in a three-necked flask 

at 250 ºC. The solution turned yellow and a drop in temperature of 20 - 30 ºC was observed, then 

the reaction was allowed to stabilize at 250 ºC. After a reaction time of 1 h, aliquots of samples 

were taken and methanol was added, resulting in the formation of a flocculent precipitate. The 

precipitate was separated by centrifugation and then dispersed in toluene to give yellowish OLA- 

or HDA-capped CdS nanoparticles (see Image 3). 
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Image 3. Some tubes of synthesized a) OLA-capped and b) HDA-capped CdS nanoparticles. 

The above reaction procedure is detailed in Table 3. 

Table 3. Reaction parameters for the syntheses of CdS nanoparticles. 

Precursor-Mass (g) Dispersion 

solvent (mL) 

Capping 

agent 

(mL/g) 

Amount of the 

capping agent 

(mL/g) 

Temperature of 

the reaction (°C) 

Time of the 

reaction (h) 

[Cd(dihex-dtc)2]-0.8 TOP OLA 6 250 1 

[Cd(dieth-dtc)2]-0.5 TOP OLA 6 250 1 

[Cd(pip-dtc)2]-0.5 TOP OLA 6 250 1 

[Cd(eth-xan)2]-0.4 TOP OLA 6 250 1 

[(dihex-dtc)2]-0.8 TOP HDA 6 250 1 

[Cd(dieth-dtc)2]-0.5 TOP HDA 6 250 1 

[Cd(pip-dtc)2]-0.5 TOP HDA 6 250 1 

[Cd(eth-xan)2]-0.4 TOP HDA 6 250 1 

 

2.4. Synthesis of undoped CdS, In-doped and Ga-doped CdS nanoparticles by solventless 

method 

The undoped CdS, In-doped CdS and Ga-doped CdS nanoparticles were synthesized from the 

single source precursors through the solventless technique as reported by Abe and co-workers.122 
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2.4.1. Synthesis of undoped CdS nanoparticles 

Complex of Cd(II)eth-xan (0.20 g, 0.56 mmol) was finely ground and heated under N2.  The 

powder was heated to 300 °C and held at this temperature for 1 h before being allowed to cool to 

room temperature where a red powder was obtained. 

2.4.2. Syntheses of In-doped and Ga-doped CdS nanoparticles  

Complexes of Cd(II)eth-xan and In(III)eth-xan were mixed and finely ground in mass ratios 

varying from 2 to 10 %. The mixture was then heated under N2 to 300 °C and held at this 

temperature for 1 h before being allowed to cool to room temperature where red In-doped CdS 

nanocrystals were obtained. The same procedure was repeated using the Cd(II)eth-xan and 

Ga(III)eth-xan complexes (see Image 4). 

 

Image 4. Synthesized a) Undoped CdS, In-doped CdS and b) Undoped CdS, Ga-doped CdS 

nanoparticles. 

The above reaction procedure is detailed in Table 4. 
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Table 4. Reaction parameters for the syntheses of undoped CdS, In-doped CdS and Ga-doped CdS 

nanoparticles 

Composition 

[In]/[In]+[Cd] 

Ratio 

(Cd:In:S) 

Mmol of In 

(mass in grams) 

Mmol of Cd 

(mass in grams) 

T °C Time (h) 

- 50:0:50 

(only CdS) 

- 0.56 (0.20) 300 1 

0.02 49:1:50 0.104 (0.05) 5.121 (1.82) 300 1 

0.04 48:2:50 0.104 (0.05) 2.508 (0.89) 300 1 

0.06 47:3:50 0.104 (0.05) 1.637 (0.58) 300 1 

0.08 46:4:50 0.104 (0.05) 1.202 (0.43) 300 1 

0.1 45:5:50 0.104 (0.05) 0.940 (0.33) 300 1 

      

Composition 

[Ga]/[Ga]+[Cd] 

Ratio 

(Cd:Ga:S) 

Mmol of Ga 

(mass in grams) 

Mmol of Cd 

(mass in grams) 

- - 

- 50:0:50 

(only CdS) 

- 0.56 (0.20) 300 1 

0.02 49:1:50 0.115 (0.05) 5.653 (2.00) 300 1 

0.04 48:2:50 0.115 (0.05) 2.769 (0.98) 300 1 

0.06 47:3:50 0.115 (0.05) 1.807 (0.64) 300 1 

0.08 46:4:50 0.115 (0.05) 1.326 (0.47) 300 1 

0.1 45:5:50 0.115 (0.05) 1.038 (0.37) 300 1 

 

2.5. Syntheses of some metal sulfide thin films by the aerosol-assisted chemical vapour 

deposition (AACVD) technique 

0.2 g of each molecular precursor was dissolved in 25 mL of chloroform and/or tetrahydrofuran 

(THF) in a two-necked 100 mL round-bottom flask with a gas inlet that allowed the carrier gas 

(argon) to pass into the solution to assist the transport of the aerosol. This flask was connected to 

the reactor tube by a piece of reinforced tubing. The argon flow rate was controlled by a Platon 

flow gauge. Seven glass substrates (approx. 1 х 2 cm) were placed inside the reactor tube in a 

Carbolite furnace. The precursor solution in a round-bottom flask was kept in a water bath above 
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the piezoelectric modulator of a Pifco ultrasonic humidifier (Model No. 1077). Aerosol droplets 

of the precursor were transferred into the hot wall zone of the reactor by carrier gas. Both the 

solvent and the precursor were evaporated and the precursor vapor reached the heated substrate 

surface where thermally induced reactions and film deposition took place. The reaction 

temperatures were varied between 350 - 450 °C (see Image 5). 

 

Image 5. Glass substrate of deposited a) CuxSy, b) PbS and c) CdS thin films. 

Figure 18 presents a schematic set up for an AACVD reaction and Table 5 provides the reaction 

parameters for the deposition of PbS, CuxSy and CdS thin films. 
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Figure 18.  Schematic set up for an AACVD reaction. 

Table 5. Reaction parameters for the deposition of PbS, CuxSy and CdS thin films. 

Precursor-Mass (g) T (°C) Time 

(min) 

Flow rate 

(cm3/min) 

Solvent (volume 

in mL) 

Substrate 

[Pb(morph-tu)2]-0.2 350-400-450 40 140 Chloroform (25) Glass 

[Pb(pyrr-tu)2]-0.2 350-400-450 25 140 Chloroform (25) Glass 

[Cu(morph-tu)2]-0.2 350-400-450 30 140 Chloroform (25) Glass 

[Cu(pyrr-tu)2]-0.2 350-400-450 20 140 Chloroform (25) Glass 

[Cd(dihex-dtc)2]-0.2 400-450 30 140 THF (25) Glass 

 450 40 140 THF+chloroform 

(25) 

Glass 

[Cd(dieth-dtc)2]-0.2 400-450 25 140 THF Glass 

 450 35 140 THF+chloroform 

(25) 

Glass 

[Cd(pip-dtc)2]-0.2 400-450 35 140 THF Glass 

 450 45 140 THF+chloroform 

(25) 

Glass 

[Cd(eth-xan)2]-0.2 400-450 30 140 THF Glass 

 450 40 140 THF+chloroform Glass 
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2.6. Characterization of the ligands and the metal complexes 

The prepared precursors were characterized by analytical techniques such as C, H, N elemental 

analysis, melting points analyses. Thermo gravimetric analysis (TGA), infra-red spectroscopy (IR) 

and nuclear magnetic resonance (NMR).  

2.6.1. Elemental analyses 

Elemental microanalysis (C, H, N) is a direct technique for determining the analytic data of a 

sample by providing a precise and accurate atomic composition analysis of a sample. Elemental 

analysis was performed on a Perkin-Elmer automated model 2400 series II CHNS/O analyzer at 

the Chemistry Department, University of Zululand, South Africa. Other elemental analysis were 

done using a Flash 2000 Thermo Scientific elemental analyzer and TGA data obtained with Mettler 

Toledo TGA/DSC1 stare system between 30–600 °C at a heating rate of 10 °C min-1 under nitrogen 

flow at the School of Chemistry, University of Manchester, UK. 

2.6.2. Melting point determination 

The melting point of a compound is the temperature where it changes state from solid to liquid. It 

depends on the pressure and is commonly identified at a standard pressure such as one atmosphere 

(atm) or 100 kilopascals (kPa). Melting points of the samples were recorded on the Barloworld 

SMP10 Melting Point Apparatus at the Chemistry Department, University of Zululand, South 

Africa (Image 6), the School of Chemistry, University of Manchester, UK (Image 6) and at the 

Department of Inorganic Chemistry, University of Yaounde I, Cameroon (Image 7). 
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Image 6. Barloworld SMP10 Melting Point Apparatus. 

 

 

Image 7. Melting Point Apparatus. 

 

2.6.3. Thermal analyses 

Thermogravimetric analysis (TGA) provides the amount and rate of change in the weight of a 

sample as a function of temperature in a known atmosphere. TGA analysis are employed to find 

the composition of compounds and to forecast their thermal stability at temperatures up to 1000 

°C. Thermogravimetric analysis was carried out at 20 °C/min heating rate from 30 °C to 700 °C 

under N2 gas flow rate of 10 mL/min, using a Perkin Elmer Pyris 6 TGA equipped with a closed 
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perforated aluminium pan. The DSC analysis was carried out at 20 °C/min heating rate up to 700 

°C using a Perkin-Elmer DSC 4000 series, previously calibrated with an indium metal. Both TGA 

and DSC were performed under N2 gas at the Chemistry Department of the University of Zululand 

in South Africa (Image 8). 

 

Image 8. Perkin-Elmer Pyris 6 Thermogravimetric analyzer. 

 

2.6.4. Infra-red analyses 

Infrared (IR) spectroscopy is a useful spectroscopic method employed by chemist and others 

researchers to determine the chemical functional groups present in a compound. It is also an 

instrument, which is significantly used for structural interpretation and sample identification. 

Infrared spectra were recorded on a Bruker FT-IR Tensor 27 spectrophotometer directly on small 

samples of the samples in the wavenumber range of 200 – 4000 cm-1, equipped with a standard 

ATR crystal cell detector at the Chemistry Department of the University of Zululand, South Africa 

(Image 9). 
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Image 9. Bruker FT-IR tensor 27 spectrophotometer. 

2.6.5. 1H Nuclear magnetic resonance (NMR) analyses 

Nuclear magnetic resonance (NMR) spectroscopy is a technique that gives complete information 

concerning the structure and the environment of compounds. The 1H NMR spectra of both the 

ligands and metal complexes were obtained using a Bruker advance III 400 MHz 

spectrophotometer equipped with trimethylsilane as an internal standard reference. They were 

performed at the University of KwaZulu-Natal, South Africa and at the School of Chemistry, 

University of Manchester, UK (Image 10). 
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Image 10. Nuclear magnetic resonance Bruker advance III 400 MHz spectrophotometer. 

2.6.6. Single crystal X-ray crystallography  

Single X-ray diffraction data was recorded on a Bruker Apex Duo equipped with an Oxford 

Instruments Cryojet operating at 100(2) K and an Incoatec microsource operating at 30 W power. 

The data were collected with Mo Kα (λ = 0.71073 Å) radiation at a crystal-to-detector distance of 

50 mm. Data were collected using omega and phi scans with exposures taken at 30 W X-ray power 

and 0.50° frame widths using APEX2153. The data were reduced with the programme SAINT153 

using outlier rejection, scan speed scaling, as well as standard Lorentz and polarization correction 

factors. A SADABS semi-empirical multi-scan absorption correction153 was applied to the data. 

Direct methods, SHELX-2016154 and WinGX155, were used to solve the data. All non-hydrogen 

atoms were located in the difference density map and refined anisotropically with SHELX-2016.154 

All hydrogen atoms were included as idealized contributors in the least squares process. 
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2.7. Characterization of the organically capped metal sulfide nanoparticles and thin films 

The main importance of nanotechnology is based on the statement that the properties of materials 

change dramatically when their dimension is reduced to the nanometer range. However, ongoing 

research is still moving on the synthesis of nanostructured materials and their characterization still 

represents a challenge to researchers. It is therefore important to use every given opportunity to 

study and fully understand the characterisation of nanomaterials since it plays a decisive role in 

the determination of their different properties through different aspects like the morphology, 

crystal structure, chemistry and electronic structure. 

2.7.1. Optical spectroscopies 

Optical spectroscopies are based on the interaction of light with matter as a function of wavelength 

or energy to give information concerning a material. The absorption or emission 

(photoluminescence) experiments with visible and UV light aims at disclose the electronic 

structure while Raman will provide the fingerprint of the material. 

2.7.1.1. UV-visible spectroscopy 

UV-visible spectroscopy involves a light source, reference, sample beams, a monochromator and 

a detector. The UV-visible spectrum of a sample is found by exposing the sample to ultraviolet 

light from a light source like xenon lamp. For PbS samples and CdS thin films, a Perkin Elmer 

Lambda 1050 UV/Vis/NIR spectrophotometer was used to carry out UV-Vis absorption 

measurements (Image 11). While for CdS nanoparticles, optical absorption measurements were 

carried out on a Varian Cary 50 UV-Visible spectrophotometer using quartz cuvettes (1 cm path 

length), using toluene as reference solvent (Image 12). 
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Image 11. Perkin Elmer Lambda 1050 UV/Vis/NIR spectrophotometer. 

 

Image 12. Varian Cary 50 Conc UV-visible spectrophotometer. 

 

2.7.1.2. Photoluminescence spectroscopy 

Photoluminescence spectroscopy is a contactless technique for probing the electronic structure of 

materials. In this technique, the light fixed onto a sample is absorbed and transmits excess energy 

into the material in a process called phot-excitation. A Perkin-Elmer LS 55 spectrofluorimeter was 

used to measure the photoluminescence properties of the CdS thin films (Image 13). 
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Image 13. Perkin-Elmer LS 55 spectrofluorimeter. 

 

2.7.1.3. Raman spectroscopy 

Raman is a spectroscopic technique used to observe vibrational, rotational, and other low-

frequency modes in a system. Raman spectroscopy is frequently used to provide a structural 

fingerprint by which a material can be recognized156. Raman spectra were measured using a 

Renishaw 1000 micro-raman system equipped with a 514 nm laser at the School of Chemistry of 

the University of Manchester, UK. 

2.7.2. Electron beam techniques 

Electrons beams are used to produce images of materials. These imaging techniques give a highly 

magnified image of the surface or the bulk of the sample. Nanostructures can only be analyzed via 

these imaging methods. Therefore, transmission electron microscopy (TEM), high-resolution 

transmission electron microscopy (HRTEM), scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDX) are among the most important instruments used to 

investigate the internal structure of a material. 

2.7.2.1. Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) 

Transmission electron microscopy (TEM) is a microscopic method in which a beam of electrons 

is transmitted through an ultra-specimen and interacts as it crosses via the sample. The formation 

of an image occurs from the electrons transmitted via the specimen, it is magnified and focused by 

an objective lens and appears on an imaging screen. TEM permits the investigation of the internal 
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structure of the materials in the micro and nano range, while HRTEM is an imaging method of the 

transmission electron microscope that permits the imaging of the crystallographic structure of a 

sample at an atomic scale.  

Samples were arranged by evaporating drops of diluted solution of nanoparticles on Formvar-

coated Cu grids (150 mesh) for TEM and holey carbon grids for HRTEM analyses. A JEOL 1400 

TEM and JEOL 2100 HRTEM were used for respective analyses, at an accelerating voltage of 120 

kV and 200 kV, respectively. A Megaview III camera was used for TEM and the images were 

captured using iTEM software. While a Gatan camera and Gatan software were used for HRTEM. 

2.7.2.2. Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) 

 The as-deposited thin films were carbon coated before performing scanning electron microscopy 

(SEM) and energy dispersive X-ray spectroscopy (EDX) analyses. This allows to investigate the 

morphology of the films and to find out the elemental composition of the films respectively. 

The surface morphology and structure of the film was determined using a Zeiss Sigma VP-03-67 

field emission gun scanning electron microscopy (FEGSEM), equipped with an Oxford instrument 

X-max 50 EDX detector (Image 14) and Philips XL30 FEG microscope, with an energy-dispersive 

X-ray spectroscopy (EDX) DX4 detector. The analyses were carried out at the Department of 

Chemistry, University of Zululand, South Africa and at the School of Chemistry, University of 

Manchester, UK. 

 

 

Image 14. Scanning Electron Microscope. 



67 
 

2.7.3. X-ray diffraction technique 

X-ray diffraction (XRD) is a versatile technique that provides detailed information about the 

chemical composition, crystallographic and microstructure of the samples. The analysis of the 

diffraction pattern reveals information such as lattice parameter, crystal structure, sample 

orientation and particle size. The Bragg equation allows for the finding of the lattice parameters: 

2dsinθ = nλ   where d is the lattice spacing.157 

Powder diffraction patterns of the nanomaterials were recorded at room temperature in the high 

angle 2θ range (20 – 90°) using an Advanced Bruker AXS D8 diffractometer, equipped with 

nickel-filtered Cu Kα radiation (λ = 1.542 Å) at 40 kV and 40 mA at the Chemistry Department, 

University of Zululand, South Africa. The scan speed and step sizes were 0.05 °/min and 0.00657 

° respectively (Image 15). Furthermore, analyses were also carried out using an X-Pert 

diffractometer with a Cu-Kα1 source (λ = 1.54059 Å), the samples were scanned between 20° and 

70°, the applied voltage was 40 kV, and the current was 30 mA at the School of Chemistry, 

University of Manchester, UK. 

 

Image 15. Bruker AXS D8 diffractometer. 
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CHAPTER 3: RESULTS AND DISCUSSION 

This chapter focuses on the results and discussion of the synthesized precursors and metal sulfide 

nanomaterials. 

3.1. Syntheses and characterisation of precursors 

Ligands and their respective metal complexes were prepared as described in subsection 2.2 and 

then characterised using some analytical techniques reported in subsection 2.6. 

 3.1.1. Syntheses and characterization of heterocyclic thiourea ligands and lead complexes 

Heterocyclic morpholine thiourea (morph-tu) and pyrrolidine thiourea (pyrr-tu) ligands and the 

corresponding lead complexes were prepared as presented in scheme 5, page 43. The resulting 

products were characterized using known analytical methods such as elemental analysis, 

thermogravimetric analysis (TGA), infrared analysis (IR), 1H nuclear magnetic resonance 

(1HNMR) analysis and single crystal X-ray crystallography. 

The N-morpholine-N’-benzoylthiourea ligand was a white powder and its corresponding Pb(II) 

complex was a white microcrystal whilst the N-pyrrolidine-N’-benzoylthiourea ligand and its 

Pb(II) complex were yellow. The compounds were air and moisture stable, easy to synthesize and 

soluble in some organic solvents such as chloroform. The elemental analysis data for the ligands 

and lead complexes are detailed in Table 6. 
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Table 6. Elemental analyses data for the ligands and lead complexes. 

Compounds Yield 

(%) 

Form 

(color) 

MPt (°C) Elemental analysis 

Found (calcd)% 

C                 H                N                           

Molecular 

formula 

morph-tu 75 Precipitate 

(white) 

144-146 57.98        5.62          11.07 

(57.58)      (5.64)       (11.19) 

C12H14N2O2S 

pyrr-tu 73 Precipitate 

(yellow) 

130-133 61.92        5.89         11.08 

(61.51)     (6.02)     (11.96) 

C12H14N2OS 

[Pb(morph-tu)2] 91 Microcrystal 

(white) 

167-169 39.85        3.69          7.93 

(40.84)     (3.71)     (7.94) 

C24H26N4O4PbS2 

[Pb(pyrr-tu)2] 74 Precipitate 

(yellow) 

154-157 41.14        3.51          7.43 

(42.78)     (3.89)     (8.31) 

C24H26N4O2PbS2 

 [morph-tu]: N-morpholine-N’-benzoylthiourea 

[pyrr-tu]: N-pyrrolidine-N’-benzoylthiourea 

[Pb(morph-tu)2]: bis(N-morpholine-N’-benzoylthioureato)lead(II) 

[Pb(pyrr-tu)2]: bis(N-pyrrolidine-N’-benzoylthioureato)lead(II) 

The IR results revealed that the medium peak appearing at 3239 cm-1 for (morph-tu) and 3148    

cm-1 for (pyrr-tu) is attributed to the stretching of the N–H group adjacent to the carbonyl group. 

This N-H bond is replaced by the C=N bond upon complexation of the ligand to the metal ion by 

action of a base. The appearance of two new peaks in the IR spectra of the complexes is observed 

at 1587 cm-1 and 1586 cm-1 respectively for complexes Pb-morphtu and Pb-pyrrtu and attributed 

to the C=N bond. The strong band at 1663 cm-1 for (morph-tu) and 1643 cm-1 for (pyrr-tu) is 

attributed to the vibration of the C=O of carbonyl groups which shifts to lower wavenumbers upon 

complexation. Deprotonation involved delocalization of C=O stretching vibration which is in 

agreement with the literature158,159 thus confirming the coordination to the central metal ion 

through oxygen atom of the carbonyl group. 

The 1H NMR data of the ligands showed that the amide proton, N-H peak is observed at 9.68 and 

9.65 ppm for (morph-tu) and (pyrr-tu), respectively. The multiplet peaks in the 1H NMR spectra 

assigned to the aromatic protons are observed in the 8.00-7.54 and 8.02-7.50 ppm range in both 
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ligands respectively. Two signals indexed to the methylene protons of morpholine and pyrrolidine 

are also observed in the 4.27-3.84 and 3.80-3.70 ppm range (see Table 7). 

Table 7. Spectroscopic data for the ligands and lead complexes. 

