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ABSTRACT 

Eight dithiocarbamate ligands were synthesized from butylamine, diallylamine, N-ethyl 

aniline, N-methyl benzyl amine, piperidine, morpholine, dibenzyl amine and phenyl piperizine. 

Eight copper(II) dithiocarbamate complexes and Eight silver(I) dithiocarbamate complexes 

were synthesized. Spectroscopy techniques were used to characterise the obtained compounds. 

The structure of the synthesized dithiocarbamate ligands was confirmed using NMR 

spectroscopy. Proton NMR showed all the expected peaks and showed the ligands to be pure 

with no extra peaks for contaminations. 13C NMR showed the peak corresponding to the carbon 

in the carbon disulphide resonation at around 200 to 220 ppm in all the ligands confirming their 

formation.  

 

FTIR was carried out for all the compounds, ligands and their corresponding metal complexes. 

In the ligands the C – S, C = S and C – N vibrations were observed corresponding to the dithio- 

moiety. In the copper complexes the C – S and C = S frequency merged and gave one vibration 

which confirmed the coordination of the metal to the ligands. UV-Visible was also used to 

confirm the geometry of the complexes. The ligands gave the bands corresponding to π – π* 

and n – π* due to N–C=S and S–C=S groups. The copper complexes showed the intra-ligand 

transitions and two extra bands in the visible region corresponding to the d-d transition of the 

square planar geometry of copper(II) complexes. Crystal structures of four complexes were 

isolated, two copper(II)complexes which confirmed the square planar geometry given by the 

UV-Vis data and two Silver(I) complexes. However, it turned out that silver complexes 

obtained are the metal clusters. The sixteen metal dithiocarbamate complexes were used as 

single source precursors to synthesize thirty-two metal sulphide nanoparticles. 
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Four single source precursors, from each metal ion were thermolyzed at 220°C to study the 

effect of the precursor on the nanoparticle structural and optical properties. The other four 

precursors for each metal ion were further thermolyzed at three different temperatures, 220°C, 

180°C and 120°C, to study the influence of the temperature on the structural and optical 

properties of the nanoparticles. The obtained nanoparticles were further studied using p-XRD. 

The X-ray data showed the copper sulphide nanoparticles to have Cu1.8S digenite phase. Silver 

sulphide nanoparticles have α-Ag2S phase that is usually obtained at lower temperature. The 

shape and crystallite sizes of the nanoparticles were determined using TEM/HRTEM.  

 

TEM images showed the silver nanoparticles synthesized at 220°C all adapted the same 

spherical shape that are monodispersed. Their size ranged from 8 nm to 78 nm. When the 

thermolysis was done at 180°C the sizes ranged from 5 to 71 nm and 2-23 nm when 

thermolyzed at 120°C. For the copper sulphide nanoparticles synthesized at 220°C the size 

ranged from 5 to 125 nm. 180°C and 120°C gave size ranges of 10 to 55 nm and 4 to 40 nm 

respectively. The copper sulphide nanoparticles showed some effect of agglomeration and a 

mixture of shapes from spherical to hexagonal shapes. Their surface morphology was examined 

with SEM and they changed with different temperature and precursors. EDX was used to 

confirm the metals and sulphur present in the particles. The interaction of the capping agents 

and nanoparticles was studied by FTIR. Their optical properties were studied using 

photoluminescence and UV-Visible spectroscopy. The nanoparticles were found to be quantum 

confined as the estimated band gap energies showed blue shift when compared to that of the 

bulk.
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 CHAPTER ONE 

1.1. Introduction 

Nanotechnology is the field of science that is about synthesis and development of various 

nanomaterials. These materials have acquired the prominence in technological advancements 

all because of their tuneable physical, chemical and biological properties with improved 

performance compared to their bulk counterparts [1]. They are categorized according to their 

different sizes, compositions, shapes, and where they originate [1]. Some of the known 

categories are: Organic nanomaterials synthesized mostly from different organic matter [2 - 4], 

Inorganic nanomaterials based on different metals including metal oxides, metal sulphides 

among others [5, 6], Composite based nanomaterials [7 - 11] and carbon based nanomaterials 

usually in tube morphologies [12 - 15].  

 

Nanoscale materials or nanomaterials according to the International Organization for 

Standardization (ISO), are defined as the materials that fall under the nanoscale or with internal 

structure or surface structure within the nanoscale [16]. These nanomaterials exhibit enhanced 

properties such as reactivity, greater sensing capability and increased mechanical strength [17]. 