Compounds 1H NMR (400 MHz) 

δ in (ppm) 

√(N-H)        √(C=O)        √(C=S)      √(C=N)                                

(cm-1)         (cm-1)           (cm-1)       (cm-1)                                     

morph-tu 9.68 (s, 1H, NH) 

8.00 (m, 2H, Ar-H) 

7.60 (m, 1H, Ar-H) 

7.54 (m, 2H, Ar-H) 

4.27 (s, 4H, CH2) 

3.84 (t, 4H, CH2) 

3239 (br)    1663 (s)        1000 (s)        - 

       

pyrr-tu 9.65 (s, 1H, NH) 

8.02 (m, 2H, Ar-H) 

7.70 (m, 1H, Ar-H) 

7.50 (m, 2H, Ar-H) 

3.80 (t, 4H, CH2) 

3.70 (t, 4H, CH2) 

3148 (br)     1643 (s)         979 (s)           - 

 

[Pb(morph-tu)2] - -                   1473 (s)         -               1587 (s) 

[Pb(pyrr-tu)2] - -                   1487 (s)                          1586 (s) 

s= strong, br= broad. 

The TGA profiles of both complexes showed a two-step decomposition pattern. The first step gave 

a loss of 58% (54.19%, corresponding to 2MB = 2morpholinylbenzamide) Pb-morphtu complex 

(1) (Figure 19; step ii) and 52% (52.01%, corresponding to 2PB = 2pyrrolidinylbenzamide) Pb-

pyrrtu complex (2) (Figure 19; step iv) at 282 and 293 °C, respectively corresponding to the loss 

of the organic moiety. The second decomposition steps at 485 and 493 °C with mass losses of a 

further 10% (calcd: 7.38%; corresponding to 2CN = 2cyanide, step i) (1) and 9% (7.73%; 

corresponding to 2CN = 2cyanide; step iii) (2) occurred, respectively160. The final residues of 

33.00% (calc. 33.90%) (1) and 39% (calc. 35.51%) (2) closely correspond to the theoretical values 

of PbS, respectively. The higher experimental residues for (2) can be attributed to carbonaceous 

contamination from aryl and heterocyclic groups. 
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Figure 19. Thermogravimetric analysis (TGA) plots of Pb(II) complexes (1) and (2) at a heating 

rate of 10 °C min-1 under nitrogen atmosphere. 

3.1.1.1. Crystal structure of the Pb-morphtu complex 

Thin colourless, plate-like crystals of Pb-morphtu complex (1) were grown from a 1:1 mixture of 

dichloromethane and ethanol. The data were collected with Mo Kα (λ = 0.71073 Å) radiation at a 

crystal-to-detector distance of 50 mm. Data were collected using omega and phi scans with 

exposures taken at 30 W X-ray power and 0.50° frame widths using APEX2153. Direct methods, 

SHELX-2016154 and WinGX155, were used to solve the data. All non-hydrogen atoms were located 

in the difference density map and refined anisotropically with SHELX-2016154. All hydrogen 

atoms were included as idealized contributors in the least squares process. Their positions were 

calculated using a standard riding model of SHELX with C-Haromatic distances of 0.93 Å and 

Uiso = 1.2 Ueq and C-Hmethylene distances of 0.99 Å and Uiso = 1.2 Ueq. The Pb(II) cation is 

four-coordinated with the coordination sphere comprising two bidentate N-morpholine-derived 

benzoylthioureato ligands. The ligands are coordinated through the carbonyl oxygen atom and a 

deprotonated thiol group yielding a monoanionic ligand and neutral lead(II) chelate. The 
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coordination geometry of the lead(II) complex can be described as hemidirected161 i.e. the bonds 

between the ligand and metal occupy only part of the encompassing globe of the metal ion, The 

compound crystalized in the monoclinic space group P21/n with a single molecule in the 

asymmetric unit (Z = 4). Crystal and structure refinement data are given in Table 8. The contents 

of the asymmetric unit and the Difference Fourier map of Pb-morphtu complex (1) are shown in 

Figure 20, the latter illustrates the likely position of the lone pair of electrons on the lead(II) ion. 

 

 

Figure 20. Thermal displacement plot (50% probability) of (1) showing the distorted trigonal 

bipyramidal geometry as well as the void in the coordination sphere, as conventionally attributed 

to the electron density. Hydrogen atoms are rendered as spheres of arbitrary radius. [Inset] 

Difference Fourier map showing the probable location of the electron density residing on the lead 

(II) ion. The contour has ρ = -1.8 e, the red and green grids indicate electron density maxima and 

minima, respectively. The plot was rendered using OLEX2162. CCDC reference number 1545392. 
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Table 8. Crystal data and structure refinement details for Pb-morphtu complex (1). 

Crystal Data Complex (1) 

Chemical formula C24H26N4O4PbS2 

Molar mass (g mol-1) 705.80 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 100(2) 

a, b, c (Å) 13.430(2), 8.0145(13), 23.392(4) 

α, β, γ (˚) 90, 92.456(5), 90 

V (Å3) 2515.6(7) 

Z 4 

Radiation type Mo Kα 

μ (mm-1) 6.91 

Crystal size (mm) 0.6 × 0.05 × 0.02 

Data Collection   

Diffractometer 

Theta (max) 

F000 

h, k, lmax 

Bruker APEXII CCD diffractometer 

28.234 

1376.0 

17, 10, 31 

Absorption correction Multi-scan, SADABS 

Tmin, Tmax 0.645, 0.746 

No. of measured, independent and observed  

[I > 2σ(I)] reflections  

23490, 6186, 5398 

Rint 0.035 

Refinement 

wR2 (reflections) 

   

0.0517 (6186) 

R[F2 > 2σ(F2)], wR(F2), S 0.024, 0.052, 1.05 

No. of reflections 6186 

No. of parameters 316 
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H-atom treatment 

Data completeness                                                         

H-atom parameters constrained 

0.995 

Δρmax, Δρmin (e Å−3) 

S 

1.00, –0.64 

1.052 

 

Table 9. Selected bond parameters describing Pb-morphtu complex. 

Bond Length (Å) Bond  Angle (°) 

Pb1–O1 2.448(2) O1–Pb1–S1 79.63(5) 

Pb1–O3 2.455(2) S1–Pb1–O3 76.81(6) 

Pb1–S1 2.687(1) O3–Pb1–S2 76.24(5) 

Pb1–S2 2.689(1) S2–Pb1–O1 85.11(5) 

C1–O1 1.262(4) S1–Pb1–S2 96.07(2) 

C14–O3 1.275(4) O1–Pb1–O3 147.99(7) 

    O1–C1–C7 118.3(3) 

    O3–C14–C15 117.1(3) 

 

The data in Table 9 illustrate the bond parameters associated with the metal ion coordination 

sphere. The bond parameters are comparable to those of related four-coordinate hemi-directed 

lead(II) chelates with pseudo trigonal bipyramidal geometry163–165. The C-O bond of the metal 

have a mean bond length of 1.268(6) Å.  

The structure packs as inversion dimers (Figure 21) supported by complementary Pb–S 

interactions between the lead ion and sulfur atom of an adjacent molecule with an interaction 

distance of 3.6157(9) Å. This motif leads to the formation of a four-membered ring. Interactions 

of this type are common, but not ubiquitous in comparable O2S2 lead(II) complexes163,164, as seen 

in many related cadmium complexes. The dimeric structures are linked into a one-dimensional 

supramolecular structure (Figure 22) through C–H···O interactions with a C···O interaction 
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distance of 3.399(4) Å. This structure propagates collinear to the b-axis. Bond length cannot be 

definitively linked to bond strength due to various packing constraints in the crystal lattice. 

However, both the Pb···S and C–H···O interactions are significantly shorter than the sum of the 

van der Waals radii of the interacting atoms, 0.304 and 0.204 Å, respectively. This short bond 

length suggests a genuine and indeed moderately strong interaction. In the case of the C–H···O 

interaction, this statement is further supported by the fact that the bond angle (171.4°) does not 

deviate significantly from the ideal angle of 180°. 

The dimeric structure indicates weak stabilizing Pb···Pb interactions. The separation of the metal 

ions comprising the dimer measures 3.9777(7) Å. In the literature there is debate as to whether 

Pb–Pb bonds exist or would be better described as van der Waals interactions166. The van der 

Waals parameter for a bond of this nature is 4.04 Å, thus the distance noted in the present 

compound is only modestly shorter and may indicate weak stabilizing van der Waals interactions 

between the metal ions. If the Pb···Pb contact and lone pair are considered part of the coordination 

sphere then the chelate could be loosely categorized as a distorted octahedron. 

 

Figure 21. Dimeric structure of Pb-morphtu stabilized by Pb···S and weak Pb…Pb interactions. 
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Figure 22. One-dimensional polymer of Pb-morphtu comprising dimeric molecules cross-linked 

by short, 3.399(4) Å, C, C-H…O interactions. Respective symmetry codes: 1-x, -y, 2-z and x, -

1+y, z. Interactions are shown as dashed purple tubes, all atoms are rendered as spheres of 

arbitrary radius. 

3.1.2. Syntheses and characterization of heterocyclic thiourea ligands and copper 

complexes 

The heterocyclic morpholine and pyrrolidine thiourea ligands and the corresponding copper(II) 

complexes were synthesized as shown in scheme 5, page 43. The resulting compounds were 

characterized using common analytical methods such as elemental analysis, thermogravimetric 

analysis (TGA), infrared analysis (IR), 1H nuclear magnetic resonance (1HNMR) analysis and 

single crystal X-ray crystallography. 

The prepared compounds were obtained as greenish powders. The products were obtained in good 

yields, and the purity was confirmed by microanalysis. The elemental analysis data for the ligands 

and copper complexes are detailed in Table 10. 
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Table 10. Elemental analyses data for the ligands and copper complexes. 

Compounds Yield 

(%) 

Form 

(color) 

MPt (°C) Elemental analysis 

Found (calcd)% 

C                 H                N                           

Molecular 

formula 

morph-tu 75 Precipitate 

(white) 

144-146 57.98         5.62           11.07 

(57.58)      (5.64)        (11.19) 

C12H14N2O2S 

pyrr-tu 73 Precipitate 

(yellow) 

130-133 61.92         5.89           11.08 

(61.51)        (6.02)        (11.96) 

C12H14N2OS 

[Cu(morph-tu)2] 90 Microcrystal 

(green) 

204-206 51.04         4.64             9.74 

(51.28)      (4.66)          (9.47) 

C24H26N4O4CuS2 

[Cu(pyrr-tu)2] 84 Precipitate 

(green) 

190-192 53.89          4.78            10.09 

(54.37)       (4.94)         (10.57) 

C24H26N4O2CuS2 

 

[morph-tu]: N-morpholine-N’-benzoylthiourea 

[pyrr-tu]: N-pyrrolidine-N’-benzoylthiourea 

[Cu(morph-tu)2]: bis(N-morpholine-N’-benzoylthioureato)copper(II) 

[Cu(pyrr-tu)2]: bis(N-pyrrolidine-N’-benzoylthioureato)copper(II) 

The IR studies revealed that the medium peak appearing at 3239 cm-1 for (morph-tu) and 3148 cm-

1 for (pyrr-tu) is attributed to the stretching of the N–H bond adjacent to the carbonyl group. This 

N-H bond is replaced by a C=N bond upon complexation of the ligand to the metal ion by action 

of a base. The appearance of one new peak, a C=N for each complex in the IR spectra of the 

complexes is observed at 1588 cm-1 and 1574 cm-1 respectively for Cu-morphtu and Cu-pyrrtu and 

attributed to the C=N vibration of the bond. The intense band at 1663 cm-1 for (morph-tu) and 1643 

cm-1 for (pyrr-tu) is attributed to the vibration of the C=O of carbonyl which shifts to lower 

wavenumbers upon complexation. Deprotonation involves delocalization of C=O stretching 

vibration which is in agreement with the literature158,159, confirming the coordination to the central 

metal ion through the oxygen atom of the carbonyl group. 

The 1H NMR data of the ligands showed that the amide proton, N-H peak is observed at 9.68 and 

9.65 ppm for (morph-tu) and (pyrr-tu), respectively. The multiplet peaks in the 1H NMR spectra 

assigned to the aromatic protons are observed in the 8.00-7.54 and 8.02-7.50 ppm range in both 
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ligands respectively. Two signals indexed to the methylene protons of morpholine and pyrrolidine 

are also observed in the 4.27-3.84 and 3.80-3.70 ppm range (see Table 11). 

Table 11. Spectroscopic data for the ligands and copper complexes. 

Compounds 1H NMR (400 MHz) 

δ in (ppm) 

√(N-H)        √(C=O)        √(C=S)      √(C=N)                                

(cm-1)         (cm-1)           (cm-1)       (cm-1)                                     

morph-tu 9.68 (s, 1H, NH) 

8.00 (m, 2H, Ar-H) 

7.60 (m, 1H, Ar-H) 

7.54 (m, 2H, Ar-H) 

4.27 (s, 4H, CH2) 

3.84 (t, 4H, CH2) 

3239 (br)    1663 (s)        1000 (s)        - 

       

pyrr-tu 9.65 (s, 1H, NH) 

8.02 (m, 2H, Ar-H) 

7.70 (m, 1H, Ar-H) 

7.50 (m, 2H, Ar-H) 

3.80 (t, 4H, CH2) 

3.70 (t, 4H, CH2) 

3148 (br)   1643 (s)         979 (s)           - 

 

[Cu(morph-tu)2] - -                   1472 (s)         -               1588 (s) 

[Cu(pyrr-tu)2] - -                   1473 (s)                          1574 (s) 

 

s= strong, br= broad. 

The TGA plot of Cu-morphtu complex (3) showed a two-step decomposition pattern, while Cu-

pyrrtu complex (4) undergoes a single step decomposition (Figure 23). The first step gave a loss 

of 71.24% (69.03%, indicating the loss of 2MB = 2morpholinylbenzamide) (3) (step ii) and 

70.13% (72.92%, indicating the loss of 2PB+2CN where 2PB = 2pyrrolidinylbenzamide and 2CN 

= 2cyanide) (4) (step iii) at 315 and 327 °C, respectively matching to the loss of the organic moiety. 

The second decomposition step at 386 °C with mass loss of 10.43% (calc: 9.26% corresponding 

to the loss of 2CN, step i) (3) occurred160. The final residues of 16.90% (calc. 17.00%) (3) and 

20.45% (calc. 18.03%) (4), corresponds to the theoretical values of CuS, respectively. The higher 

experimental residues for (4) can be attributed to the carbon contamination from aryl and 

heterocyclic groups. 
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Figure 23. Thermogravimetric analysis (TGA) plots of Cu(II) complexes (3) and (4) at a heating 

rate of 10 °C min-1 under nitrogen atmosphere. 

3.1.2.1. Crystal structure of the Cu-morphtu complex 

Green single crystals of Cu-morphtu complex suitable for X-ray crystal structure determination 

were grown from a 1:1 mixture of dichloromethane and ethanol. X-ray data were collected on a 

dual source Rigaku FR-X rotating anode diffractometer using Cu Kα (λ = 1.5418 Å) radiation at 

150K, and reduced using CrysAlisPro167. All non-hydrogen atoms were located in the difference 

density map and refined anisotropically with SHELX-2016154. Structures were solved and refined 

using SHELX-2016 implemented through Olex2168. All hydrogen atoms were included as 

idealised contributors in the least squares process. The Oak Ridge Thermal Ellipsoid Plot (ORTEP) 

crystal structure of bis(N-morpholine-N’-benzoylthioureato)copper(II) complex, is presented in 
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Figure 24 while the corresponding crystal data and selected bond parameters are described in Table 

12 and Table 13, respectively. 

The complex crystallizes in the triclinic crystal system, with space group P-1. Its molecular 

structure adopts a slightly square planar geometry with an asymmetric trans configuration. The 

Cu–S and Cu–O bond lengths are longer due to the Jahn–Teller effect169. In two six membered 

(NC2SO–Cu) rings of each specie, the Cu–S bond distances ranging from 2.2759 to 2.2797 Å and 

Cu–O bond distances ranging from 1.907 to 1.912 Å were observed. While the relatively long C–

S and short C–O average bond lengths of 1.730(4) Å and 1.266(5) Å are consistent with mostly 

single and double-bond character, respectively. 

Figure 24. Single X-ray crystal structure of bis(N-morpholine-N’-benzoylthioureato)copper(II) 

complex. 
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Table 12. Crystal data and structure refinement details for Cu-morphtu complex (3). 

Crystal Data Complex (3) 

Chemical formula C24H26N4O4CuS2 

Molar mass (g mol-1) 562.15 

Crystal system, space group Triclinic, P-1 

Temperature (K) 150 

a, b, c (Å) 4.1050(3), 16.3094(9), 17.7108(6) 

α, β, γ (˚) 81.492(4), 86.958(4), 82.974(5) 

V (Å3) 1163.15(11) 

Z 2 

Radiation type Cu Kα 

μ (mm-1) 3.352 

Crystal size (mm) 0.6 × 0.05 × 0.02 

Diffractometer Rigaku FR-X rotating anode 

diffractometer 

Dcalc (g cm-3) 1.605 

F(000) 

h, k, lmax 

Nref 

Tmin, Tmax 

Data completeness 

Theta (max) 

582.0 

4, 20, 21 

4464 

0.687, 1.000 

0.935 

75.031 

R(F2) (observed reflections) 0.0534 (3925) 

wR(F2) (all reflns) 

S 

Npar 

0.1446 (4464) 

1.115 

319 
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Table 13. Selected bond parameters describing Cu-morphtu complex (3). 

Bond Length (Å) Bond  Angle (°) 

Cu1–S1 2.2797 S1-Cu1-O1 93.35 

Cu1–O1 1.907 S1-Cu1-S1 180 

Cu1–S1 2.2797 S1-Cu1-O1 86.65 

Cu1–O1 1.907 O1-Cu1-S1 86.65 

S1–C1 1.730(4) O1-Cu1-O1 180 

O1–C2 1.256(4) S1-Cu1-O1 93.35 

 N1-C1 1.336(4) S2-Cu2-O3 93.45 

 N1-C2 

Cu2-S2 

Cu2-O3 

Cu2-S2 

Cu2-O3 

O3-C14 

N3-C13 

N3-C14 

1.337(4) 

2.2759 

1.912 

2.2759 

1.912 

1.266(5) 

1.335(4) 

1.326(4) 

S2-Cu2-S2 

S2-Cu2-O3 

O3-Cu2-S2 

O3-Cu2-O3 

S2-Cu2-O3 

180 

93.45 

86.55 

180 

93.45 

 

3.1.3. Dithiocarbamates (dihexyl, diethyl, piperidine) and Cd(II) complexes 

Dithiocarbamates and Cd(II) complexes were synthesized as described in subsection 2.2.2, 2.2.4, 

2.2.5 and their proposed chemical structures are included in page 44-45. Then they were 

characterised using some analytical methods reported in subsection 2.6. 

3.1.3.1. Syntheses and characterization of dithiocarbamate ligands and cadmium complexes 

The piperidinyl dithiocarbamate ligand, its corresponding cadmium(II) complexes synthesized 

from dihexyl/diethyl dithiocarbamates and ethyl xanthate were obtained in good yields as 

described in scheme 4, 6 and 7. These synthesized compounds were confirmed by Infrared (IR), 

microanalysis and Thermogravimetric analysis (TGA). The piperidinyl dithiocarbamate ligand and 
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its complex and the diethyl dithiocarbamate complex were white powders while dihexyl 

dithiocarbamate and ethyl xanthate complexes were yellow precipitates. The complexes are air 

and moisture stable at room temperature. Some elemental analytical data for the ligand and the 

cadmium complexes are shown in Table 14. 

Table 14. Elemental analytical data for the ligand and cadmium complexes. 

Compounds Yield (%) Form 

(color) 

Elemental analysis 

Found (calcd)% 

C                 H                N                           

Molecular formula 

Na(pip-dtc) 88 Precipitate 

(white) 

32.57         6.29           5.96 

(32.87)      (6.44)        (6.39) 

C6H14NO2S2Na 

[Cd(dihex-dtc)2] 88 Precipitate 

(yellow) 

48.56         8.43           4.34 

(49.30)      (8.27)        (4.42) 

C26H52CdN2S4 

[Cd(dieth-dtc)2] 94 Precipitate 

(white) 

29.19         4.77             6.73 

(29.37)      (4.93)          (6.85) 

C10H20CdN2O4S4 

[Cd(pip-dtc)2] 83 Precipitate 

(white) 

45.57          3.61            5.73 

(45.40)       (3.81)         (5.29) 

C12H20CdN2S4 

[Cd(eth-xan)2] 96 Precipitate 

(yellow) 

20.32           2.67             - 

(20.31)         (2.84)          - 

C6H10CdO2S4 

 

Na(pip-dtc): sodium piperidine dithiocarbamate 

[Cd(dihex-dtc)2]: bis(dihexyldithiocarbamato)cadmium(II) 

[Cd(dieth-dtc)2]: bis(diethyldithiocarbamato)cadmium(II) 

[Cd(pip-dtc)2]: bis(piperdinyldithiocarbamato)cadmium(II) 

[Cd(eth-xan)2]: bis(ethylxanthato)cadmium(II) 

 

The IR results spectra of the cadmium piperidine dithiocarbamate (c), cadmium dihexyl 

dithiocarbamate (a) and cadmium diethyl dithiocarbamate (b) showed a υ(C=N) band at 1480, 

1490 and 1495 cm-1 respectively, indicating partial double bond character. The C–N stretching 

vibration usually appears in dithiocarbamates as a strong band around 1500 cm-1. The position of 
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this band is indicative of the degree of the double bond character in the C–N bond (υ(C=N) = 

1690–1640 cm-1; υ(C–N) =1350–1250 cm-1)170. The υ(C–N) band is higher for complex (b) than 

for complex (a) and for complex (c) respectively. This may be due to the inductive effects of the 

alkyl chain length in dihexyl dithiocarbamate and the ring in piperidine dithiocarbamate, resulting 

in a decrease in the double bond character of the C–N bond171. The IR spectra of the cadmium 

ethyl xanthate (d) showed υ(C-O) band at 1200 cm-1. The υ(C=S) band is observed in the 999–975 

cm-1 range in the spectra of the piperidine dithiocarbamate ligand. The increase of the band for the 

different complexes from that of the free ligand, together with a strong band (or two very close 

bands) attributed to υ(C–S), is indicative of a bidentate or slightly anisobidentate 

dithiocarbamate172. While a new additional band, is present in the 350–390 cm-1 region toward the 

end of the IR spectra, which probably corresponds to υ(Cd–S) band that was not appearing in the 

spectra of the ligands. The IR data are detailed in Table 15. 

Table 15. Spectroscopic data for the ligand and cadmium complexes. 

Compounds √(O-H)        √(C=N)        √(C=S)      √(Cd-S)                                

(cm-1)         (cm-1)           (cm-1)       (cm-1)                                     

√(C-O) 

(cm-1) 

Na(pip-dtc) 3367            1468               967             - 

       

   - 

[Cd(dihex-dtc)2] -                   1490               980           390                  

 

   - 

[Cd(dieth-dtc)2] -                   1495              970            380                - 

[Cd(pip-dtc)2] 3324            1480              970            388                    - 

[Cd(eth-xan)2] -                     -                    -               350   1200 

 

The TGA profiles of the complexes are presented in Figure 25. All the complexes showed a single 

step decomposition at 320, 334, 340 and 186 ºC, displaying a weight loss of 76.2, 62.1, 63.2 and 

57.6% (calc: 77.2, 64.7, 66.6 and 59.3%) corresponding to the loss of the organic moiety for 

dihexyl dithiocarbamate (a), diethyl dithiocarbamate (b), piperidinyl dithiocarbamate (c) and ethyl 

xanthate (d) complexes, respectively. The final residues of 23.8, 37.9, 36.8 and 42.4 % were close 

to the calculated values of 22.8, 35.3, 33.4 and 40.7 % for CdS respectively. Piperidinyl 

dithiocarbamato cadmium(II) complex was more stable than diethyl dithiocarbamato and dihexyl 

dithiocarbamato cadmium(II) complexes respectively (see Table 16 showing decomposition 
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patterns). The ethyl xanthate cadmium(II) complex was less stable due to the resonance effect 

resulting from the oxygen being more electronegative than nitrogen. 

 

Figure 25. Thermogravimetric analysis (TGA) plots of complexes from Cd(II) dihexyl (a), 

Cd(II) diethyl (b), Cd(II) piperidinyl dithiocarbamates (c) and Cd(II) ethyl xanthate (d) at a 

heating rate of 10 °C min-1 under nitrogen atmosphere. 

Table 16. Data from decomposition patterns. 
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3.1.4. Ethyl xanthate metal complexes of (Cd(II), In(III) and Ga(III)) 

Cadmium(II), indium(III) and gallium(II) of ethyl xanthate complexes were made up as described 

in subsection 2.2.6 and their proposed chemical structures are presented in page 46-47. Then they 

were characterised using some analytical methods reported in subsection 2.6. 

3.1.4.1. Syntheses and characterization cadmium(II), indium(III) and gallium(III) complexes 

of ethyl xanthate 

The Cd(II), In(III) and Ga(III) complexes synthesized from ethyl xanthate were obtained in good 

yields as described in scheme 8. These synthesized compounds were confirmed by microanalysis, 

1H NMR and Thermogravimetric analysis (TGA). The Cd(II) and Ga(III) ethyl xanthate complexes 

were pale yellowish and cream powder precipitates respectively while colourless crystals were 

obtained from In(III) ethyl xanthate complex. The Cd(II) and In(III) complexes are air and stable 

at room temperature while Ga(III) complex is air sensitive. Some elemental analytical and 

spectroscopic data of the complexes are shown in Table 17 and 18 respectively. 

Table 17. Elemental analytical data of the complexes. 

Compounds Yield 

(%) 

Form (color) MPt 

(°C) 

Elemental analysis 

Found (calcd)% 

C                 H                S             M(metal)                                                        

 

[Cd(eth-xan)2] 96 Precipitate 

(pale 

yellowish) 

168 20.72         2.80           36.22            31.35  

(20.31)      (2.84)        (36.15)         (31.68) 

 

[In(eth-xan)3] 60 Microcrystal 

(colourless) 

˃ 250 22.95         2.94           39.84             23.64 

(22.60)      (3.16)        (40.21)          (24.00) 

 

[Ga(eth-xan)3] 65 Precipitate 

(cream 

powder) 

87-88 23.88         3.46             41.52           16.80 

(24.96)      (3.49)          (44.34)        (16.12) 

 

 

[Cd(eth-xan)2]: bis(ethylxanthato)cadmium(II) 

[In(eth-xan)3]: tris(ethylxanthato)indium(III) 

[Ga(eth-xan)3]: bis(ethylxanthato)gallium(III) 
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The 1H NMR spectra of these complexes exhibited characteristic resonances due to the ligand 

proton at room temperature (Table 18). For any particular metal, we noticed that the 1H NMR data 

of the metal complexes of the ligand protons were not much affected by the complexation with 

ethyl xanthate protons.  

Table 18. Spectroscopic data of the complexes. 

Compounds 1H NMR (400 MHz) δ in (ppm) Molecular formula 

Cd(eth-xan)2 4.5 - 4.47 (q, 4H, CH3) 

1.51 (t, 6H, CH2) 

C6H10CdO2S4 

In(eth-xan)3 4.51 (q, 6H, CH3) 

1.49 (t, 9H, CH2) 

C9H15InO3S6 

Ga(eth-xan)3 4.55 - 4.50 (q, 6H, CH3) 

1.49 – 1.47 (t, 9H, CH2) 

 

C9H15GaO3S6 

 

The TGA plots of complexes are presented in Figure 26. The TGA profile of Cd(II) ethyl xanthate 

(Figure 26a) showed a single step decomposition at 180 °C while In(III) ethyl xanthate (Figure 

26b) and Ga(III) ethyl xanthate (Figure 26c) showed two step decomposition patterns with the first 

turning points at 163 and 138 °C respectively. The two-step decomposition suggest the removal of 

one ligand before the other, with a possible Chugeav elimination mechanism36 (Figure 27). The 

final weight percentages of 40.62, 35.51 and 26.28 of the residues were close to the expected 

values of 40.70, 34.05 and 23.50 for CdS, In2S3 and GaS respectively, see Table 19 showing 

decomposition patterns. 
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Figure 26. TGA curves for (a) Cd(eth-xan)2, (b) In(eth-xan)3 and (c) Ga(eth-xan)3. 

Table 19. Data from decomposition patterns. 

Precursors 1st 

turning 

point / °C 

Observed 

percentage 

weight, % 

Calcd percentage 

weight, % 

 

(a) 169 40.62 40.70 (for CdS)  

(b) 145 35.51 34.05 (for In2S3)  

(c) 94 – 101 26.28 23.50 (for GaS)  
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Figure 27. Proposed decomposition of metal ethyl xanthate complexes by a modified Chugaev 

elimination mechanism. 

At about 200 °C, the metal complexes of ethyl xanthate decompose and the alkene is formed by 

an intramolecular elimination. In a 6-membered cyclic transition state, the hydrogen atom is 

removed from the carbon atom β to the xanthate oxygen in a syn-elimination. The side product 

decomposes to carbonyl sulfide (OCS) and hydrogen sulfide. 

3.2. Organically-capped PbS nanoparticles 

The synthesis of semiconductor nanoparticles has been widely investigated over the past years due 

to their tunable electronic and morphological properties, which make them useful in different 

applications65. Among these various semiconductors, PbS is a II-VI group semiconductor 

nanomaterial which has unique quantization effects. PbS has a direct band gap of 0.41 eV, a large 

excitonic Bohr radius of 18 nm173,174 and it also displays interesting physical and chemical 

properties in the nano-size regime. Consequently, PbS nanostructured materials have potential 

applications in solar cells175, near infrared (NIR) communications176, thermal and biological 

imaging177, infrared (IR) detectors178 and light emitting diodes (LEDs).179 

The hot injection is a usual route to synthesize high quality PbS nanoparticles, which can use either 

multiple or single source precursors (SSPs)66,173,180–182 . For instance, Joo and co-workers used lead 

chloride and sulfur source dissolved in oleylamine as dual sources to synthesize PbS particles183. 

The use of SSPs has lately been favored for size and shape-control, owing to high quality 

nanostructured materials obtained previously30,66,173,180. Most of the reports on lead complexes 

employed as SSPs for PbS nanomaterials has been ruled by dithiocarbamates, xanthates and 
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thiosemicarbazides30,65,116,126,173. Other analogous compounds continue to receive significant 

attention principally in other fields of research. This is the case of thioureas, which predominate 

in biological applications129,184,185. Merdivan and co-workers have explored the use of such 

compounds as ligands for numerous metal complexes160,186. Though diverse preparation protocols 

have been established for PbS nanostructures49,187,188, very few allow easy access to size, shape 

and morphology control. As a result, solvent-based preparation protocols such as the solvothermal 

method189–191, address this matter by using coordinating solvents that play a major role in lowering 

the decomposition temperature, and stabilizing nanomaterials during and after preparation. Long 

alkyl chain amines (hexadecylamine and oleylamine) have taken priority owing to high efficiency 

in producing good quality nanostructures192,193. The use of castor oil as coordinating solvent has 

also been identified as a green alternative to amines.30 

PbS nanoparticles with various morphologies (spheres, cubes, nanorods, dendrites etc.) have been 

prepared using diverse routes with the goal of finding a way to monitor their shape, size and self-

assembly. To achieve this purpose, researchers used some parameters such as the precursor nature, 

the monomer concentration, the capping agent nature, the reaction time and the reaction 

temperature. 

3.2.1. Preparation and characterization of PbS nanoparticles using lead N-morpholine-N’-

benzoylthiourea as precursor in oleylamine and castor oil solvents 

PbS nanoparticles were prepared as described in section 2.3.1, page 48.  A specified amount of 0.3 

mmol (0.2 g) of Pb-morphtu complex previously dispersed in 3.0 mL of OLA was injected into 

5.0 mL of hot capping agent (OLA or CO) at a desired temperature. The procedure was repeated 

varying some parameters such as the nature of the capping agent and the reaction temperature. 

Our goal is to study the effect of the capping agents (OLA and CO), on the morphology and optical 

properties of PbS nanoparticles at various reaction temperatures. 

3.2.1.1. Syntheses of oleylamine OLA-capped PbS nanoparticles 

The preparation of PbS nanoparticles in 5 mL of OLA using the Pb-morphtu complex at 150 °C 

led to the formation of spherical to oval shaped PbS crystals with an average size of 29.2 ± 3 nm 

(Figure 28a). At the reaction temperature of 200 °C, elongated PbS nanorods were obtained  with 
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an average breadth of 21.90 ± 4.20 nm and length of 66.00 ± 10.40 nm which are aggregates 

forming a long chain (Figure 28b). When the temperature was raised from 200 °C to 250 °C, cubic 

shaped PbS nanoparticles were obtained with an average size of 37.53 ± 4.93 nm (Figure 28c). 

Some studies reported that primary amines such as oleylamine preferentially coordinate to the 

[111] facets of PbS thereby preventing the formation of [100] terminated cubes. Warner and co-

workers reported on the formation of PbS nanocubes prepared in oleylamine mentioning the 

presence of lead acetate in the synthetic procedure which prevents the formation of spherical PbS 

nanoparticles.194 

 

Figure 28. TEM images of PbS nanoparticles prepared from Pb-morphtu in OLA at a) 150 °C, 

b) 200 °C and c) 250 °C. 
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The powder X-ray diffraction patterns of the PbS nanoparticles prepared in OLA at the different 

temperatures (150, 200 and 250 °C) reveal the characteristic (111), (200), (220), (311), (222), 

(400), (331), (420) and (422) peaks of cubic rock salt PbS (card #: 00-005-0592) (Figure 29). No 

any other peak was observed suggesting that pure PbS was obtained. 

 

Figure 29. Powder X-ray diffractograms of PbS nanoparticles prepared from Pb-morphtu in 

OLA at a) 150 °C, b) 200 °C and c) 250 °C. 

The optical properties (NIR UV) of the PbS nanoparticles synthesized from the hot injection of 

Pb-morphtu complex in 5 mL of oleylamine (OLA) at different temperatures (150, 200 and 250 

°C) are showed in Figure 30. The absorption spectra displayed broad absorption band edges at 

around 400-900 nm, 600-1200 nm and 700-1200 nm respectively showing a blue shift compared 

to the bulk PbS (3100 nm)195. An increase of the absorption band edge as the reaction temperature 

was raised from 150 °C to 250 °C is observed. This may possibly be the result of position-

dependent quantum confinement effects.65  
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Figure 30. NIR UV absorption spectra of PbS nanoparticles prepared from Pb-morphtu in OLA 

at a) 150 °C, b) 200 °C and c) 250 °C. 

3.2.1.2. Syntheses of castor oil CO-capped PbS nanoparticles 

The use of coordinating solvents in the preparation of PbS nanoparticles has shown to be very 

efficient. Different shapes PbS nanoparticles were found when the Pb-morphtu was thermolysed 

in oleylamine (OLA). We changed the amine-capping agent to the use of castor oil (CO) as a 

coordinating solvent in the synthesis of PbS nanoparticles while hoping to have an efficient greener 

capping in the PbS nanoparticles preparation. 

A mass of 0.2 g of the Pb-morphtu previously dispersed in 3 mL of CO was injected into 5 mL of 

hot castor oil at various reaction temperatures of 150 °C, 200 °C and 250 °C. The TEM image of 

the Pb-morphtu complex thermolysed at 150 °C gave spherical to cubic shaped PbS particles with 

an average size of 9.83 ± 1.97 nm (Figure 31a). The diffraction rings in the selected area electron 

diffraction (SAED) patterns from Pb-morphtu complex at 150 °C (Figure 31b) confirms the 
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formation of crystalline PbS nanoparticles composed of polycrystals of the cubic rock salt phase. 

An increase of temperature from 150 °C to 200 °C resulted in a change of the PbS particles to 

predominantly cubic or close to cubic with a considerable increase in the average size of 26.16 ± 

3.63 nm was observed (Figure 31c). When the reaction temperature was increased to 250 °C, cubic 

shaped PbS nanoparticles were formed with an average size of 74.04 ± 8.96 nm (Figure 31d). 

 

 

Figure 31.  TEM images of PbS nanoparticles prepared from Pb-morphtu in CO at a) 150 °C 

with corresponding b) SAED image, c) 200 °C and d) 250 °C. 
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The powder X-ray diffraction patterns of the PbS particles prepared in CO is presented in Figure 

32. All the peaks are indexed to the cubic rock salt phase of PbS. A slight decrease in the intensity 

of peaks at 250 °C is observed (Figure 32c). This might be due to the by-products resulting from 

the decomposition of the complex. 

 

Figure 32. Powder X-ray diffractograms of PbS nanoparticles prepared from Pb-morphtu in CO 

at a) 150 °C, b) 200 °C and c) 250 °C. 

The NIR UV spectra of the PbS particles showed that absorption bands of particles prepared from 

the thermolysis of Pb-morphtu complex in 5 mL of castor oil (CO) at all reaction temperatures 

(150, 200 and 250 °C) are blue shifted as compared to bulk PbS (3100 nm). Figure 33 shows 

absorption spectra of castor oil capped PbS nanoparticles displaying broad absorption band edges 

at around 380-500 nm, 600-900 nm and 1200-1700 nm corresponding to 150, 200 and 250 °C 

respectively. However, a small red shift of the absorption peaks as the reaction temperature was 
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raised from 150 °C to 250 °C is observed. This result could be due to position-dependent quantum 

confinement effects. 

 

 

Figure 33. NIR UV absorption spectra of PbS nanoparticles prepared from Pb-morphtu in CO at 

a) 150 °C, b) 200 °C and c) 250 °C. 

To conclude, we can say that varying the reaction temperature (150 °C, 200 °C and 250 °C) and 

the capping agents (OLA and CO) in a reaction resulted in the formation of different PbS 

nanoparticles shapes. Likewise, the Pb-morphtu precursor might have an influence on the final 

morphology of PbS particles. The utilization of long chain amines as coordinating solvents has 

proven to be very successful in the synthesis of nanocrystals. Li and co-workers reported that the 

high reaction temperature (250 – 350 °C) simplifies the dynamic bonding of the surface ligands to 

the nanoparticles in the hot injection technique196. In addition, the crystallinity of the particles is 

improved by high temperature. At high temperatures, the influence of the surface ligands are 
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reduced through the dynamic bonding nature of the ligands leading to thermodynamically stable 

shaped nanoparticles such as spheres. Whereas the low temperatures methods provide more 

flexibility in shape control with anisotropic shaped particles such as rods formed through careful 

utilization of surfactants. 

3.2.2. Preparation and characterization of PbS nanoparticles using lead N-pyrrolidine-N’-

benzoylthiourea as precursor in oleylamine and castor oil solvents 

PbS nanoparticles were prepared as described in section 2.3.1, page 48 where a mass of 0.2 g of 

the Pb-pyrrtu complex previously dispersed in 3.0 mL of OLA was injected into 5.0 mL of hot 

capping agent (OLA or CO) at a desired temperature. The procedure was repeated varying some 

parameters such as the nature of the capping agent and the reaction temperature. Our aim in this 

section, is to study the effect of the capping groups (OLA and CO), on the shape and optical 

properties of PbS nanoparticles at various reaction temperatures. 

3.2.2.1. Syntheses of oleylamine OLA-capped PbS nanoparticles 

The Pb-pyrrtu complex was thermolysed in OLA at 150 °C, the TEM images showed agglomerates 

spherical PbS particles with an average size of 9.5 ± 0.6 nm (Figure 34a). When the reaction 

temperature was increased to 200 °C, a change in the PbS particle from spherical to cubic was 

observed as shown in Figure 34b. The average size of the PbS particles was 21.2 ± 2 nm. The 

diffraction rings in the selected area electron diffraction (SAED) patterns from Pb-pyrrtu complex 

at 200 °C (Figure 34c) approves the formation of crystalline PbS nanoparticles composed of 

polycrystals of the cubic rock salt phase. When the reaction temperature was increased from 200 

°C to 250 °C, cubic shaped PbS particles with an average size of 41.0 ± 4 nm were obtained as 

presented in Figure 34d. These results are close to those found by Nyamen and co-workers173. This 

evolution in shape and size from spherical to cubes can be attributed to the increase of reaction 

temperature. It can also be proposed that, the nature of the precursor does also involve in the shape 

evolution of the PbS particles. Primary amines such as OLA selectively adsorb onto different facets 

allowing the growth along a certain facet and prevents the growing along another one. The 

decomposition profile of the complex may also play a role in the growth mechanism and final 

morphology. However, few reports endeavor to link the nature of the precursor to the growth 
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dynamics of the particles, therefore no conclusive evidence on how the nature of the precursor 

affects the morphology of the nanoparticles has been elucidated.54,197 

 

Figure 34. TEM images of PbS nanoparticles prepared from Pb-pyrrtu in OLA at a) 150 °C, b) 

200 °C with corresponding c) SAED image and d) 250 °C. 

The powder X-ray diffraction patterns of the PbS nanoparticles prepared in OLA at various 

reaction temperatures confirmed the crystalline nature of the material. The characteristic planes of 

cubic rock salt PbS are observed (Figure 35). 
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Figure 35. Powder X-ray diffractograms of PbS nanoparticles prepared from Pb-pyrrtu in OLA 

at a) 150 °C, b) 200 °C and c) 250 °C. 

The optical properties (NIR UV) of the PbS nanoparticles synthesized from the thermolysis of Pb-

pyrrtu complex in 5 mL of oleylamine (OLA) at various temperatures (150, 200 and 250 °C) are 

presented in Figure 36. The absorption spectra showed broad absorption band edges at around 450-

700 nm, 700-1100 nm and 800-1300 nm respectively showing a blue shift compared to the bulk 

PbS (3100 nm). We also note an increase of the absorption band edge as the reaction temperature 

was increased from 150 °C to 250 °C is observed. This can be the result of position-dependent 

quantum confinement effects. 
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Figure 36. NIR UV absorption spectra of PbS nanoparticles prepared from Pb-pyrrtu in OLA at 

a) 150 °C, b) 200 °C and c) 250 °C. 

 

3.2.2.2. Syntheses of castor oil CO-capped PbS nanoparticles 

The Pb-pyrrtu complex was thermolysed in CO at 150 °C, 200 °C and 250 °C. At the reaction 

temperature of 150 °C, spherical to cubic shaped PbS particles were obtained (Figure 37a) with an 

average size of 17.2 ± 3 nm. When the reaction temperature was raised to 200 °C, predominantly 

cubic shaped PbS particles which an average size of 35.8 ± 5 nm were obtained (Figure 37c). The 

diffraction rings in the selected area electron diffraction (SAED) patterns from Pb-pyrrtu complex 

at 150 °C and 200 °C (Figure 37b and 37d) settle the obtaining of crystalline cubic rock salt phase 

PbS nanoparticles, respectively. When the reaction temperature was increased from 200 °C to 250 

°C, well cubic shaped PbS nanoparticles with an average size of 74.4 ± 11 nm were obtained 

(Figure 37e). The increase of size of the nanoparticles with the reaction temperature can be 
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clarified through the Ostwald ripening process where small particles dissolve to form bigger 

particles.39 

 

 

Figure 37. TEM images of PbS nanoparticles prepared from Pb-pyrrtu in CO at a) 150 °C with 

corresponding b) SAED image, c) 200 °C with corresponding d) SAED image and e) 250 °C. 

The P-XRD patterns of the PbS particles confirmed the high crystallinity of the particles and the 

characteristic planes of the cubic rock salt PbS (Figure 38). In addition, no other peak as impurity 

was observed. 



102 
 

 

Figure 38. Powder X-ray diffractograms of PbS nanoparticles prepared from Pb-pyrrtu in CO at 

a) 150 °C, b) 200 °C and c) 250 °C. 