Nanoscale materials have unique optical properties which were found to be due to effect of 

their quantum size caused by the electron confinement within particles of their smaller 

dimensions [18]. More interestingly, the optical properties of such materials can be finely 

tailored by controlling the crystal dimensions and the chemistry of their surfaces [19]. These 

nanomaterials can be classified in different categories which are dendrimers, carbon material, 

metallic nanoparticles, quantum dots, composites etc. with different applications [20].  
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1.1.1. Dendrimers 

Dendrimers are nano-sized, radially symmetric molecules with well-defined, homogeneous, 

and monodisperse structure consisting of tree-like arms or branches. They are nearly 

monodispersed macromolecules that contain symmetric branching units built around a small 

molecule or a linear polymer core [21]. Linear macromolecules sometimes contain some 

shorter or longer branches. Recently it was discovered that the properties of highly branched 

macromolecules are not the same as the properties of conventional polymers as the structure 

of these materials has a huge influence on their applications [22]. Dendrimer is only an 

architectural motif and not a compound. Poly ionic dendrimers do not have a persistent shape 

and may undergo changes in size, shape, and flexibility as a function of increasing generations 

[23]. 

1.1.2. Carbon nanotubes 

There are two types of carbon nanotubes; single walled carbon nanotubes and multi-walled 

carbon nanotubes. They are 1 nm in diameter and 100 nm in length with a layer of graphite of 

a cylinder shape. These materials are unique because of their small dimensions and their 

remarkable physical, mechanical and electrical properties [24]. The nanotubes may consist of 

one up to tens and hundreds of concentric shells of carbons with adjacent shells separation of 

approximately 0.34 nm [25]. They are known for their higher tensile strength that is due to the 

sp2 bonds between the individual carbon atoms and their elasticity as under high force and 

when exposed to great compressive forces, carbon nanotubes can twist, bend, kink and buckle 

without damaging the nanotube, and can still go back to the original structure [26]. 
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1.1.3. Quantum dots 

Quantum dots are nanometre scale semiconductor crystals composed of groups II to VI or III 

to V elements and are defined as particles with physical dimensions smaller than the exciton 

Bohr radius [28]. Semiconductor quantum dots are brightly luminescent colloidal 

semiconductor nanocrystals with dimensions between 1 and 10 nm range [29]. Quantum dots 

have dimensions and numbers of atoms between the atomic-molecular level and bulk material 

with a band-gap that depends upon different factors that include the type and strength of bond 

with their closest neighbours [30]. Because of their ability to vary their band gap energy with 

size, and the quantized energy states that result, these nanoscale device structures have potential 

in numerous applications [31]. 

1.1.4. Metallic Nanoparticles 

ISO defines nanoparticles as nano-objects that has all the three external dimensions within the 

nanoscale as the nanoscale is the size ranging from 1–100 nm [16]. Since this small sized 

molecules and atoms work differently resulting from the different components of the material, 

they behave as a whole unit in terms of its properties and, provide a numerous advantage when 

used as a transport in drug delivery [32]. Nanoparticle have unusual properties including their 

exceptionally high surface area to volume ratio due to their small size and this surface area 

means that the surface is the most important component of the nanomaterials [33]. Surface and 

interface properties play a significant role in determining materials behaviour [34]. Thus, high 

surface area materials open a new dimension in material design for a multitude of 

technologically important areas, such as the conversion and storage of energy and catalysis to 

name a few. Beyond morphology, the properties of high surface area materials can be further 

fine-tuned [35].  
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When the nanoparticles are synthesized to be small enough in a nano range, they tend to 

experience the Quantum confinement effect due to the confinement of the movement of 

electrons. This effect however leads to the limitation of the energies at which electrons and 

holes can exist in the particles [36]. Because of this, artificial structure with desired properties 

not the same with those of the corresponding bulk materials are created. The structure of the 

material has an influence on the interaction of materials with optical waves and photons, 

therefore, the structure can then be used to control light field distribution and light propagation 

[37]. Since energy is related to wavelength of the resulting photon, this means that the optical 

properties of the particle can be finely tuned depending on its size and shape. 

 

Optical properties are one of the most fascinating and useful aspects of the nanoparticles. 

Nanoparticles due to their small particle sizes show enhanced optical emission as well as 

nonlinear optical properties resulting from the quantum confinement effect [38]. However, 

there are often complicating factors in understanding the nanoparticle optical properties, 

including the presence of a supporting substrate, a solvent layer on top of the particles, and 

particles that are close enough together that their electromagnetic coupling changes the spectra 

[39]. Nanostructured semiconductors show the same pattern of change in band structure for 

electronic and optical properties when the size is reduced [40]. The Quantum confinement also 

influences the band gap of matrix lattice, as it increases when the particle size is minimized to 

nanoscale, as demonstrated in Figure 1.1 [41]. The energy gap between valence and conduction 

band is of fundamental importance for the properties of a solid material. Some activities of the 

materials depend on the energy gap of materials including intrinsic conductivity, optical 



5 
 

transitions, or electronic transitions. Therefore, any change of the gap may significantly alter 

the material’s physics and chemistry [42]. 