The NIR UV spectra of the PbS particles showed that absorption bands of particles prepared from 

the hot injection of Pb-pyrrtu complex in 5 mL of castor oil (CO) at all various temperatures (150, 

200 and 250 °C) are blue shifted as compared to bulk PbS (3100 nm). Figure 39 presents absorption 

spectra of castor oil capped PbS nanoparticles showing broad absorption band edges at around 

380-500 nm, 600-900 nm and 1200-1700 nm corresponding to 150, 200 and 250 °C respectively. 

Nonetheless, a small red shift of the absorption peaks as the reaction temperature was increased 

from 150 °C to 250 °C is observed. This result possibly will be due to position-dependent quantum 

confinement effects. 
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Figure 39. NIR UV absorption spectra of PbS nanoparticles prepared from Pb-pyrrtu in CO at a) 

150 °C, b) 200 °C and c) 250 °C. 

To summarize, we have reported the preparation and characterization of lead morpholine and lead 

pyrrolidine benzoylthiourea complexes and their utilization as molecular precursors for the 

fabrication of PbS particles. The hot injection of the complexes in capping agents such as OLA 

and CO gave PbS particles with different morphologies. The OLA-capped PbS nanoparticles were 

regular spherical shaped at low temperature (150 °C) but transformed to rods and cubic shaped at 

higher temperatures (200 °C and 250 °C) for the Pbmorphtu complex. While the thermolysis of 

the Pbpyrrtu complex gave spherical shaped particles at low temperature (150 °C) and cubes at 

high temperatures (200 °C and 250 °C). Whereas, in CO, the particles obtained were very 

crystalline, with the formation of spherical and cubic shaped particles in the thermolysis of the 

Pbmorphtu complex at low temperature (150 °C) and high temperatures (200 °C and 250 °C) 

respectively. The optical properties of the PbS nanoparticles prepared from the Pb-morphtu 

complex showed a considerable blue shift as compared to the bulk PbS (3100 nm). However, a 
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smooth decrease in the optical absorption from the near UV to the NIR was always detected with 

the increase of the reaction temperature. This is due to the increase in particle size with 

temperature. The same tendency was observed with the Pb-pyrrtu precursor. 

The reaction temperature has proven to have a great influence on the shape and size of the prepared 

PbS nanoparticles. In addition, the nature of the lead complex showed some effect on the evolution 

of the shape of the PbS particles. We also noticed that the PbS nanocrystals fabricated in our work 

are slightly bigger than the particles prepared by the hot injection method. This can be explained 

by the influence of the precursor nature on the growth mechanism, which results in the formation 

of large facet particles. 

3.3. Organically-capped CuxSy nanoparticles 

Copper sulfide is a p-type semiconductor, which has found applications in diverse fields such as, 

photo catalysis, solar cells, sensors, lithium ion batteries and supercapacitors198–200. It has an 

indirect band gap of ~1.2 eV (for chalcocite) and 1.5 eV (for digenite)201. It is found in many 

stoichiometric compositions ranging from the copper rich phase of chalcocite Cu2S, djurleite 

Cu1.96S, digenite Cu1.8S, anilite Cu1.75S to copper poor phase of covellite CuS and villamaninite 

CuS2.
202–204 

Previous reports on the synthesis of copper sulfide nanostructures resulted in the formation of 

spheres, hexagons, triangular nanoplates, nanorods, nanodiscs and nanowires205–207. Khan and co-

workers have prepared copper sulfide nanoparticles with various shapes and super-lattices using 

the bis(O-isobutyldithiocarbonato)copper(II) complex via the hot injection route64. Mundher and 

co-workers reported on the preparation of monodisperse copper sulfide nanorods via the hot 

injection of novel xanthate copper complexes. They showed that the width of the obtained rods is 

dependent on the length of the xanthate chain208. Similarly, Chen et al synthesized nanoplates of 

Cu2S and nanoflakes of CuS following the thermal decomposition of [Cu(acac)2] (acac = 

acetylacetonate) with elemental sulfur in oleylamine209,210. They also synthesized Cu2S 

nanoparticles using cysteine as the sulfur source. As a result, thermal decomposition of precursors 

including [Cu(acac)2] or CuCl2 and elemental sulfur or dodecanethiol, revealed hexagonal 

nanodisks of CuS, Cu7S4 and Cu2S.206,211,212 
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3.3.1. Preparation and characterization of CuxSy nanoparticles using copper N-morpholine-

N’-benzoylthiourea as precursor in oleylamine and 1-dodecanethiol solvents 

Copper sulfide nanoparticles were prepared as described in section 2.3.2, page 69. Firstly, a three-

necked flask was purged with N2, after applying vacuum for few times at room temperature, using 

a Schlenk line to evacuate any air. Then, a mass of 0.2 g of the Cu-morphtu complex previously 

dispersed in 3 mL of (OLA and/or DT) was injected into 5 mL of hot OLA or DT at a wanted 

temperature. The procedure was repeated varying some parameters such as the nature of the 

capping agent and the reaction temperature. Our aim here is to study the effect of reaction 

temperature and coordinating solvents, such as, oleylamine and 1-dodecanethiol, on the shape and 

crystal phase of the as-synthesized copper sulfide nanoparticles. 

3.3.1.1. Syntheses of oleylamine OLA-capped CuxSy nanoparticles 

Oleylamine (OLA) has a dual role in being an effective coordinating solvent, and also it is known 

to help in the decomposition of the precursor213,214. When the Cu-morphtu complex was dispersed 

in OLA, the color of the complex started changing from green to greenish brown, which may 

indicate the interaction of OLA with the complex and its decomposition. The solution was then 

directly injected into the hot OLA at the preferred growth temperatures (150 – 250 °C). 

The TEM images shown in Figure 40 revealed that the as-synthesized nanoparticles from Cu-

morphtu complex at 150 °C (Figure 40a) have apparently spherical morphology with an average 

size of 13 ± 1 nm. When the temperature was raised to 200 °C, an increase of the average size 

(15.9 ± 2 nm) of the particles and agglomeration (Figure 40b) occurred. When the reaction was 

carried out at 250 °C the size further increased (49.6 ± 11 nm) with a broader size distribution, 

some elongated particles also start to appear (Figure 40c) due to interparticle aggregation. The 

diffraction rings in the selected area electron diffraction (SAED) patterns from Cu-morphtu 

complex at 250 °C (Figure 40d) confirms the formation of crystalline copper sulfide nanoparticles 

composed of polycrystals of the roxbyite phase.  
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Figure 40. TEM images of copper sulfide nanoparticles prepared at (a) 150 °C, (b) 200 °C and 

(c) 250 °C, from Cu-morphtu complex respectively when OLA is used both as dispersion solvent 

and capping agent; (d) showing the selected area electron diffraction (SAED) patterns of 

nanoparticles prepared at 250 °C from Cu-morphtu complex. 

The powder X-ray diffraction peaks of the nanoparticles prepared from Cu-morphtu complex 

(Figure 41) are indexed to the roxbyite phase (ICDD# 00-023–0958) with no presence of any other 

phase as an impurity. As such, the peak width broadness is in accordance with the small size of 

the nanospheres. The intensity of the peaks increases slightly with increasing temperature. 

However, the peak present at the 2θ value of 46.5° was the most intense at all temperatures, which 

may indicate a preferred orientation along that plane. 
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Figure 41. P-XRD of nanoparticles prepared from Cu-morphtu complex in OLA at (a) 150 °C, 

(b) 200 °C and (c) 250 °C when OLA is used both as dispersion solvent and capping agent. 

 

3.3.1.2. Syntheses of 1-dodecanethiol DT-capped CuxSy nanoparticles 

3.3.1.2.1. OLA as dispersion solvent in DT 

In an attempt to investigate the effect of capping agent, we replaced OLA by a comparatively weak 

coordinating solvent DT. The solution was then directly injected into hot DT at the wanted growth 

temperatures (150 - 230 °C). 

Nearly uniform monodispersed spherical CuS nanoparticles were obtained from Cu-morphtu 

complex prepared at reaction temperature of 150 °C with an average size of 7.1 ± 0.5 nm and 190 

°C (Figure 42a-b). As the temperature was elevated to 190 °C, a considerable increase in the size 

20 30 40 50 60 70

0.0

0.6

1.2

1.8

2.4

3.0

In
te

n
s
it
y
 (

a
.u

.)

2(degree)

(a)

(b)

(c)

1
6
0
0

1
2
8
1
, 
1
8
2
1

1
0
1
0
1
, 
2
0
0
1

0
1
0
3
, 
2
0
4
0

6
6
5
, 
1
0
1
0
3

1
3
6
, 
5
1
6

6
1
4
1

0
8
6
, 
0
1
6
0

8
8
6



108 
 

of the particles (12.1 ± 1 nm) was observed, but the morphology remained spherical (Figure 42b). 

Mixed morphology was obtained at higher temperature of 230 °C, and some rod-like particles with 

an average length of 30.2 ± 5 nm and an average breadth of 7.2 ± 1 nm were also formed along 

with the spherical particles (Figure 42c-d). The change in growth kinetics of the different planes 

can lead to the formation of elongated or rod-like particles. The OLA may act as a strong base to 

deprotonate the thiol, creating an ionic environment, which probably caused limited growth of 

some of the planes and eventually leads to the formation of nanorods. The HRTEM image of the 

sample prepared at 230 °C is shown in (Figure 42e) from Cu-morphtu precursor. The lattice fringes 

indicate the highly crystalline nature of the nanoparticles. The d-spacings measured from the lattice 

fringes of the different crystallites correspond approximately to the roxbyite Cu1.75S phase. For 

example d-spacing of 3.25 Å from Cu-morphtu complex (Figure 42e) can be indexed to (1600) 

plane of roxbyite phase. The SAED pattern (Figure 42f) contains information from a large number 

of nanoparticles and the polycrystalline diffraction rings can be indexed to the roxbyite Cu1.75S 

phase within measurement errors. 
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Figure 42. TEM images of nanoparticles prepared at (a) 150 °C, (b) 190 °C and (c-d) 230 °C, 

from Cu-morphtu complex when OLA is used as dispersion solvent in DT. (e): HRTEM image at 

230 °C from Cu-morphtu complex; (f) showing the selected area electron diffraction (SAED) 

pattern of nanoparticles prepared at 230 °C from Cu-morphtu complex. 

The diffraction patterns of the nanoparticles produced from Cu-morphtu complex is presented in 

Figure 43. Since copper sulfide has various possible crystallographic phases having almost the 

same stoichiometry, it is difficult to assign the peaks. However, the P-XRD results revealed that 

the most prominent reflection peaks match well with the pure Cu1.75S Roxbyite phase (ICDD # 00-

023–0958), although some few minor intensity peaks confirm the presence of the Anilite phase as 

an impurity. The intensity of the peaks increases slightly with increasing temperature. 
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Figure 43. P-XRD of nanoparticles obtained from Cu-morphtu complex at (a) 150 °C, (b) 190 

°C and (c) 230 °C when OLA is used as dispersion solvent in DT. The (*) represents the 

presence of Anilite phase (ICDD: 00-033-0489). 

 

3.3.1.2.2. Dodecanethiol (DT) as dispersion solvent in DT for Cu-morphtu 

The effect of DT was observed by using DT alone as a capping agent and dispersion medium, 

while keeping all the other parameters constant. 

The TEM images (Figure 44) showed that the synthesized nanoparticles from Cu-morphtu 

complex at 150 °C are fairly monodispersed with uniform spherical morphology (11.7 ± 1 nm) 

(Figure 44a). The size of the particles increased faintly (31.3 ± 4 nm) with change in temperature 

to 190 °C (Figure 44b). When the reaction was carried out at 230 °C the size was further increased, 
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leading to the formation of poly-dispersed spherical particles with an average size of 53 ± 7 nm 

(Figure 44c). 

 

Figure 44. TEM images of nanoparticles prepared at (a) 150 °C, (b) 190 °C and (c) 230 °C, from 

Cu-morphtu complex when DT is used both as dispersion solvent and capping agent. 

The P-XRD patterns showed that, nanoparticles with the roxbyite (Cu1.75S) phase (ICDD# 00-023-

0958) were obtained (Figure 45), when Cu-morphtu precursor was decomposed at different 

temperatures (150, 190 and 230 °C). It was also noticed that, the intensity of the peaks increases 

significantly with the increase of the reaction temperature. 
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Figure 45. P-XRD pattern of Cu1.75S nanoparticles obtained from Cu-morphtu complex (a) 150 

°C, (b) 190 °C and (c) 230 °C when DT is used both as dispersion solvent and capping agent. 

3.3.2. Preparation and characterization of CuxSy nanoparticles using copper N-pyrrolidine-

N’-benzoylthiourea as precursor in oleylamine and 1-dodecanethiol solvents 

Copper sulfide nanocrystals were synthesized as detailed in section 2.3.2, page 50 and summarised 

here. A three-necked flask was purged with N2, after applying vacuum for few times at room 

temperature, using a Schlenk line to evacuate any air. A mass of 0.2 g of the Cu-pyrrtu complex 

previously dispersed in 3 mL of (OLA and/or DT) was injected into 5 mL of hot OLA or DT at a 

desired temperature. The procedure was repeated varying some parameters such as the nature of 

the capping agent and the reaction temperature. In this paragraph, our purpose is to investigate the 

influence of the reaction temperature and capping groups, such as oleylamine and 1-dodecanethiol, 

on the morphology and crystallographic phase of the as prepared copper sulfide nanocrystals. 
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3.3.2.1. Syntheses of oleylamine OLA-capped CuxSy nanoparticles 

Once the complex was dispersed in OLA, the color of the Cu-pyrrtu complex began to change 

from green to greenish brown, which may indicate the interaction of OLA with precursor and its 

decomposition. Then, the solution was injected into the hot OLA at the desired growth 

temperatures (150 – 250 °C). 

The TEM images presented in Figure 46 show that the as-prepared copper sulfide nanoparticles 

from Cu-pyrrtu complex at 150 °C (Figure 46e) agglomerated spherically shaped nanoparticles 

along with some rod-like shaped (average length 15 ± 2 nm; average breadth 7.5 nm) were 

obtained. While at 200 °C (Figure 46f) uniform spherical nanoparticles with an average size of 

15.8 ± 1 nm were observed and when the temperature was raised to 250 °C (Figure 46g) non 

uniform cubic shaped nanoparticles with an average size of 61.8 ± 11 nm were formed. The 

selected area electron diffraction (SAED) pattern from Cu-pyrrtu complex at 250 °C (Figure 46h) 

approves the formation of crystalline copper sulfide nanoparticles composed of polycrystals of the 

roxbyite phase.  
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Figure 46. TEM images of copper sulfide nanoparticles synthesized at (e) 150 °C, (f) 200 °C and 

(g) 250 °C, from Cu-pyrrtu complex when OLA is used both as dispersion solvent and capping 

agent; (h) showing the selected area electron diffraction (SAED) pattern of nanoparticles 

prepared at 250 °C from Cu-pyrrtu precursor. 

The diffraction peaks of the nanoparticles prepared from Cu-pyrrtu complex (Figure 47) matched 

the roxbyite phase (ICDD# 00-023–0958) with no presence of any other phase as an impurity. The 

powder X-ray diffraction results show that at low temperatures (150 and 200 °C), intense peaks 

were observed (Figure 47a-b), whereas at 250 °C a decrease in the intensity of the peaks was 

observed (Figure 47c). 
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Figure 47. P-XRD of nanoparticles prepared from Cu-pyrrtu complex in OLA at (a) 150 °C, (b) 

200 °C and (c) 250 °C when OLA is used both as dispersion solvent and capping agent. 

3.3.2.2. Syntheses of 1-dodecanethiol DT-capped CuxSy nanoparticles 

3.3.2.2.1. OLA as dispersion solvent in DT 

In order to explore the effect of capping group, we changed OLA by a comparatively weak 

coordinating solvent, DT. Then, the solution was injected into hot DT at the preferred growth 

temperatures (150 - 230 °C).  

Approximately uniform monodispersed spherical copper sulfide nanoparticles were obtained from 

Cu-pyrrtu complex prepared at reaction 150 oC with an average size of 3.3 ± 1 nm and 190 °C 

(Figure 48g-h). As the temperature was raised to 190 °C, an increase in the size of the particles 

was observed significantly, but the morphology remained spherical with an average size of 8.4 ± 
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1 nm (Figure 48h). Mixed morphology was obtained at higher temperature of 230 °C, and some 

rod-like particles (average length 50.6 ± 5 nm and average breadth 9.7 ± 1 nm) were also formed 

along with the spherical particles (Figure 48i-j). The HRTEM image of the Cu-pyrrtu sample 

synthesized at 230 °C is presented in (Figure 48k) from Cu-pyrrtu precursor. The lattice fringes 

indicate the highly crystalline nature of the nanoparticles. The d-spacings measured from the lattice 

fringes of the different crystallites correspond approximately to the roxbyite Cu1.75S phase. For 

instance d-spacing of 3.95 Å from Cupyrrtu complex (Figure 48k) can be indexed to (1002) peak 

of roxbyite phase. The SAED pattern (Figure 48l) holds information from a large number of 

nanoparticles and the polycrystalline diffraction rings can be indexed to the roxbyite Cu1.75S phase 

within measurement errors. 

 

Figure 48. TEM images of nanocrystals fabricated at (g) 150 °C, (h) 190 °C and (i-j) 230 °C, 

from Cupyrrtu complex when OLA is used as dispersion solvent in DT. HRTEM image (k) at 

230 °C from Cu-pyrrtu precursor; (l) showing the selected area electron diffraction (SAED) 

pattern of nanocrystals prepared at 230 °C from Cu-pyrrtu complex. 
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The diffraction pattern of the nanoparticles produced from Cu-pyrrtu complex is shown in Figure 

49. The P-XRD results showed that, the most prominent reflections planes indexed well with the 

Cu1.75S Roxbyite phase (ICDD# 00-023–0958), although a negligible impurity of the Anilite phase 

also appears at higher temperature. At low temperatures (150 and 190 °C), the P-XRD patterns are 

broad but at 230 °C the roxbyite phase is more pronounced (49c). 

  

Figure 49. P-XRD of nanoparticles obtained from Cu-pyrrtu complex at (a) 150 °C, (b) 190 °C 

and (c) 230 °C when OLA is used as dispersion solvent in DT. The (*) represents the presence of 

Anilite phase (ICDD: 00-033-0489). 

 

3.3.2.2.2. DT as dispersion solvent in DT for Cu-pyrrtu 

The influence of DT was observed by using DT as a capping agent and dispersion solvent, while 

keeping constant all the parameters. 
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The TEM images (Figure 50) showed that the prepared nanocrystals from Cu-pyrrtu complex at 

150 °C are almost monodispersed spherical morphology with an average size of 6.3 nm (Figure 

50d). When the reaction temperature was elevated to 190 °C, the spherical nanoparticles became 

faceted in six equivalent directions resulting in hexagonal nano-disks with an average size of 86 ± 

40 nm (Figure 50e). When the reaction was carried out at 230 °C, the size was further increased, 

resulting in the formation of poly-dispersed spherical particles with an average size of 18.9 ± 5 nm 

(Figure 50h). The HRTEM image (Fig. 50f) for the sample prepared from Cu-pyrrtu complex at 

190 °C displays plane or standing hexagonal nanodisks. The fine determined lattice fringes 

indicate the highly crystalline nature of the nanocrystals. The d-spacing determined from the lattice 

fringes of the different crystallites match to the roxbyite Cu1.75S phase. For instance, spacing of 

3.75 Å (Figure 50f) can be indexed to (153, 372) plane of roxbyite phase. The SAED pattern 

(Figure 50g) contains information from a large number of nanoparticles and the polycrystalline 

diffraction rings can be matched to the roxbyite Cu1.75S phase within measurement errors. 

 

Figure 50. TEM images of nanoparticles prepared at (d) 150 °C, (e) 190 °C and (h) 230 °C, from 

Cu-pyrrtu complex when DT is used both as dispersion solvent and capping agent. HRTEM 



119 
 

image (inset f) at 190 °C from Cu-pyrrtu complex. (Inset g) showing the selected area electron 

diffraction (SAED) pattern of nanoparticles prepared at 190 °C from Cu-pyrrtu. 

The P-XRD patterns revealed that, nanocrystals with the roxbyite (Cu1.75S) phase (ICDD# 00-023-

0958) were obtained (Figure 51), when Cu-pyrrtu complex was used at various temperatures (150, 

190 and 230 °C). It is also observed that, the intensity of the peaks increased considerably with 

increase of the reaction temperature.  

 

Figure 51. P-XRD pattern of Cu1.75S nanoparticles obtained from Cu-pyrrtu complex at (a) 150 

°C (b) 190 °C and (c) 230 °C when DT is used both as dispersion solvent and capping agent. 

As a conclusion, we have stated on the synthesis and characterization of copper morpholine and 

copper pyrrolidine benzoylthiourea complexes and their use as single source precursors for the 

fabrication of CuxSy nanocrystals. The thermolysis of these precursors in capping groups such as, 
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OLA and DT produced copper sulfide with diverse shapes and sizes. The morphology of the 

particles obtained at a comparatively lower temperature is somewhat more uniform compared to 

the morphology of particles at higher temperature. Therefore, the rate of the reaction is 

significantly affected with increase in temperature and higher rate of precursor decomposition 

provides higher monomer concentration. The increase in monomer concentration leads to 

enhanced nucleation and growth of the nanoparticles215. Better capping of the nanoparticles can 

be achieved at lower temperature, as the higher temperature reduces the affinity of ligands for 

effective capping. 

3.4. Organically-capped CdS nanoparticles 

Among the various semiconductors, cadmium sulfide nanoparticles have been widely investigated 

owing to their size dependent unique optical and electronic properties. Cadmium sulfide (CdS) is 

a II–VI semiconductor with a direct band gap of 2.42 eV, which has been recognized as an 

significant material for applications in solar cells, light-emitting diodes for flat-panel displays, gas 

sensors, and heterogeneous photocatalysis.216–219  

One of the main synthetic methods to high-quality CdS nanoparticles is the thermolysis of metal 

complexes as molecular precursors in high-boiling solvents. This method allows for the control of 

particle size and shape by varying reaction conditions such as precursor type, capping agent and 

reaction temperature. For example, Peng and co-workers showed the influence of these reaction 

parameters on the particle morphology220. Various classes of precursors such as dithiocarbamates, 

xanthates, thiourea, and dithioimidodiphosphinates have been used to fabricate CdS 

nanostructured materials9,221–223. The control of the CdS shape in the form of spheres, rods, bipods 

and tetrapods has been attained by using these classes of complexes. So far, there has been no clear 

indication, on how the precursor composition does affect the morphology of the particles, although 

it has been deducted that the alkyl chain length of the coordinating solvents plays a role in the final 

shape of the particles. At first, phosphine-based capping agents such as tri-n-octylphosphine oxide 

were employed for passivation. Alkyl amine capping agents, such as hexadecylamine and 

oleylamine, surpassed phosphine-based capping agents, owing to the effectiveness with which they 

can be adsorbed by the CdS nanoparticle core, which authorizes for shape control.224,225 
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3.4.1. Preparation and characterization of CdS nanoparticles using cadmium dihexyl, 

diethyl, piperidine dithiocarbamate and cadmium ethyl xanthate as precursors in oleylamine 

and hexadecylamine solvents 

CdS nanoparticles were prepared as described in section 2.3.3, page 51 where a specified amount 

of 1.2 mmol of the precursor previously dispersed in 6.0 mL of tri-n-octylphosphine (TOP) was 

injected into 6.0 mL of hot capping agent (HDA or OLA) at 250 °C. 

Primary amines have been widely employed as capping groups in the synthesis of CdS 

nanostructured materials since long alkyl chain amines are proven to be appropriate surfactants for 

semiconducting nanomaterials.23,37,54,108,221  

In this section, we investigate the effect of the precursor type on the morphology and electronic 

properties of CdS nanoparticles synthesized in hexadecylamine (HDA) and oleylamine (OLA) 

used as coordinating solvents. 

3.4.1.1. Syntheses of hexadecylamine HDA-capped CdS nanoparticles 

The final morphology of nanoparticles in any solution is directed by the preferred growth regime 

of the reaction. The reaction can proceed in either a kinetic or a thermodynamic growth 

regime220,226. The TEM images of HDA capped CdS nanoparticles (Figure 52) show that, spherical 

shaped particles with a mean diameter of 12.9 ± 2 nm were obtained from Cd(II) dihexyl dtc 

complex. Rod shaped with a length of 29.9 ± 5 nm and a breadth of 11.3 ± 2 nm were obtained 

from Cd(II) diethyl dtc complex with an aspect ratio of 2.64. When the precursor was changed 

from alkyl to heterocyclic, oval to rod shaped particles with an average particle size of 13.6 ± 3 

nm were obtained from Cd(II) piperidine dtc complex. Whereas when the precursor was changed 

from xanthate, spherical to oval shaped particles with a mean diameter of 9.4 ± 2 nm from Cd(II) 

ethyl xanthate were obtained and their particles size distribution are presented in Figure 53. 
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Figure 52. CdS nanoparticles prepared from a) Cd(II) dihexyl dtc, b) Cd(II) diethyl dtc, c) Cd(II) 

piperidine dtc and d) Cd(II) ethyl xanthate complexes. 
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Figure 53. Particle size distribution of the prepared CdS nanocrystallites synthesized from a) 

Cd(II) dihexyl dtc, b) Cd(II) diethyl dtc, c) Cd(II) piperidine dtc and d) Cd(II) ethyl xanthate 

complexes. 

 The P-XRD patterns of the HDA capped CdS nanoparticles revealed the hexagonal wurtzite 

crystalline system (card number: 01-077-2306) (Figure 54). Diffraction peaks at 2θ = 24.84º, 

26.53º, 28.22º, 43.74º, 47.89º and 51.89º which correspond to the (100), (002), (101), (110), (103) 

and (112) planes of hexagonal CdS respectively were observed and the broadness of the XRD 

diffraction peaks was indicative of relatively small particle size and heterogeneous particle size 

distribution227. Also the higher intensity (002) peak in p-XRD pattern of CdS nanoparticles 

indicated that the nanoparticles were preferably elongated along the c-axis228. However the weaker 

(102) plane confirms the wurtzite phase is dominant and a non-indexed peak at 2θ = 23.27º was 

observed. The non-indexed peak in the spectra could be attributed to the capping group or the 

impurities present from the decomposition of the complex. 
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Figure 54. P-XRD patterns of HDA capped CdS nanoparticles prepared from a) Cd(II) dihexyl 

dtc, b) Cd(II) diethyl dtc, c) Cd(II) piperidine dtc and d) Cd(II) ethyl xanthate complexes. 

The optical properties (UV-visible) of the CdS nanoparticles prepared from Cd(II) dihexyl dtc, 

Cd(II) diethyl dtc, Cd(II) piperidine dtc and Cd(II) ethyl xanthate were investigated (Figure 55). 

The absorption band edges are 505 nm, 485 nm, 500 nm and 490 nm respectively displaying a 

considerable blue shift of 10 nm, 30 nm, 15 nm and 25 nm compared to the bulk CdS (515 nm). 

This is the result of a typical quantum confinement. We noticed that CdS nanoparticles prepared 

from Cd(II) diethyl dtc were more blue shifted than those prepared from other precursors and this 

might be due to the effect of HDA.  
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Figure 55. UV-visible absorption spectra of HDA capped CdS nanoparticles prepared from a) 

Cd(II) dihexyl dtc, b) Cd(II) diethyl dtc, c) Cd(II) piperidine dtc and d) Cd(II) ethyl xanthate 

complexes. 

The capping group has a primordial role in determining the final morphology of the nanocrystals 

since a compound that binds toughly to the surface of the particle is inappropriate, as it would not 

allow the particle to grow well. Whereas, a weak capping agent would produce large particles or 

aggregates229. Hexadecylamine (HDA) is a C16 long chain primary amine which adsorbs through 

its amine group on the surface of the CdS nanoparticles and this results in the formation of 

anisotropic morphology.56 We reported the synthesis of HDA-capped CdS nanoparticles where the 

nanocrystals obtained were high quality and monodispersed. The precursor type also has an effect 

on the morphology and optical properties of the CdS nanoparticles. 
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3.4.1.2. Syntheses of oleylamine OLA-capped CdS nanoparticles 

Herein, we have modified a reaction parameter by increasing the length of the carbon chain of the 

linear shape amine from a C16 amine (hexadecylamine) to a C18 branched shaped amine 

(oleylamine) while we have kept constant the other parameters. 

The TEM images of OLA capped CdS nanoparticles are shown in Figure 56, spherical to cubic 

shaped particles with an average size of 13.9 ± 3 nm were obtained from Cd(II) dihexyl dtc 

complex. Oval shaped with an average size of 16.7 ± 3 nm were obtained from Cd(II) diethyl dtc 

complex. When the precursor was changed from alkyl chain to heterocyclic, oval shaped particles 

with an average size of 9.9 ± 2 nm were obtained from Cd(II) piperidine dtc complex. Whereas 

when the precursor was changed from xanthate, spherical to oval shaped particles with an average 

size of 9.5 ± 2 nm from Cd(II) ethyl xanthate were obtained and their corresponding particles size 

distribution are presented in Figure 57. 
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Figure 56. CdS nanoparticles synthesized from a) Cd(II) dihexyl dtc, b) Cd(II) diethyl dtc, c) 

Cd(II) piperidine dtc and d) Cd(II) ethyl xanthate complexes. 
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Figure 57. Particle size distribution of the prepared CdS nanocrystallites prepared from a) Cd(II) 

dihexyl dtc, b) Cd(II) diethyl dtc, c) Cd(II) piperidine dtc and d) Cd(II) ethyl xanthate 

complexes. 

The powder X-ray diffraction patterns of the OLA capped CdS nanocrystals synthesized are shown 

in Figure 58. The diffraction peaks of the CdS samples matched well with the wurtzite crystalline 

system (card number: 01-077-2306). Furthermore, no any other peak was observed, suggesting 

that pure CdS was obtained. The crystal phase of the CdS particles was not influenced by the 

difference in chemical composition for each single-source precursor. 
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Figure 58. P-XRD patterns of OLA capped CdS nanoparticles prepared from a) Cd(II) dihexyl 

dtc, b) Cd(II) diethyl dtc, c) Cd(II) piperidine dtc and d) Cd(II) ethyl xanthate complexes. 

The absorption spectra of the CdS nanocrystals prepared with OLA are presented in Figure 59. 

The absorption band edges are approximately 490 nm, 480 nm, 495 nm and 485 nm from Cd(II) 

dihexyl dtc, Cd(II) diethyl dtc, Cd(II) piperidine dtc and Cd(II) ethyl xanthate complexes 

respectively, showing a blue shift compared to the bulk CdS (515 nm) and a characteristic of 

quantum confinement. This result was justified by Yu and co-workers, in which they showed that 

the linear shape of some capping groups allow oxygen to attain the surface of particle, which 

oxidize the surface and decrease the emission quantum yield while capping group with branched 

arrangements protect the surface in a more suitable way.230 

20 30 40 50 60

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5
C

o
u

n
ts

 (
a

.u
.)

2(deg)

 (d)

 (c)

 (b)

 (a)

(1
0
0
) (0

0
2
)

(1
0
1
)

(1
0
2
)

(1
1
0
)

(1
0
3
) (1

1
2
)

(a)

(b)

(c)

(d)



130 
 

 

Figure 59. UV-visible absorption spectra of OLA capped CdS nanoparticles prepared from a) 

Cd(II) dihexyl dtc, b) Cd(II) diethyl dtc, c) Cd(II) piperidine dtc and d) Cd(II) ethyl xanthate 

complexes. 

3.4.2. Study the effect of precursor type and capping group on the morphology and size of 

CdS nanoparticles 

The capacity to control the physical and the chemical properties of semiconducting nanoparticles 

depends on the fine-tuning of their morphology. The size and shape dependent optical properties 

of such nanostructured materials (spherical, cubic, rod shaped) have been proven being direct 

dependent on the resulting morphology in the case of semiconductor colloidal nanoparticles44. 

According to this statement, the growth of semiconductor nanoparticles can be observed by the 

progressive evolution of the UV-visible absorption curve. This enables an understanding of the 

relationship between reaction parameters and the resultant morphology.56,108 
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In this section, we investigate the effect of nature of the precursor and the capping agent on the 

size and shape of the prepared CdS nanoparticles. 

3.4.2.1. Effect of the precursor type 

This study was achieved by thermolysing 1.2 mmol of each complex (Cd(II) dihexyl dtc (C12), 

Cd(II) diethyl dtc (C4), Cd(II) piperidine dtc (C5) and Cd(II) ethyl xanthate (C2)) at 250 °C in 6 

mL of OLA. 

Figure 60 shows results of the UV-visible absorption and the corresponding TEM images of the 

CdS nanoparticles prepared. The particles are all blue shifted as compared to the bulk CdS (515 

nm). It is noticed from the Figure 60 that similar morphologies were obtained using different 

precursor and the shape and size of CdS nanoparticles varied little when Cd(II) piperidine dtc and 

Cd(II) ethyl xanthate complexes were used and much when Cd(II) dihexyl dtc and Cd(II) diethyl 

dtc complexes were used. However we also noticed that the size of the CdS nanoparticles obtained 

from the Cd(II) ethyl xanthate complex was smaller compared to those from Cd(II) 

dithiocarbamates complexes. The variation of the precursor type did not affect much the shape of 

CdS nanoparticles but the difference happened on the optical properties. 
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Figure 60. Plots of band gap energy and average particle sizes versus the precursor type. 

Corresponding TEM images at 250 °C from a) Cd(II) dihexyl dtc, b) Cd(II) diethyl dtc, c) Cd(II) 

piperidine dtc and d) Cd(II) ethyl xanthate complexes. 

3.4.2.2. Effect of the capping agent 

This study was achieved by thermolysing 1.2 mmol of each complex (Cd(II) dihexyl dtc (C12), 

Cd(II) diethyl dtc (C4), Cd(II) piperidine dtc (C5) and Cd(II) ethyl xanthate (C2)) at 250 °C in 6 g 

or mL of HDA and OLA. 

Figure 61 shows results of the UV-visible absorption of the CdS nanoparticles prepared from the 

thermolysis of different complexes in 6 g or mL of HDA and OLA at 250 °C. It is seen that when 

OLA was used as capping agent, the average size of the CdS nanoparticles obtained from Cd(II) 

diethyl dtc (C4) complex was higher followed by Cd(II) dihexyl dtc (C12), Cd(II) piperidine dtc 

(C5) and Cd(II) ethyl xanthate (C2) complexes respectively. While when HDA was used as capping 

agent, the average size of the CdS nanoparticles obtained from Cd(II) diethyl dtc (C4) complex 

was higher than complexes from Cd(II) piperidine dtc (C5), Cd(II) dihexyl dtc (C12), and Cd(II) 

ethyl xanthate (C2). This observation can be explained by the fact that the longer the carbon chain, 

the better the capping group56,108. In general, the CdS nanoparticles prepared at higher temperature, 

favor the thermodynamic growth regime resulting in quite well-defined isotropic particles 

(spherical, oval and cubes)231. The OLA capped CdS nanoparticles are more blue shifted than the 

corresponding HDA capped CdS nanoparticles. A potential reason to explain this phenomenon 
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could be due to the fact that higher reaction temperature results in the formation of irregular 

nanoparticles with reduced crystallinity due to random, faster nucleation and with the rapid growth 

affecting the ligand configuration at the nanocrystal surface.232 

 

Figure 61. Plots of band gap energy and average particle sizes versus the precursor type of CdS 

nanoparticles synthbesized from Cd(II) dihexyl dtc (C12), Cd diethyl dtc (C4), Cd(II) piperidine 

dtc (C5) and Cd(II) ethyl xanthate (C2) in HDA and OLA.  

In summary, we showed that CdS is a material whose morphology can be handled through the 

variation of the reactions parameters (the precursor type and the capping group) by the thermolysis 

of molecular precursors. By changing the nature of the precursor and the capping agent, spherical, 

oval cubic and rod shaped shaped particles were formed while the optical properties displayed a 

blue shift as compared to the bulk CdS (515 nm) in general. 
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3.5. Undoped CdS, In-doped and Ga-doped CdS nanoparticles 

Doped semiconductors have generated a lot of interest since they have been shown to improve on 

both the electrical and optical properties of nanomaterials233,234. Several reports have been made 

on the synthesis of doped CdS nanomaterials using cobalt, zinc and gallium36,233,235,236. Our interest 

in this work has been focused on the synthesis of cadmium sulfide nanoparticles doped with indium 

and gallium as dopants since both are predominantly used in electronics as a semiconductor 

substrates because of their properties. The annealing method is a rapid process, which facilitates 

the swift formation of the crystallites with improved grain structure from a single source precursor 

(SSP). SSPs are compounds which contain the desired elements and decompose to materials with 

a specific composition. Recently, complexes containing (O-alkyl)xanthate (-S2COAk) ligands 

have been employed and proven to be potentially useful as SSPs for the preparation of metal sulfide 

nanomaterials. Metal xanthate complexes are preferred precursors for the low temperature growth 

of metal chalcogenide nanocrystals, through the Chugaev elimination reaction.36,135 

In this section, we report the characterisation of CdS, Cd1-xInxS and Cd1-xGaxS nanoparticles by 

melt method. The samples, Cd1-xInxS and Cd1-xGaxS were prepared in the range of mole percentage 

of the metal from 2 to 10%. The crystalline and structural properties of the nanoparticles are 

investigated. 

3.5.1. Syntheses and characterization of In-doped CdS nanoparticles 

The samples were prepared as described in section 2.4.1 and 2.4.2, page 52-53. The undoped CdS 

was observed to be the wurtzite structure (Figure 62).  Upon introduction of indium, no additional 

phases were observed and the reflections of the hexagonal wurtzite phase shifted to higher two 

theta (2θ) values suggesting that doping was successful (Figure 62). This is consistent with 

substitutional doping of In(III) in the tetrahedral Cd(II) sites of wurtzite CdS due to the smaller 

ionic radius of In(III), 76 pm, as compared to Cd(II), 92 pm, resulting in the unit cell to decrease 

in size. The lattice parameters (a and c) of undoped CdS and CdS:In nanoparticles (Figure 63) 

were determined by cell refinement using hexagonal CdS as the starting point (a value of 4.137 Å 

and c value of 6.7144 Å)237. The refinements showed that there were near linear decrease in the 

size of the unit cell in both a=b and c with increase mole fraction of indium precursor (Figure 63). 

Ravichandran and co-workers reported on the influence of indium (In) doping on CdS thin films 
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by varying the In doping level from 0 to 8%. They found a reduction in the crystal quality with the 

increase of In-doping amount up to 8%238. As compared to the undoped CdS sample, the 

broadening of the reflections increased with the increasing of mole fraction of the doping. This 

could indicate the reduction of particle size, which may be due to the marginal lowering of lattice 

parameter suggesting that incorporation of indium in the lattice structure is limited. 

 

Figure 62. P-XRD patterns of In-doped CdS nanoparticles. 
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Figure 63.  Lattice constant as a function of [In]/[In]+[Cd] ratio. 

The SEM images of undoped CdS and In-doped nanoparticles are shown in Figure 64. The samples 

are composed of irregular shaped grains of different sizes. A smooth and uniform surface coverage 

morphology is observed for 8 and 10 % doping. Figure 64b shows the morphology of 2% In-doped 

CdS nanoparticles. Compared to undoped CdS, the surface morphology changes and is 

respectively to be non- uniform and continuous showing hexagonal-like shaped grains with voids 

that appear in the picture. As the concentration was raised from 2 to 4 % (Figure 64c), a small 

amount of undefined crystallites shaped grains were also present. The surface topography at 6% 

varied significantly and some big undefined shape grains (Figure 64d) were also observed. Figure 

64e-f show the surface morphology of 8 and 10% In-doped CdS samples. It is observed that the 

morphology is uniform and very compact as compared to that of 2, 4 and 6%. Furthermore, the 

grains are almost uniformly distributed along the entire surface with a denser structure. 
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Figure 64. Secondary electron microscopy SEM images (20 kV) of Cd1-xInxS nanoparticles in 

the composite range (0 ≤ x ≤ 0.1): a) pure CdS; b) 0.02% indium; c) 0.04% indium; d) 0.06% 

indium; e) 0.08% indium; and f) 0.1% indium. (Magnification scales of doped CdS samples are 

10 μm). 

The incorporation of In atoms in CdS nanoparticles was also confirmed by EDX measurements 

(Table 20), and Figure 65 displays the elemental mapping patterns of undoped CdS, In-doped CdS 

nanocrystals and indicate the presence of Cd, In and S in the melt nanocrystal. However, some In 

atoms deficiencies are observed and might be due to the uneven distribution during the synthesis 

process. 
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Figure 65. Elemental mapping distributions (20 kV) of Cd, In and S (colored images); a) In-

doped CdS at 8%, b) Cd, c) In and d) S emission at 8% indium-doped CdS nanoparticles. (All 

EDX scale bar correspond to 200 nm). 

Table 20. EDX of In-doped CdS. 

Cd1-xInxS (0 ≤ x ≤ 0.1) 0 0.02 0.04 0.06 0.08 0.10 

Cd 

S 

49.19% 

50.81% 

48.00% 

50.79% 

47.18% 

50.76% 

46.47% 

50.33% 

47.50% 

48.22% 

44.68% 

51.05% 

In / 1.21% 2.06% 3.20% 4.27% 4.27% 

 

The Raman spectra of undoped CdS and In-doped CdS nanoparticles are presented in Figure 66. 

The fundamental peaks at 297.5 and 599 cm-1 correspond to the 1LO and 2LO of the bulk CdS 

hexagonal structure239,240, whereas the synthesized CdS samples have 1LO and 2LO at 303 and 

600 cm-1 respectively. The shift in peak position of CdS nanoparticles towards inferior wavelength 

side was noticed. Some previous reports showed that phonon confinement, strain, defects and 

broadening associated with the size distribution, were significant features, which affect the phonon 
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properties241. It is also observed from the Figure 66 that the characteristic peaks of the Raman 

spectra of CdS samples are slightly broad compared to the doped CdS samples. This may be due 

to the increasing of compositional and structural disorders.242 

 

Figure 66. Raman spectra of In-doped CdS nanoparticles. 

 

3.5.2. Syntheses and characterization of Ga-doped CdS nanoparticles 

The samples were synthesized as detailed in section 2.4.1 and 2.4.2, page 52-53. The undoped CdS 

and Ga-doped CdS nanoparticles obtained were found to be the hexagonal structure (Figure 67). 

Upon introduction of gallium, no additional phases were observed and the reflections shifted to 

higher two theta values as the ionic radius of Ga(III) is 61 pm as compared to Cd(II), 92 pm (Figure 

67).  The lattice parameters (a and c) of undoped CdS and CdS:Ga (Figure 68) samples were found 

by cell refinement using hexagonal CdS as the standard reference (a value of 4.137 Å and c value 

of 6.7144 Å)237. When the mole fraction of gallium precursor was increased there was a linear 
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decrease in a=b and a slight decrease in c (Figure 68). It is known that interstitial incorporation of 

Ga atoms in CdS gives rise to a deterioration in the crystal structure243. Some reports exhibited 

that some dopant metal ions go to interstitial defect sites causing enhanced disorder and increasing 

the degree of polycrystallinity. Such increase of polycrystallinity might be the reason for lowering 

of particle size.235,243 

 

Figure 67. P-XRD patterns of Ga-doped CdS nanoparticles. 
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Figure 68. Lattice constant as a function of [Ga]/[Ga]+[Cd] ratio. 

SEM images of the undoped CdS and Ga-doped CdS nanoparticles are presented in Figure 69. A 

smooth and uniform surface coverage morphology is observed for all the Ga-doped CdS 

nanoparticles. Figure 69b displays the morphology of 2% Ga-doped CdS nanoparticles and it is 

observed that the surface morphology changed as compared to the undoped CdS sample. When 

the concentration was increased from 2 to 4 % (Figure 69c), in addition to hexagonal-like shaped 

grains, a small amount of undefined crystallites shaped grains were also present. The surface 

topography at 6% still changed considerably. The shape of the grains starts to round and form 

defined grain (Figure 69d). There is an increase in grain sizes as well, probably due to an expansion 

in the volume of unit cell243, which is in agreement with P-XRD results. Figure 69e-f show the 

surface morphology of 8 and 10%, we noticed that the morphology is uniform and compact 

compared to that of 2, 4 and 6%.  
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Figure 69. Secondary electron microscopy SEM images (10 kV) of Cd1-xGaxS nanoparticles in 

the composite range (0 ≤ x ≤ 0.1): a) pure CdS; b) 0.02% gallium; c) 0.04% gallium; d) 0.06% 

gallium; e) 0.08% gallium; and f) 0.1% gallium. (Magnification scales of doped CdS samples are 

20 μm). 

Moreover, the incorporation of Ga atoms in CdS nanoparticles was also confirmed from EDX 

(Table 21), Figure 70 show the elemental mapping distributions of undoped CdS and Ga-doped 

CdS nanocrystals and specify the existence of Cd, Ga and S in the melt nanoparticle. Nevertheless, 

some Ga atoms deficiencies are detected. 
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Figure 70. EDX spectrum mapping of the elemental distributions (20 kV) of Cd, Ga and S 

(colored images); a) Ga-doped CdS at 10%, b) Cd, c) Ga and d) S emission at 10% gallium-

doped CdS nanoparticles. (All EDX scale bar correspond to 400 μm). 

Table 21. EDX of Ga-doped CdS nanoparticles. 

Cd1-xGaxS (0 ≤ x ≤ 0.1) 0 0.02 0.04 0.06 0.08 0.10 

Cd 

S 

49.19% 

50.81% 

48.00% 

50.79% 

47.18% 

50.76% 

46.47% 

50.33% 

45.41% 

50.33% 

44.24% 

50.56% 

Ga / 0.88% 2.16% 2.94% 4.25% 5.20% 

 

Figure 71 presents the Raman spectra of undoped CdS and Ga-doped CdS nanoparticles. In 

general, the characteristic peaks of the longitudinal optical (LO) modes of CdS are observed from 

the Raman spectra. The fundamental peaks at 297.5 and 599 cm-1 correspond to the 1LO and 2LO 

of the bulk CdS hexagonal structure239,240, while the prepared CdS nanoparticles have 1LO and 

2LO at 303 and 600 cm-1 correspondingly. The shift in peak position of CdS nanoparticles towards 
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lower wavelength side was observed. We also noticed that the shift in 1LO and 2LO peak positions 

of CdS nanoparticles are in good agreement with the bulk CdS. 

 

Figure 71. Raman spectra of Ga-doped CdS nanoparticles. 

To summarize, In-doping and Ga-doping with various concentrations have an important influence 

on the morphology of CdS nanoparticles. Crystallographic analysis revealed that wurtzite CdS 

crystallites incorporated In3+ and Ga3+ was obtained without any phase change or formation of 

additional phases. This was confirmed by observation of the expected decrease in unit cell size. 

3.6. Deposition of lead sulfide, copper sulfide and cadmium sulfide thin films 

PbS, CuxSy and CdS have been used for a wide-ranging of technological applications such as 

sensors, photocatalysts, photovoltaic cells, electro-optic modulators, sensors, photo luminescent 

devices, antireflection coatings, lithium ion batteries and supercapacitors due to their unique size 

dependent, optical and electronic properties244–247. Many methods including spray pyrolysis248, 

chemical bath deposition (CBD)249, successive ionic layer absorption250 and chemical vapour 

deposition (CVD)63,251,252 have been used. 
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The use of single source precursors in aerosol assisted chemical vapor deposition (AACVD) can 

have the advantage of avoiding toxic precursors and eliminating undesired effects of the anions of 

the metal salt. AACVD is a simple and cost effective technique, which is well known to produce 

high quality thin films. Dithiocarbamates253, thiosemicarbazides254, xanthates47, 

imidodiphosphinates41, N-alkyl thioureas132, dichalcogenophosphinates43 and 

dichalcogenophosphates255 metal complexes have been investigated for the preparation of some 

metal sulfide thin films. 

In this paragraph, we aim to explore the use of heterocyclic thiourea lead and copper complexes, 

heterocyclic dithiocarbamate and xanthate cadmium complexes as molecular precursors for the 

deposition of PbS, CuxSy and CdS thin films by the AACVD method. 

3.6.1. Syntheses and characterization of lead sulfide thin films 

In this section, we report the deposition of PbS thin films on glass substrate at various temperatures 

by AACVD from N-morpholine and N-pyrrolidine lead (II) N’-benzoylthioureato complexes used 

as single source precursors. These lead complexes and thin films were characterized as reported in 

section 2.6 and 2.7. 

The films deposited by AACVD were investigated by powder X-ray diffraction. The recorded 

patterns for films obtained using Pb-morphtu complex (1) and Pb-pyrrtu complex (2) are 

summarized in the Figures 72 and 73. The films deposited are all of well-defined galena PbS with 

the halite structure (ICDD 05-0592). The deposited films all gave very sharp peaks in the p-XRD 

and indeed at values greater than ca 60⁰ of the 2θ the peaks for 1.5405 Å and 1.54434 Å of Cu K 

alpha radiation are seen. These results indicate good crystallinity. There are many literature studies 

of PbS: the original mineralogical study in 1925256 gave 5.3 Å lattice parameter, whilst Wyckoff 

in 1963 gives 5.9363 Å257 and  one at 298 K by Noda 1987258 gives 5.9315 Å. 
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Figure 72. P-XRD patterns of PbS thin films deposited from complex (1) at temperatures 350, 

400 and 450 °C. 
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Figure 73. P-XRD patterns of PbS thin films deposited from complex (2) at temperatures 350, 

400 and 450 
o
C. 

 
Table 22. Calculated lattice parameter/Å (Calculated for all peaks below 2θ = 60⁰). 

Temp./°C Complex (1) Complex (2) 

350 5.930(5) 5.933(4) 

400 5.931(6) 5.932(4) 

450 5.923(6) 5.932(4) 

Average 5.928(4) 5.932(5) 
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Figure 74. Highly resolved p-XRD pattern. The lattice constant a value can be measured using 

the average Cu Kα value of 1.54184 Å for all values of 2θ less than ca 60⁰. Inset: average XRD 

patterns for all depositions, with of course little or no difference in peak position. 

The lattice parameters are remarkable consistent and summarized in Table 22. The lattice constant 

determined for our samples from all peaks below 63⁰ gave consistent values for the lattice constant 

from each deposition (Table 23) and an overall average of 5.930(5) Å consistent with the literature. 

An average plot of all samples is shown in Figure 74, a small non-indexed peak appearing at 2θ = 

22.71° is seen for the films deposited at 400 °C.  At the higher angle diffraction close to 71⁰ is 

weak and somewhat noisy and the average of all peak is shown (inset Figure 74). However the two 

component peaks for the Cu Kα components can be seen and beautifully corresponding values for 

the a value of 5.934 Å and 5.935 Å are seen from the (420) reflection. These results show that the 

thin films are well crystallized. 
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Table 23. The values of the lattice parameter calculated twice for each temperature from the ca 

71⁰ (420) peak. 

Sample 2θ 2θ λ = 1.5405 Å λ = 1.54434 Å 

C(1) 350 ⁰C 70.940 71.180 5.936 5.934 

C(1) 400 ⁰C 70.990 71.180 5.933 5.934 

C(1) 450 ⁰C 70.960 71.170 5.935 5.934 

C(2) 350 ⁰C 70.950 71.160 5.936 5.935 

C(2) 400 ⁰C 70.970 71.160 5.934 5.935 

C(2) 450 ⁰C 70.960 71.160 5.935 5.935 
  

Av 5.935(1) 5.934(1) 

 

The relative orientations are summarized in Figure 75 and slightly rod like SEM images were seen 

in the image. The coverage area is largely close to 100% at the substrate temperature at several 

temperatures (Figure 90 and always >80–90). Various particle sizes and morphologies were 

obtained and the average particle size was estimated using the intercept technique where a random 

straight line is drawn through the micrograph, the number of grain boundaries intersecting the line 

are counted. The average grain size is found by dividing the number of intersections by the actual 

line length.  

Average grain size =1/(number of intersections/actual length of the line) 

At 350 °C when Pb-morphtu complex was used, cubic-shaped PbS particles were formed with an 

average size of 85 nm (Figure 75a). A rise in temperature to 400 °C resulted in the formation of a 

mixture of spherical and cubic shaped particles with an average size of 84 nm (Figure 75b). At 

higher deposition temperature of 450 °C, predominantly rod-shaped PbS particles were obtained 

with an average size of 83 nm (Figure 75c). A slight decrease in the particle grain size with an 

increase of temperature was observed. When Pb-pyrrtu complex was used as precursor, a 

remarkable difference in grain sizes and uniformity was observed as the temperature was varied 

from 350 to 450 °C. At 350 °C, spherical particles aggregates were formed with an average size 

of 71 nm (Figure 75d). As the temperature was increased to 400 °C, the shape of crystallites 

changed from spherical to cubic particles with an average size of 90 nm (Figure 75e) and the 
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deposition at 450 °C resulted in the growth of large cube-shaped PbS particles with an average 

size of 105 nm (Figure 75f). An increase in the particle size with an increase of temperature was 

observed. EDX analysis results showed that the films are sulfur deficient (Table 24). This could 

be due to the large atomic size of lead as compared to sulfur. 

 

Figure 75. SEM images of PbS films deposited from Pb-morphtu complex onto glass substrates 

at (a) 350, (b) 400 and 450 °C and from Pb-pyrrtu complex at (d) 350, (e) 400 and (f) 450 °C. 

The orientations of the powder patterns for both depositions are shown in the middle compared 

to the literature pattern of PbS. There is a small tendency for films to extend along one axis as 

seen in SEM and by XRD. 
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Table 24. Elemental composition found by EDX spectroscopy of Pb and S in the thin films 

deposited using both complexes Pb-morphtu (1) and Pb-pyrrtu (2). 

Complex Temp (°C) Pb S Pb : S 
  

 (1) 350 60 40 1 : 0.667 
  

400 60 40 1 : 0.672 
  

450 54 46 1 : 0.840 
  

(2) 350 54 46 1 : 0.869 
  

400 56 44 1 : 0.776 
  

450 61 39 1 : 0.639 
  

       

The room temperature UV–Vis absorption spectra of the PbS films recorded in the wavelength 

range of 250 –1000 nm, uncoated glass substrate as a reference are shown in the Figures 76 and 

77. The energy band gap (Eg) was determined from the Tauc plot equation259 using their 

transmission and reflectance curves as well as the following formula: 

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔)     

ℎ𝜈 is the energy of the incident light, 𝐸𝑔 the band gap of the sample and α is the absorption 

coefficient. 
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Figure 76. UV–Vis absorption spectra of PbS films deposited on glass substrate using complex 

(1) at 350, 400 and 450 °C (Inset: Representative Tauc plots for the PbS obtained at 400 °C). 



153 
 

 

Figure 77. UV–Vis absorption spectra of PbS films deposited on glass substrate using complex 

(2) at 350, 400 and 450 °C (Inset: Representative Tauc plots for the PbS obtained at 400 °C). 

A strong blue shift as compared to the bulk PbS was observed in the absorption band edges of all 

the PbS films deposited at the different temperatures. The observation is in  line with the literature 

where the reported PbS band gap varying in a wide range up to 2.3 eV from the bulk value of 0.41 

eV260–263. This work reports PbS thin films with band gap in the range of 1.46 – 1.55 eV. These 

band gap values are larger than expected for particles with sizes in the range of 70 – 105 nm, 

greater than PbS Bohr exciton radii (18 nm)260,264. The results further reveal that the band gap of 

the as-deposited PbS films gradually decreases (from 1.49 eV to 1.46 eV – Pb-morphtu complex 

and 1.55 eV to 1.46 eV – Pb-pyrrtu complex) as temperatures were increased from 350 °C to 450 

°C, respectively.261  
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3.6.2. Syntheses and characterization of copper sulfide thin films 

In this section, we report the deposition of copper sulfide thin films by AACVD from of N-

morpholine-N’-benzoylthioureatocopper(II) and N-pyrrolidine-N’-benzoylthioureatocopper(II) 

complexes used as molecular precursors. These copper complexes and thin films were 

characterized as reported in section 2.6 and 2.7. 

The P-XRD results of the deposited copper sulfide thin films at temperatures between 350 and 450 

°C are presented in Figures 78a and 79a. The diffraction peaks are matched in general, to a mixture 

of hexagonal Cu2S (ICDD: 046-1195) and cubic CuS2 phase (ICDD: 033-0492) in all films 

deposited at various temperatures from both complexes131. The P-XRD patterns of the as deposited 

films at 350 and 400 °C from Cu-morphtu complex showed two reflection peaks (200)#, (210)* 

indexed to the cubic and hexagonal phase respectively while at 450 °C two new reflection peaks 

(111)# and (101)* detected are indexed to the cubic and hexagonal phase respectively. On the other 

hand, when complex (4) was used, one prominent reflection peak (200)#  was observed at 350 °C 

while at 400 and 450 °C two new reflection peaks (210)* and (101)* appeared. Furthermore, 

intensity of (200)#  peak in p-XRD pattern of copper sulfide films showed to increase as a result 

of temperature increase. No specific peak of any other phase of copper sulfide or impurities was 

detected. The SEM images of the copper thin films deposited are shown in Figures 78 and 79. The 

morphology of thin films prepared at 350 °C from complex (3) is mainly composed of small snowy 

particles forming large cubic clusters (Figure 78b), with an average size ca. 420 nm. Uniform 

coverage was observed, without the presence of any fissures in the film. EDX analysis (Table 25) 

showed the deposition of slightly sulfur deficient films Cu:S (50.9:49.1). Films deposited at 400 

°C revealed non uniform spherical block like crystallites (Figure 78c) with sizes ca. 460 nm. The 

size of the crystallites increases considerably and the morphology obtained at this temperature is 

closely related to the previously reported copper sulfide thin films using the copper thiobiuret 

complex131. A copper to sulfur ratio of 51.6:48.4 was observed for these thin films by EDX 

analysis. Deposition of films at a higher temperature of 450 °C shows in the formation of uniform 

cubic shaped structures with sizes greater than 590 nm (Figure 78d). The EDX results also showed 

sulfur deficient thin films with a copper to sulfur ratio of 54.7:45.3. The shape of thin films were 

observed to be highly reliant on the growth temperature. 
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Table 25. Elemental composition found by EDX spectroscopy of Cu and S in the thin films 

deposited using both complexes Cu-morphtu (3) and Cu-pyrrtu (4). 

Complex Temp (°C) Cu S Cu : S 
  

 (3) 350 50.9 49.1 1 : 0.959 
  

400 54.7 45.3 1 : 0.778 
  

450 51.6 48.4 1 : 0.916 
  

(4) 350 54.1 45.9 1 : 0.826 
  

400 51.4 48.6 1 : 0.959 
  

450 51.9 48.1 1 : 0.916 
  

       

Table 26. Phases and morphologies of copper sulfide thin films obtained. 

Deposited thin films by AACVD 

Complex Deposition 

temp (°C) 

Phase (formula) Morphology Average 

crystallite size 

(nm) 

(3) 350 

400 

450 

Mixture of 

hexagonal 

(Cu2S) and 

cubic(CuS2) 

large cubic clusters 

spherical to cubic  

cubic 

420 

460 

590 

(4) 350 

400 

450 

Mixture of 

hexagonal 

(Cu2S) and 

cubic(CuS2) 

Snowy flake-like 

Spherical crystallites 

Spherical crystallites 

310 

470 

580 
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Figure 78. a) P-XRD pattern of CuS deposited on glass substrate by AACVD from Cu-morphtu 

complex (* hexagonal Cu2S, # cubic CuS2) and SEM images of CuS films deposited at deposition 

temperatures (b) 350 °C, (c) 400 °C and (d) 450 °C. 

The same trend was observed when Cu-pyrrtu complex was used (Figure 79), deposition at 350 

°C gave films with uniform morphology based on snowy flakes with sizes in the range of 280-320 

nm (Figure 79b). The morphology changed forming large cubic clusters with some irregular 

spherical particles at 400 °C (Figure 79c). Although the films deposited at 450 °C showed large, 

irregular spherical particles (Figure 79d). EDX analysis revealed sulfur deficient thin films at all 

temperatures. A uniform distribution of copper and sulfur was indicated by EDX analysis, as 

almost same percentages of copper to sulfur were observed at different regions of the thin films. 

The increase in crystallite size is due to inter-particle aggregation, as a function of temperature. 

The decomposition of the precursor and thermal diffusion of the particles at the substrate surface 

is directly related to the temperature. The higher incident flux can cause a shadowing effect during 
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growth process. The particles will tend to form aggregates by combining with particles, present 

near the impact point. Similarly, the adatom layer may behave as a template for incoming 

molecular flux at higher temperature and results in the accelerating of the growth of crystallites to 

larger particles. However, the specific growth mechanism by CVD method is fairly complex and 

may embrace some other factors265. The summary of phases, morphology and average crystallite 

sizes of copper sulfide films are presented in Table 26. 

 

Figure 79. a) P-XRD pattern of CuS deposited on glass substrate by AACVD from Cu-pyrrtu 

complex (* hexagonal Cu2S, # cubic CuS2) and SEM images of CuS films deposited at deposition 

temperatures (b) 350 °C, (c) 400 °C and (d) 450 °C. 
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3.6.3. Syntheses and characterization of cadmium sulfide thin films 

In this section, we report the deposition of hexagonal CdS thin films of various morphologies by 

AACVD method on glass substrate at different temperatures in THF and chloroform, using 

cadmium(II) dihexyl (a), diethyl (b), piperidinyl (c) dithiocarbamates and ethyl xanthate (d) 

complexes as single source precursors. The effect of the alkyl chain of the precursor, the 

temperature as well as the solvent used on the optical properties and morphology of the CdS films 

is also investigated. 

Clean yellowish and uniform CdS films were obtained when CdS thin films were deposited on a 

glass substrate. The room temperature UV–Vis absorption spectra of the CdS thin films were 

recorded in the range of 400–800 nm, using the glass substrate as a reference are shown in Figures 

80i, 81i and 82i. The energy band gaps (Eg) were estimated using the Tauc plots259 as shown in 

Figures 80ii, 81ii and 82ii. The deposited CdS thin films showed variation in the energy band gap 

with temperature and precursor type. When dihexyl dithiocarbamato complex (C6 carbon chain 

compound) was dissolved in THF and deposited at 400 oC, an absorption band edge at 510 nm was 

observed (Figure 80ia), showing a slight blue shift of 5 nm compared to the bulk CdS (515 nm). 

When the ethyl dithiocarbamato complex (carbon chain of the dithiocarbamate precursor was 

reduced from C6 to C2), a shift to higher wavelength was observed in the absorption band edge 

(Figure 80ib). When the heterocyclic piperidinyl dithiocarbamate complex (cyclic C5 carbon 

chain) was used, a red shift of 8 nm was observed (Figure 80ic) with the absorption band edge at 

523 nm. When the starting material was then changed to the ethyl xanthate complex, an absorption 

band edge at 508 nm (Figure 80id) was observed.  

When the deposition temperature was increased from 400 °C to 450 ºC (Figure 81, Table 27), all 

the absorption spectra were red shifted except for the films obtained from the ethyl xanthate 

complex. The decrease in the energy band gap of the films, could be due to the increase of particle 

size at this temperature.  

The effect of solvent on the optical properties of the CdS films was investigated at 450 °C by 

dissolving the precursors in the solvent mixture (THF + chloroform) (Figure 82i). It was observed 

that the CdS films obtained absorbed at higher wavelengths compared to the films which were 

synthesized in THF alone. This could be attributed to the fact that chloroform is a weaker 

coordinating solvent compared to THF (Figure 82, Table 27). 
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Figure 80. (Left UV-Vis absorption spectra of CdS films deposited on glass substrate using 

complexes (a), (b), (c) and (d) at temperature of 400°C; Right Tauc plot showing the estimated 

optical band gap). 

 

Figure 81. (Left UV-Vis absorption spectra of CdS films deposited on glass substrate using 

complexes (a), (b), (c) and (d) in THF solvent at temperature of 450°C; Right Tauc plot showing 

the estimated optical band gap). 
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Figure 82. (Left UV-Vis absorption spectra of CdS films deposited on glass substrate using 

mixed solvents (THF+chloroform) using complexes (a), (b), (c) and (d) at temperatures of 

450°C; Right Tauc plot showing the estimated optical band gap). 

The photoluminescence (PL) properties of the deposited CdS thin films using the cadmium 

complexes were investigated by exciting the films at 300 nm excitation wavelength. The emission 

spectra are shown in Figures 83, 84 and 85. The deposited CdS films at 400 °C showed broad 

peaks in the 515-560 nm and 520-545 nm regions when dihexyl dithiocarbamate (a) (Figure 83a) 

and diethyl dithiocarbamate (b) (Figure 83b) complexes respectively were used. A low emission 

peak at 485 nm blue shifted to the absorption band edge was however observed when the 

piperidinyl dithiocarbamate complex (c) (Figure 83c) was used. When the ethyl xanthate complex 

(d) (Figure 83d) was used, a broad peak in the 530-545 nm region was observed. The broad peaks 

observed between 520 and 570 nm are probably due to electron–hole traps (surface defect emission 

from sulfur vacancies)266. It could also be related to microstructure imperfection and lattice defects 

of the CdS thin films267,  leading to the red emission. The same observation was made when the 

temperature was increased to 450 °C and using the mixed solvents (THF + chloroform), (Figures 

99 and 100). The optical properties of the deposited CdS thin films are summarized in Table 27. 
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Table 27. Optical properties of the deposited CdS thin films. 

Cd(II) 

complex 

Temp (°C) Solvent Band edge 

(nm) 

Band gap 

(eV) 

PL max. 

(nm) 

(a)   

 

400 

 

 

THF 

510 2.43 515-560 

(b)  515 2.41 520-545 

(c)  523 2.37 485 

(d)  508 2.44 530-545 

(a)   

 

450 

 

 

THF 

515 2.41 489 

(b)  520 2.42 490 

(c)  518 2.40 486 

(d)  498 2.49 520-550 

(a)   

450 

 

THF + 

chloroform 

523 2.37 500-545 

(b)  527 2.35 487 

(c)  508 2.44 485 

(d)  525 2.36 520-540 
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Figure 83. Photoluminescence emission spectra of CdS thin films deposited at 400 °C using 

complexes (a), (b), (c) and (d) (λexc = 300 nm). 
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Figure 84. Photoluminescence emission spectra of CdS thin films deposited at 450 °C using 

complexes (a), (b), (c) and (d) (λexc = 300 nm). 
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Figure 85. Photoluminescence emission spectra of CdS thin films deposited using mixed 

solvents (THF + chloroform) at 450 °C using complexes (a), (b), (c) and (d) (λexc = 300 nm). 

 

P-XRD patterns (Figures 101, 102 and 103) showed deposition of hexagonal phase CdS thin films. 

The three dominant peaks in the diffraction patterns of the films deposited at 400 °C and 450 °C 

(Figures 86 and 87) can be assigned to (100), (002), (101) reflections of the pure hexagonal phase 

and the values matched to those in the ICDD values (card # 01–077-2306). Also, the high intensity 

of the (002) peak in the p-XRD pattern of CdS thin films is an indication that the particles were 

preferably elongated along the c-axis228. When the mixed solvent (THF + chloroform) was used at 

450 °C (Figure 88), extra peaks were visible and indexed to the hexagonal phase. The presence of 

the un-indexed peaks in the XRD patterns obtained from complexes (a) and (c) could be attributed 

to some impurities from the alkyl and heterocyclic carbon chain of the materials. Also, a reduction 

in the intensity of the (002) peak in p-XRD patterns of all the synthesized samples was observed. 
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Figure 86. Powder X-ray patterns of CdS films deposited at 400 °C using complexes (a), (b), (c) 

and (d). 
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Figure 87. Powder X-ray patterns of CdS films deposited at 450 °C using complexes (a), (b), (c) 

and (d). 
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Figure 88. Powder X-ray patterns of CdS films deposited using mixed solvents 

(THF+chloroform) at 450 °C using complexes (a), (b), (c) and (d). 

The scanning electron microscopy (SEM) micrographs of the deposited CdS films are shown in 

Figures 89, 90 and 91. The films deposited revealed variability in morphologies when the precursor 

was varied from Cd(II) dithiocarbamates to ethyl xanthate at 400 and 450 ºC. The surface 

morphology of CdS films deposited at 400 oC is presented in Figure 89. When complex (a) (C6 

carbon chain) was used, densely packed granular crystallites were formed with particle sizes 

ranging from 60 – 120 nm (Figure 89a). Complex (b) (C2 carbon chain), produced loose and well 

packed with uniform and regular patterns of roughly cubic to spherical shaped particles. A decrease 

in the particle size (20 - 32 nm) was observed (Figure 89b). When complex (c) was used 

(heterocyclic carbon chain), very compact and hexagonal-like shaped CdS films were deposited 

with average size of 22-35 nm (Figure 89c). Ethyl xanthate precursor (d) (C2 carbon chain) 

interestingly resulted in the formation of star shaped CdS films (Figure 89d), with lengths of 33-
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63 nm and diameters of 12 - 23 nm. As the deposition temperature was raised to 450 ºC (Figure 

90), morphology and coverage of films significantly changed. All films showed increased 

coverage of approximately 100 %. Complex (a) showed spherical shaped and aggregated grains 

with ca. 90 nm in size (Figure 90a). When complex (b) was used (Figure 90b), formation of larger 

hexagonal granule-shaped crystallites was observed, whereas complex (c) produced irregular 

flake-like shaped particles with sizes in the range of 104 - 186 nm (Figure 90c). Changing the 

precursor from dithiocarbamate to xanthate (d), formation of spike-like shaped particles with sizes 

ranging from 200 - 245 nm (Figure 90d) was observed.  

 

Figure 89. SEM images of CdS films deposited on glass substrate at 400 °C using complexes 

(a), (b), (c) and (d). 
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Figure 90. SEM images of CdS films deposited on glass substrate at 450 °C using complexes 

(a), (b), (c) and (d). 

The effect of solvent on the microstructure of CdS films was also investigated using solvent 

mixture (THF + chloroform) and representative results obtained at 450 °C are shown in Figure 91. 

The CdS thin films deposited using complex (a) showed regular hexagonal-like structures with 

particle sizes ranging from 140-205 nm (Figure 91a). With complex (b), relatively small, regular 

spherical shaped with an average particle size of 57-60 nm were obtained (Figure 91b). 

Predominantly regular flake-like shaped in the size range of 150-205 nm were formed when 

complex (c) was used (Figure 91c). Also, regular rose flower shaped with average particle sizes 

ranging from 230-300 nm were deposited when the xanthate complex (d) was used (Figure 91d).  

 

Variation in the morphology of the films formed at different temperatures suggests that both the 

solvent (THF) and temperature (400 and 450 °C) have an effect on the properties of the resulting 
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microstructures. However, the change in the morphology of the films deposited using mixed 

solvents (THF + chloroform) at 450 oC indicates that chloroform plays a role in shape directing of 

the film grown at the surface. It has been reported that at moderate temperature (400 oC), the 

heterogeneous process is dominant, rendering the precursor molecule to absorb on the substrate 

surface, and subsequent evaporation, vaporization and decomposition tend to produce high quality 

films with good adhesive strengths268 (Figures 89b and 89c). With the increase in temperature to 

450 oC, the aerosol absorbs more heat in the delivery tube causing solvent evaporation, while 

vaporization of the precursor molecules starts before absorbing on the substrate surface resulting 

in the deposition of films with distorted structure (Figures 90b and 90c). 

 

The role of solvent in the processing of thin film deposition can be discussed on the basis of the 

heat of combustion and the coordination ability of the solvent used. THF has moderate heat of 

combustion (2501.2 Kj.mol-1) and a good coordinating ability, favoring heterogeneous nucleation 

mode at 400 oC. While chloroform with much lower heat of combustion (473.21 Kj.mol-1) and 

very poor coordinating ability compared to THF, evaporates faster causing homogeneous 

nucleation268,269 (growth of porous thin films with irregular texture and poor adhesion to the 

substrate as seen in Figures 91a, 106c and 106d. The EDX measurements at 20 kV confirmed the 

stoichiometry of CdS thin films (ratio 1:1) deposited at different temperatures in all the samples. 

Table 28 shows the atomic percentage of CdS films using each precursor at different deposition 

temperatures with their average particle sizes. 
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Figure 91. SEM images of CdS films deposited on glass substrate at 450 °C using mixed 

solvents (THF + chloroform) using complexes (a), (b), (c) and (d). 
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Table 28.  Elemental analyses by EDX (atomic %) of CdS thin films using each precursor at 

different deposition temperatures with their average particle sizes. 

Cd(II) 

complex  

Temp. 

(°C) 

Solvent Cd % S % Cd/S 

ratio 

Particle size 

(nm) 

Shape 

(a)  

 

 

 

400 

 

 

 

 

THF 

50.4 49.6 1.02 60-120 Granular 

crystallites 

(b)  50.3 49.7 1.01 20-32 Regular 

spherical 

granules 

(c) 50.6 47.4 1.02 22-35 Hexagonal-

like 

(d) 50 50 1.00 Length = 33-

63 

Diameter = 

12-23 

star 

(a)  

 

450 

 

 

THF 

50.1 49.9 1.00 ca. 90 Spherical  

(b)  50.8 49.2 1.03 190-230 Larger 

hexagonal 

granule 

(c) 53.8 46.2 1.16 104-186 Irregular 

flake-like 

(d) 50.6 49.4 1.02 200-245 Spike-like 

(a)  

450 

 

THF + 

chloroform 

50.5 49.5 1.02 140-205 Regular 

hexagonal-

like 

(b)  51.0 49.0 1.04 ca. 60 Regular 

spherical 

(c) 50.5 49.5 1.02 150-205 Regular 

flake-like 

(d) 51.6 48.4 1.07 230-300 Rose 

flower 

 

In conclusion, the heterocyclic benzoylthioureas Pb(II) and Cu(II) complexes, dihexyl, diethyl, 

piperidine dithiocarbamates and ethyl xanthate Cd(II) complexes have shown to be efficient single 

source precursors for the deposition of PbS, CuxSy and CdS thin films on glass substrate. The 

deposition temperature has an influence on the morphology, size and the monodispersivity of the 

deposited thin films. 
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GENERAL CONCLUSION AND PERSPECTIVES 

Some of the main findings from this research include: 

 The as-synthesized heterocyclic ligands bonded in bidentate mode using both S-donors for 

bonding in the case dithiocarbamate and xanthate ligands and S-donor and O-donor for 

bonding in the case of thiourea ligands. This information was obtained from infrared 

studies of the ligands. 

 When the complexes were used as single source precursors to synthesize PbS, CuxSy, CdS, 

In-doped CdS and Ga-doped CdS nanoparticles, it was found that PbS and CdS 

nanoparticles revealed quantum confinement in their absorption band edges. 

 The variation of capping agents [hexadecylamine (HDA), oleylamine (OLA), 

dodecanethiol (DT) and castor oil (CO)] slightly affected the shape at lower temperatures 

(150 oC, 190 oC, 200 oC) but considerably at higher temperatures (>200 oC). 

 A change in the capping agent from HDA to OLA resulted in an increase in the band gap 

energy (shift to lower wavelength) for the CdS nanoparticles. 

 A variation in the reaction temperature from 150 oC to 250 oC (150 oC, 190 oC, 200 oC, 230 

oC, 250 oC) had a significant effect on the shapes and sizes of the PbS, CuxSy and CdS 

nanoparticles produced – metal sulfides with different shapes were produced. The PbS 

nanoparticles had shapes ranging from oval, rod-like to predominantly cubic. The CuxSy 

nanoparticles were cubic, spherical, hexagonal nanorods and rod-like in shape. CdS 

nanoparticles formed spherical, cubic and rod-like shapes. 

 The shapes of CdS nanoparticles changed with In and Ga doping. 

 The surface morphologies and sizes of the thin films produced with the three different 

metals (Pb, Cu and Cd) depended on the precursor used, the deposition temperature and 

the solvent used. 

 The optical properties of the PbS thin films produced gave band gaps which suggested a 

strong blue shift when compared to the bulk PbS. CdS thin films also showed an overall 

blue shift in their absorption bands when compared to the bulk CdS. 
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In perspective, we plan to 

 further study the mechanism of the interaction of the precursor on the morphology 

evolution of the metal sulfide nanomaterials, 

 

 investigate the use of PbS, CuxSy and CdS nanoparticles and thin films for solar cells and 

gas sensors applications. 
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ANNEX 2. Spectroscopic infrared and 1H NMR spectra of the ligands and metal 

complexes. 

ANNEX 2.1. Infra-red spectra of the (a): N-morpholine-N’-benzoylthiourea ligand the 

corresponding (b): Pb(II) and (c) Cu(II) metal complexes. 
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ANNEX 2.2. Infra-red spectra of the (a): N-pyrrolidine-N’-benzoylthiourea ligand the 

corresponding (b): Pb(II) and (c) Cu(II) metal complexes. 
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ANNEX 2.3. 1H NMR spectrum of the N-morpholine-N’-benzoylthiourea ligand. 

 

 

 

ANNEX 2.4. 1H NMR spectrum of the N-pyrrolidine-N’-benzoylthiourea ligand. 
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ANNEX 3. Crystallographic data of the Pb(II) and Cu(II) crystal structures. 

Table 1. Bond lengths [Å] and angles [deg] for C24H26N4O4PbS2.  

Bonds lengths [Å] Angles [deg] 

Pb1 - O1  2.448(2) 

Pb1 - O3  2.455(2) 

Pb1 - S1  2.6870(9) 

Pb1 - S2  2.6890(9) 

S1 - C2  1.753(3) 

S2 - C13  1.756(3) 

O1 - C1  1.262(4) 

O2 - C5  1.430(4) 

O2 - C4  1.432(4) 

O3 - C14  1.275(4) 

O4 - C22  1.428(4) 

O4 - C23  1.433(4) 

N1 - C1  1.333(4) 

N1 - C2  1.342(4) 

N2 - C2  1.342(4) 

N2 - C6  1.466(4) 

N2 - C3  1.473(4) 

N3 - C14  1.338(4) 

N3 - C13  1.346(4) 

N4 - C13  1.337(4) 

N4 - C21  1.479(4) 

N4 - C24  1.483(4) 

C1 - C7  1.504(4) 

C3 - C4  1.521(5) 

C3 - H7  0.9900 

C3 - H8  0.9900 

C4 - H5  0.9900 
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C4 - H6  0.9900 

C5 - C6  1.519(4) 

C5 - H3  0.9900 

C5 - H4  0.9900 

C6 - H2  0.9900 

C6 - H1  0.9900 

C7 - C12  1.394(5) 

C7 - C8  1.405(4) 

C8 - C9  1.394(5) 

C8 - H13  0.9500 

C9 - C10  1.382(5) 

C9 - H12  0.9500 

C10 - C11  1.389(5) 

C10 - H11  0.9500 

C11 - C12  1.395(5) 

C11 - H9  0.9500 

C12 - H10  0.9500 

C14 - C15  1.494(4) 

C15 - C16  1.400(5) 

C15 - C20  1.405(4) 

C16 - C17  1.395(4) 

C16 - H18  0.9500 

C17 - C18  1.386(5) 

C17 - H17  0.9500 

C18 - C19  1.394(5) 

C18 - H16  0.9500 

C19 - C20  1.389(5) 

C19 - H15  0.9500 

C20 - H14  0.9500 

C21 - C22  1.514(4) 

C21 - H26  0.9900 
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C21 - H25  0.9900 

C22 - H24  0.9900 

C22 - H23  0.9900 

C23 - C24  1.523(4) 

C23 - H21  0.9900 

C23 - H22  0.9900 

C24 - H19  0.9900 

C24 - H20  0.9900 

 

  

O1 - Pb1 - O3  147.99(7) 

O1 - Pb1 - S1  79.63(5) 

O3 - Pb1 - S1  76.81(6) 

O1 - Pb1 - S2  85.10(6) 

O3 - Pb1 - S2  76.23(6) 

S1 - Pb1 - S2  96.07(2) 

C2 - S1 - Pb1  103.65(10) 

C13 - S2 - Pb1  98.34(10) 

C1 - O1 - Pb1  127.27(18) 

C5 - O2 - C4  111.0(2) 

C14 - O3 - Pb1  132.9(2) 

C22 - O4 - C23  109.3(2) 

C1 - N1 - C2  125.0(3) 

C2 - N2 - C6  125.3(3) 

C2 - N2 - C3  121.4(3) 

C6 - N2 - C3  112.2(2) 

C14 - N3 - C13  124.2(3) 

C13 - N4 - C21  122.7(3) 

C13 - N4 - C24  125.3(3) 

C21 - N4 - C24  112.0(2) 
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O1 - C1 - N1  126.3(3) 

O1 - C1 - C7  118.3(3) 

N1 - C1 - C7  115.3(3) 

N2 - C2 - N1 117.7(3) 

N2 - C2 - S1  118.3(2) 

N1 - C2 - S1  123.5(2) 

N2 - C3 - C4  108.6(3) 

N2 - C3 - H7  110.0 

C4 - C3 - H7  110.0 

N2 - C3 - H8  110.0 

C4 - C3 - H8  110.0 

H7 - C3 - H8  108.4 

O2 - C4 - C3  110.9(3) 

O2 - C4 - H5  109.5 

C3 - C4 - H5  109.5 

O2 - C4 - H6  109.5 

C3 - C4 - H6  109.5 

H5 - C4 - H6  108.0 

O2 - C5 - C6  111.1(3) 

O2 - C5 - H3  109.4 

C6 - C5 - H3  109.4 

O2 - C5 - H4  109.4 

C6 - C5 - H4  109.4 

H3 - C5 - H4  108.0 

N2 - C6 - C5  108.5(3) 

N2 - C6 - H2  110.0 

C5 - C6 - H2  110.0 

N2 - C6 - H1  110.0 

C5 - C6 - H1 110.0 

H2 - C6 - H1  108.4 

C12 - C7 - C8  119.2(3) 
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C12 - C7 - C1  122.6(3) 

C8 - C7 - C1  118.2(3) 

C9 - C8 - C7  119.7(3) 

C9 - C8 - H13  120.1 

C7 - C8 - H13  120.1 

C10 - C9 - C8  121.0(3) 

C10 - C9 - H12  119.5 

C8 - C9 - H12  119.5 

C9 - C10 - C11  119.4(3) 

C9 - C10 - H11  120.3 

C11 - C10 - H11  120.3 

C10 - C11 - C12  120.5(3) 

C10 - C11 - H9  119.7 

C12 - C11 - H9  119.7 

C7 - C12 - C11  120.2(3) 

C7 - C12 - H10  119.9 

C11 - C12 - H10  119.9 

N4 - C13 - N3  117.3(3) 

N4 - C13 - S2  119.6(2) 

N3 - C13 - S2  122.7(2) 

O3 - C14 - N3  126.5(3) 

O3 - C14 - C15  117.1(3) 

N3 - C14 - C15 116.4(3) 

C16 - C15 - C20  119.2(3) 

C16 - C15 - C14  119.7(3) 

C20 - C15 - C14  121.1(3) 

C17 - C16 - C15  120.3(3) 

C17 - C16 - H18  119.9 

C15 - C16 - H18  119.9 

C18 - C17 - C16  120.2(3) 

C18 - C17 - H17  119.9 
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C16 - C17 - H17  119.9 

C17 - C18 - C19  119.8(3) 

C17 - C18 - H16  120.1 

C19 - C18 - H16  120.1 

C20 - C19 - C18  120.5(3) 

C20 - C19 - H15  119.8 

C18 - C19 - H15  119.8 

C19 - C20 - C15  120.0(3) 

C19 - C20 - H14  120.0 

C15 - C20 - H14  120.0 

N4 - C21 - C22  109.7(2) 

N4 - C21 - H26  109.7 

C22 - C21 - H26  109.7 

N4 - C21 - H25  109.7 

C22 - C21 - H25  109.7 

H26 - C21 - H25  108.2 

O4 - C22 - C21  111.8(3) 

O4 - C22 - H24  109.3 

C21 - C22 - H24  109.3 

O4 - C22 - H23  109.3 

C21 - C22 - H23  109.3 

H24 - C22 - H23  107.9 

O4 - C23 - C24  111.6(2) 

O4 - C23 - H21  109.3 

C24 - C23 - H21  109.3 

O4 - C23 - H22  109.3 

C24 - C23 - H22  109.3 

H21 - C23 - H22  108.0 

N4 - C24 - C23  108.8(3) 

N4 - C24 - H19  109.9 

C23 - C24 - H19  109.9 
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N4 - C24 - H20  109.9 

C23 - C24 - H20  109.9 

H19 - C24 - H20  108.3 

 

 

Table 2. Anisotropic displacement parameters for C24H26N4O4PbS2. 

 

 U11 U22 U33 U23 U13 U12 

Pb1 0.01362(6) 0.01192(6) 0.01115(6) -0.00057(5) 0.00273(4) -0.00130(5) 

S1  0.0137(3) 0.0179(4) 0.0111(3) 0.0027(3) 0.0024(3) 0.0021(4) 

S2  0.0111(3) 0.0132(4) 0.0159(4) -0.0008(3) 0.0003(3) 0.0015(3) 

O1  0.0161(10) 0.0169(12) 0.0130(10) 0.0025(10) 0.0005(8) -0.0024(10) 

O2  0.0126(10) 0.0397(16) 0.0205(12) -0.0035(12) 0.0039(9) 0.0002(12) 

O3  0.0218(11) 0.0170(11) 0.0112(10) 0.0016(10) 0.0022(8) 0.0025(11) 

O4  0.0175(11) 0.0169(12) 0.0222(12) 0.0032(11) 0.0008(9) -0.0034(11) 

N1  0.0144(12) 0.0170(14) 0.0162(13) 0.0060(12) 0.0058(10) 0.0026(13) 

N2  0.0120(12) 0.0217(15) 0.0132(12) 0.0032(12) 0.0036(9) 0.0041(13) 

N3  0.0158(13) 0.0148(14) 0.0111(12) 0.0024(11) 0.0007(10) -0.0010(12) 

N4   0.0138(12) 0.0121(13) 0.0127(12) 0.0019(11) 0.0005(10) -0.0020(12) 

C1  0.0160(14) 0.0156(16) 0.0063(13) 0.0013(13) 0.0006(11) 0.0001(14) 

C2  0.0131(14) 0.0122(15) 0.0126(14) 0.0020(13) 0.0005(11) -0.0012(14) 

C3  0.0175(15) 0.0291(19) 0.0126(15) 0.0028(15) 0.0050(12) 0.0041(16) 

C4  0.0277(18) 0.0226(18) 0.0180(16) 0.0000(15) 0.0080(14) -0.0017(17) 

C5    0.0175(15) 0.0257(19) 0.0157(15) -0.0033(15) -0.0013(12) 0.0034(16) 

C6  0.0171(15) 0.0194(17) 0.0171(15) 0.0007(15) 0.0019(12) 0.0060(16) 

C7  0.0176(14) 0.0142(15) 0.0090(13) -0.0016(13) -0.0028(11) 0.0015(15) 

C8   0.0190(15) 0.0196(17) 0.0123(14) -0.0015(14) 0.0002(12) 0.0037(15) 

C9   0.0333(19) 0.0199(18) 0.0131(15) -0.0047(15) -0.0023(14) 0.0095(18) 

C10  0.053(2) 0.0120(16) 0.0130(16) -0.0041(14) -0.0100(16) 0.0036(19) 

C11  0.035(2) 0.0187(17) 0.0134(15) 0.0040(15) -0.0056(14) -0.0094(18) 

C12  0.0211(16) 0.0215(17) 0.0120(14) 0.0013(14) -0.0016(12) -0.0015(16) 

C13   0.0118(14) 0.0121(15) 0.0121(14) -0.0025(13) 0.0048(11) 0.0000(14) 
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C14  0.0083(13) 0.0172(16) 0.0121(14) 0.0032(13) 0.0012(10) 0.0025(14) 

C15   0.0083(12) 0.0171(16) 0.0125(14) 0.0037(13) 0.0011(10) -0.0001(14) 

C16  0.0191(16) 0.0194(17) 0.0141(15) 0.0032(14) -0.0022(12) -0.0036(16) 

C17  0.0228(17) 0.0183(17) 0.0249(17) 0.0073(15) -0.0030(14) -0.0073(16) 

C18   0.0202(16) 0.030(2) 0.0164(16) 0.0096(16) 0.0002(13) -0.0018(17) 

C19  0.0267(17) 0.0265(19) 0.0149(15) 0.0023(16) 0.0005(13) 0.0043(18) 

C20  0.0179(15) 0.0161(16) 0.0157(15) -0.0003(14) 0.0014(12) 0.0021(15) 

C21  0.0172(15) 0.0160(16) 0.0143(14) -0.0009(14) -0.0019(12) -0.0028(15) 

C22  0.0169(15) 0.0155(16) 0.0239(17) -0.0002(15) 0.0000(13) 0.0001(16) 

C23  0.0218(16) 0.0146(16) 0.0145(15) 0.0013(14) 0.0033(12) -0.0009(16) 

C24  0.0183(15) 0.0118(15) 0.0154(15) 0.0023(13) 0.0014(12) 0.0012(15) 

  

 

Table 3. Torsion angles [deg] for C24H26N4O4PbS2. 

  

Pb1 - O1 - C1 - N1  52.5(4) 

Pb1 - O1 - C1 - C7  -131.3(2) 

C2 - N1 - C1 - O1  -26.9(5) 

C2 - N1 - C1 - C7 156.9(3) 

C6 - N2 - C2 - N1  162.6(3) 

C3 - N2 - C2 - N1  -4.3(4) 

C6 - N2 - C2 - S1  -9.8(4) 

C3 - N2 - C2 - S1  -176.7(2) 

C1 - N1 - C2 - N2  147.5(3) 

C1 - N1 - C2 - S1  -40.6(4) 

Pb1 - S1 - C2 - N2  -128.7(2) 

Pb1 - S1 - C2 - N1  59.5(3) 

C2 - N2 - C3 - C4  111.9(3) 

C6 - N2 - C3 - C4  -56.6(4) 

C5 - O2 - C4 - C3  -59.3(3) 

N2 - C3 - C4 - O2  56.7(4) 
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C4 - O2 - C5 - C6  59.6(4) 

C2 - N2 - C6 - C5  -111.2(3) 

C3 - N2 - C6 - C5  56.7(3) 

O2 - C5 - C6 - N2  -57.3(3) 

O1 - C1 - C7 - C12  -163.0(3) 

N1 - C1 - C7 - C12  13.6(4) 

O1 - C1 - C7 - C8  18.5(4) 

N1 - C1 - C7 - C8  -165.0(3) 

C12 - C7 - C8 - C9  -0.8(4) 

C1 - C7 - C8 - C9  177.8(3) 

C7 - C8 - C9 - C10  1.4(5) 

C8 - C9 - C10 - C11  -0.7(5) 

C9 - C10 - C11 - C12  -0.5(5) 

C8 - C7 - C12 - C11  -0.4(4) 

C1 - C7 - C12 - C11  -179.0(3) 

C10 - C11 - C12 - C7  1.1(5) 

C21 - N4 - C13 - N3  3.7(4) 

C24 - N4 - C13 - N3  -177.4(3) 

C21 - N4 - C13 - S2  176.8(2) 

C24 - N4 - C13 - S2  -4.3(4) 

C14 - N3 - C13 - N4  -147.3(3) 

C14 - N3 - C13 - S2  39.8(4) 

Pb1 - S2 - C13 - N4  115.0(2) 

Pb1 - S2 - C13 - N3  -72.3(3) 

Pb1 - O3 - C14 - N3  -21.3(5) 

Pb1 - O3 - C14 - C15  161.58(19) 

C13 - N3 - C14 - O3  19.6(5) 

C13 - N3 - C14 - C15  -163.3(3) 

O3 - C14 - C15 - C16  -2.8(4) 

N3 - C14 - C15 - C16  179.8(3) 

O3 - C14 - C15 - C20  174.9(3) 
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N3 - C14 - C15 - C20  -2.5(4) 

C20 - C15 - C16 - C17  -0.9(5) 

C14 - C15 - C16 - C17  176.8(3) 

C15 - C16 - C17 - C18  0.9(5) 

C16 - C17 - C18 - C19  -0.4(5) 

C17 - C18 - C19 - C20  -0.1(5) 

C18 - C19 - C20 - C15  0.1(5) 

C16 - C15 - C20 - C19  0.4(5) 

C14 - C15 - C20 - C19  -177.3(3) 

C13 - N4 - C21 - C22 125.6(3) 

C24 - N4 - C21 - C22 -53.4(3) 

C23 - O4 - C22 - C21 -60.6(3) 

N4 - C21 - C22 - O4 56.6(3) 

C22 - O4 - C23 - C24  61.4(3) 

C13 - N4 - C24 - C23  -125.3(3) 

C21 - N4 - C24 - C23  53.7(3) 

O4 - C23 - C24 - N4  -57.7(3) 
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Table 1. Bond lengths [Å], angles [deg] and torsion angles [deg] for C24H26N4O4CuS2. 

Bond lengths [Å] Angles [deg] 

Cu1 - O1  1.9061(15) 

Cu1 - O1  1.9061(15) 

Cu1 - S1  2.2812(5) 

Cu1 - S1  2.2812(5) 

Cu2 - O3  1.9091(15) 

Cu2 - O3  1.9091(15) 

Cu2 - S2  2.2790(5) 

Cu2 - S2  2.2790(5) 

S1 - C1  1.730(2) 

S2 - C15  1.728(2) 

O1 - C2  1.261(3) 

O2 - C12  1.429(2) 

O2 - C11  1.430(3) 

O3 - C14  1.265(3) 

O4 - C18  1.429(2) 

O4 - C17  1.429(3) 

N1 - C2  1.333(3) 

N1 - C1  1.340(3) 

N2 - C14  1.330(3) 

N2 - C15  1.340(3) 

N3 - C15  1.354(3) 

N3 - C16  1.469(2) 

N3 - C19  1.472(3) 

C1 - N5  1.354(3) 

C2 - C3  1.495(3) 

C3 - C8  1.392(3) 

C3 - C4  1.395(3) 

C4 - C5  1.385(3) 

C4 - H5  0.9500 
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C5 - C6  1.381(4) 

C5 - H4  0.9500 

C6 - C7  1.387(3) 

C6 - H3  0.9500 

C7 - C8  1.386(3) 

C7 - H2  0.9500 

C8 - H1  0.9500 

N5 - C13  1.469(3) 

N5 - C10  1.472(3) 

C10 - C11  1.519(3) 

C10 - H12  0.9900 

C10 - H13  0.9900 

C11 - H11  0.9900 

C11 - H10  0.9900 

C12 - C13  1.513(3) 

C12 - H9  0.9900 

C12 - H6  0.9900 

C13 - H8  0.9900 

C13 - H7  0.9900 

C14 - C20  1.500(3) 

C16 - C17  1.520(3) 

C16 - H21  0.9900 

C16 - H22  0.9900 

C17 - H16  0.9900 

C17 - H15  0.9900 

C18 - C19  1.514(3) 

C18 - H19  0.9900 

C18 - H20  0.9900 

C19 - H18  0.9900 

C19 - H17  0.9900 

C20 - C25  1.388(3) 
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C20 - C21  1.399(3) 

C21 - C22  1.383(3) 

C21 - H27  0.9500 

C22 - C23  1.387(4) 

C22 - H23  0.9500 

C23 - C24  1.390(3) 

C23 - H26  0.9500 

C24 - C25  1.387(3) 

C24 - H25  0.9500 

C25 - H24  0.9500 

 

  

O1 - Cu1 - O1  180.0 

O1 - Cu1 - S1  86.23(5) 

O1 - Cu1 - S1  93.77(5) 

O1 - Cu1 - S1  93.77(5) 

O1 - Cu1 - S1  86.23(5) 

S1 - Cu1 - S1  180.0 

O3 - Cu2 - O3  180.0 

O3 - Cu2 - S2  93.51(5) 

O3 - Cu2 - S2  86.49(5) 

O3 - Cu2 - S2  86.49(5) 

O3 - Cu2 - S2  93.51(5) 

S2 - Cu2 - S2  180.00(3) 

C1 - S1 - Cu1  106.83(7) 

C15 - S2 - Cu2  107.23(7) 

C2 - O1 - Cu1  131.33(14) 

C12 - O2 - C11  108.74(15) 

C14 - O3 - Cu2  131.97(14) 

C18 - O4 - C17  108.94(15) 

C2 - N1 - C1  125.27(18) 
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C14 - N2 - C15  125.24(18) 

C15 - N3 - C16  123.78(17) 

C15 - N3 - C19  121.48(16) 

C16 - N3 - C19  112.33(16) 

N1 - C1 - N5  114.76(18) 

N1 - C1 - S1  128.19(16) 

N5 - C1 - S1  117.00(15) 

O1 - C2 - N1  129.5(2) 

O1 - C2 - C3  115.51(18) 

N1 - C2 - C3  114.98(18) 

C8 - C3 - C4  119.0(2) 

C8 - C3 - C2  122.00(19) 

C4 - C3 - C2  119.0(2) 

C5 - C4 - C3  120.3(2) 

C5 - C4 - H5  119.8 

C3 - C4 - H5  119.8 

C6 - C5 - C4  120.4(2) 

C6 - C5 - H4  119.8 

C4 - C5 - H4  119.8 

C5 - C6 - C7  119.7(2) 

C5 - C6 - H3  120.2 

C7 - C6 - H3  120.2 

C8 - C7 - C6  120.2(2) 

C8 - C7 - H2  119.9 

C6 - C7 - H2  119.9 

C7 - C8 - C3  120.4(2) 

C7 - C8 - H1  119.8 

C3 - C8 - H1  119.8 

C1 - N5 - C13  121.18(17) 

C1 - N5 - C10  124.10(17) 

C13 - N5 - C10  112.85(16) 
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N5 - C10 - C11  110.68(17) 

N5 - C10 - H12  109.5 

C11 - C10 - H12  109.5 

N5 - C10 - H13  109.5 

C11 - C10 - H13  109.5 

H12 - C10 - H13  108.1 

O2 - C11 - C10  112.40(17) 

O2 - C11 - H11  109.1 

C10 - C11 - H11 109.1 

O2 - C11 - H10  109.1 

C10 - C11 - H10  109.1 

H11 - C11 - H10  107.9 

O2 - C12 - C13  111.79(17) 

O2 - C12 - H9  109.3 

C13 - C12 - H9  109.3 

O2 - C12 - H6  109.3 

C13 - C12 - H6  109.3 

H9 - C12 - H6  107.9 

N5 - C13 - C12  109.42(17) 

N5 - C13 - H8  109.8 

C12 - C13 - H8  109.8 

N5 - C13 - H7  109.8 

C12 - C13 - H7  109.8 

H8 - C13 - H7  108.2 

O3 - C14 - N2  130.0(2) 

O3 - C14 - C20  115.68(18) 

N2 - C14 - C20  114.26(18) 

N2 - C15 - N3  114.25(17) 

N2 - C15 - S2  128.23(15) 

N3 - C15 - S2  117.49(15) 

N3 - C16 - C17  110.22(16) 
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N3 - C16 - H21  109.6 

C17 - C16 - H21  109.6 

N3 - C16 - H22  109.6 

C17 - C16 - H22  109.6 

H21 - C16 - H22  108.1 

O4 - C17 - C16  111.51(17) 

O4 - C17 - H16  109.3 

C16 - C17 - H16  109.3 

O4 - C17 - H15  109.3 

C16 - C17 - H15  109.3 

H16 - C17 - H15  108.0 

O4 - C18 - C19  112.00(17) 

O4 - C18 - H19  109.2 

C19 - C18 - H19  109.2 

O4 - C18 - H20  109.2 

C19 - C18 - H20  109.2 

H19 - C18 - H20  107.9 

N3 - C19 - C18  110.45(17) 

N3 - C19 - H18  109.6 

C18 - C19 - H18  109.6 

N3 - C19 - H17  109.6 

C18 - C19 - H17  109.6 

H18 - C19 - H17  108.1 

C25 - C20 - C21  119.2(2) 

C25 - C20 - C14  121.81(19) 

C21 - C20 - C14  119.0(2) 

C22 - C21 - C20  120.2(2) 

C22 - C21 - H27  119.9 

C20 - C21 - H27  119.9 

C21 - C22 - C23  120.1(2) 

C21 - C22 - H23  119.9 



246 
 

C23 - C22 - H23  119.9 

C22 - C23 - C24  120.2(2) 

C22 - C23 - H26  119.9 

C24 - C23 - H26  119.9 

C25 - C24 - C23  119.5(2) 

C25 - C24 - H25  120.3 

C23 - C24 - H25  120.3 

C24 - C25 - C20  120.8(2) 

C24 - C25 - H24  119.6 

C20 - C25 - H24  119.6 

 

 

Table 2. Anisotropic displacement parameters for C24H26N4O4CuS2. 

 

 U11 U22 U33 U23 U13 U12 

Cu1 0.0142(2) 0.01366(18) 0.01502(18) -0.00583(14) -0.00177(14) 0.00235(14) 

Cu2  0.0162(2) 0.01585(18) 0.01006(17) -0.00299(13) -0.00468(14) 0.00297(14) 

S1  0.0169(3) 0.0133(2) 0.0138(2) -0.00361(19) -0.0004(2) 0.0012(2) 

S2   0.0180(3) 0.0138(2) 0.0108(2) -0.00194(18) -0.0043(2) 0.0017(2) 

O1   0.0180(8) 0.0191(8) 0.0165(7) -0.0044(6) -0.0024(6) 0.0052(6) 

O2  0.0156(8) 0.0117(7) 0.0174(7) 0.0001(6) -0.0009(6) 0.0029(6) 

O3  0.0230(9) 0.0164(7) 0.0146(7) -0.0045(6) -0.0084(6) 0.0046(6) 

O4  0.0183(8) 0.0130(7) 0.0140(7) 0.0012(6) -0.0055(6) 0.0020(6) 

N1  0.0149(9) 0.0109(8) 0.0155(8) -0.0021(7) -0.0002(7) -0.0007(7) 

N2  0.0146(9) 0.0115(8) 0.0115(8) 0.0010(6) -0.0017(7) -0.0008(7) 

N3  0.0154(9) 0.0094(8) 0.0109(8) 0.0002(6) -0.0025(7) 0.0010(7) 

C1  0.0102(10) 0.0128(9) 0.0160(10) -0.0032(8) -0.0007(8) -0.0050(8) 

C2    0.0132(11) 0.0131(10) 0.0173(10) -0.0058(8) -0.0036(8) -0.0029(8) 

C3   0.0135(11) 0.0116(10) 0.0196(10) -0.0026(8) -0.0056(8) -0.0017(8) 

C4  0.0202(12) 0.0146(10) 0.0259(12) -0.0042(9) -0.0014(9) 0.0018(9) 

C5   0.0233(13) 0.0108(10) 0.0326(13) -0.0001(9) -0.0074(10) 0.0027(9) 
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C6  0.0210(13) 0.0166(11) 0.0233(11) 0.0063(9) -0.0081(9) -0.0020(9) 

C7  0.0220(13) 0.0215(11) 0.0205(11) -0.0002(9) 0.0014(9) 0.0016(10) 

C8  0.0188(12) 0.0119(10) 0.0220(11) -0.0012(8) -0.0029(9) 0.0031(9) 

N5  0.0159(10) 0.0115(8) 0.0113(8) -0.0013(6) -0.0012(7) 0.0004(7) 

C10  0.0168(11) 0.0141(10) 0.0118(9) 0.0003(8) -0.0035(8) 0.0004(8) 

C11  0.0160(11) 0.0139(10) 0.0171(10) 0.0004(8) -0.0011(8) -0.0007(8) 

C12  0.0129(11) 0.0141(10) 0.0148(10) -0.0016(8) -0.0026(8) 0.0018(8) 

C13  0.0156(11) 0.0125(10) 0.0128(10) -0.0006(8) 0.0005(8) -0.0005(8) 

C14  0.0122(11) 0.0165(10) 0.0093(9) -0.0009(8) 0.0020(8) 0.0003(8) 

C15  0.0080(10) 0.0148(10) 0.0117(9) -0.0017(7) 0.0002(7) -0.0025(8) 

C16   0.0166(11) 0.0112(10) 0.0138(10) -0.0002(8) -0.0026(8) 0.0018(8) 

C17  0.0176(11) 0.0112(9) 0.0149(10) 0.0014(8) -0.0031(8) -0.0004(8) 

C18   0.0173(11) 0.0137(10) 0.0116(9) -0.0005(8) -0.0031(8) 0.0020(8) 

C19  0.0176(11) 0.0103(9) 0.0127(10) -0.0002(7) -0.0046(8) -0.0011(8) 

C20  0.0139(11) 0.0146(10) 0.0111(9) 0.0020(8) 0.0020(8) 0.0006(8) 

C21  0.0219(12) 0.0200(11) 0.0127(10) 0.0013(8) -0.0037(9) 0.0011(9) 

C22  0.0240(13) 0.0188(11) 0.0193(11) 0.0078(9) 0.0001(9) 0.0036(9) 

C23  0.0231(13) 0.0123(10) 0.0259(12) 0.0031(9) 0.0059(10) 0.0007(9) 

C24  0.0238(13) 0.0180(11) 0.0206(11) -0.0025(9) -0.0025(9) -0.0023(9) 

C25  0.0168(11) 0.0159(10) 0.0145(10) 0.0028(8) -0.0019(8) 0.0001(9) 

 

 

Table 3. Torsion angles [deg] for C24H26N4O4CuS2. 

  

C2 - N1 - C1 - N5  172.4(2) 

C2 - N1 - C1 - S1  -10.5(3) 

Cu1 - S1 - C1 - N1  17.2(2) 

Cu1 - S1 - C1 - N5  -165.64(15) 

Cu1 - O1 - C2 - N1  27.9(4) 

Cu1 - O1 - C2 - C3  -153.06(15) 

C1 - N1 - C2 - O1  -14.9(4) 
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C1 - N1 - C2 - C3  165.99(19) 

O1 - C2 - C3 - C8  -171.3(2) 

N1 - C2 - C3 - C8  8.0(3) 

O1 - C2 - C3 - C4  9.4(3) 

N1 - C2 - C3 - C4  -171.4(2) 

C8 - C3 - C4 - C5  -1.0(3) 

C2 - C3 - C4 - C5  178.3(2) 

C3 - C4 - C5 - C6  0.5(4) 

C4 - C5 - C6 - C7  0.4(4) 

C5 - C6 - C7 - C8  -0.9(4) 

C6 - C7 - C8 - C3  0.4(4) 

C4 - C3 - C8 - C7  0.5(3) 

C2 - C3 - C8 - C7  -178.8(2) 

N1 - C1 - N5 - C13  5.8(3) 

S1 - C1 - N5 - C13  -171.70(16) 

N1 - C1 - N5 - C10  169.12(19) 

S1 - C1 - N5 - C10  -8.4(3) 

C1 - N5 - C10 - C11  145.5(2) 

C13 - N5 - C10 - C11  -49.9(2) 

C12 - O2 - C11 - C10  -59.4(2) 

N5 - C10 - C11 - O2  53.7(2) 

C11 - O2 - C12 - C13  61.9(2) 

C1 - N5 - C13 - C12  -143.0(2) 

C10 - N5 - C13 - C12  51.9(2) 

O2 - C12 - C13 - N5  -58.3(2) 

Cu2 - O3 - C14 - N2  -22.2(4) 

Cu2 - O3 - C14 - C20  160.42(15) 

C15 - N2 - C14 - O3  12.4(4) 

C15 - N2 - C14 - C20  -170.16(19) 

C14 - N2 - C15 - N3  -172.4(2) 

C14 - N2 - C15 - S2  9.9(3) 
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C16 - N3 - C15 - N2  -168.42(18) 

C19 - N3 - C15 - N2  -7.4(3) 

C16 - N3 - C15 - S2  9.5(3) 

C19 - N3 - C15 - S2  170.50(15) 

C15 - N3 - C16 - C17  -146.1(2) 

C19 - N3 - C16 - C17 51.4(2) 

C18 - O4 - C17 - C16  61.0(2) 

N3 - C16 - C17 - O4  -56.7(2) 

C17 - O4 - C18 - C19  -60.7(2) 

C15 - N3 - C19 - C18  146.08(19) 

C16 - N3 - C19 - C18  -50.9(2) 

O4 - C18 - C19 - N3  55.8(2) 

O3 - C14 - C20 - C25  176.0(2) 

N2 - C14 - C20 - C25  -1.8(3) 

O3 - C14 - C20 - C21  -4.3(3) 

N2 - C14 - C20 - C21  177.9(2) 

C25 - C20 - C21 - C22  -0.4(3) 

C14 - C20 - C21 - C22  179.9(2) 

C20 - C21 - C22 - C23  -0.1(4) 

C21 - C22 - C23 - C24  0.1(4) 

C22 - C23 - C24 - C25  0.3(4) 

C23 - C24 - C25 - C20  -0.8(4) 

C21 - C20 - C25 - C24  0.8(3) 

C14 - C20 - C25 - C24  -179.4(2) 
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