 

Figure 1. 1. The Energy band gap of the materials [41]. 

 

1.1.5.    The applications of nanomaterials 

Nanoparticles have shown potential in various applications due to their fine-tune able 

properties and their small size. The quantum phenomena in the nanoparticles lead to their 

surface reactivity making them unpredictable as their surface can be improved with different 

reactants, therefore, increasing the ability of the surface to bind, adsorb and carry other 

compounds such as drugs, probes and proteins [16]. Natural and synthetic nanoparticles have 

practical applications in various fields from environmental remediation to an emerging 

multidisciplinary areas bringing chemistry, engineering, physics, biology, and medicine 
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together [43]. Figure 1.2 shows the different fields in which nanotechnology has impacted in 

medicine, pharmacy and diagnostics. 

 

Figure 1. 2. The scope of nanotechnology’s impact on medical sciences [43]. 

 

Nanoparticles have received an abundance of attention for potential use in therapeutic drug 

development [16]. In the last few years, they have been found to have promising carrier abilities 

for targeted drug delivery and imaging probes [20]. The interaction of nanomaterials with 

biomolecules and cells highly depends on their properties including size, shape, chemical 

composition, surface structure and charge, aggregation and agglomeration, and solubility [17]. 

Nanoparticles are also used in electronic applications that includes computing, flash memory 

chips for iPod nanos, antimicrobial and antibacterial coatings on the mouse, the keyboard, and 

the cell phone castings [45, 46]. Nanoparticles have also gained attention in the dye synthesized 

solar cells research replacing the molecular and they are very promising due to their low-

temperature solution processing, excellent tuneable bandgap properties with quantum 

confinement effect, multiple exciton generation, and higher absorption coefficients [47].  
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Currently nanostructured materials are being studied for their potential applications in 

photovoltaic. Nano-structured layers in thin film solar cells provides significant advantages 

[48]. These materials give hope to the development of photovoltaics, be it in inorganic or 

organic solar cells. They have potential in emerging energy applications due to their wide 

bandgap [49]. Researchers believe that nanoparticles can also be used in the paint and coatings 

industry as they can improve the hardening, ultra violet light absorption and biocide properties 

to a very great extent [50]. Currently nanotechnology is investigated in transportation field 

specifically in nano-filters, anti-glare coatings, carbon black in tyres, Giant magnetoresistance 

(GMR) sensors, fuel additives, dirt protection, nano-catalysts to name a few [51].  

 

Nanotechnology is now being used in agriculture for plant protection (protecting the food and 

agriculture from bacteria, fungal and viral agents [52]), processing, packaging transportation 

of the products, as to limit the pathogenic growth on packaged foods. It has been shown that 

agriculture can be more efficient by using nano-sensors and nano-agricultural chemicals [53]. 

Nanoparticles exhibit a broad-spectrum antipathogenic activity against possible pathogens that 

are the reason for food borne diseases. The antimicrobial mechanism of action of nanoparticles 

is typically considered as of few prototypes such as oxidative stress and cell damage, metal ion 

release, or non-oxidative mechanisms [54]. 

1.1.6.   Synthesis of nanoparticles 

There are various ways to synthesize nanoparticles including physical, chemical and biological 

methods.  However, these methods show several advantages as well as some limitations [55]. 

At this point, the aim of all researchers is to synthesize nanomaterials with specific properties 

that will suit certain applications. Synthesis of nanomaterials can be broken down into physical 
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and chemical synthesis. The physical methods are based on subdivision of bulk materials and 

that includes mechanical crushing or breaking the materials. The chemical methods are about 

reducing the metal ions or decomposition of specific precursors to form atoms. Chemical 

methods tend to give nanoparticles with narrow size distribution [56]. 

 

There are two major approaches to prepare nanomaterials, the top down and bottom up 

approach (Figure 1.3). The top down approach is where the nanoparticles are synthesized by 

breaking down the bulk materials into smaller sizes creating the desired nanostructured 

materials. Physical methods are usually used to break down the materials such as mechanical 

milling [57], thermal ablation and some chemical treatments such as chemical etching. The 

bottom up approach is the inverse of the top down. In this approach, the nanoparticles are 

synthesized by building them up atom by atom. These atoms or molecules are assembled 

together by certain forces building up to larger and more organised system [58 - 60]. 

 

There are many methods that have been developed to synthesize nanoparticles under this big 

umbrella of bottom up and top down approaches. These methods can be divided into three 

categories; Chemical method, physical methods and the bio-assisted methods as demonstrated 

in Figure 1.4 [62]. Chemical methods include Condensation, Vacuum Deposition and 

Vaporization, Chemical Vapour Deposition (CVD) and Chemical Vapour Condensation 

(CVC), Mechanical Attrition, Chemical Precipitation, Sol-Gel Techniques, Electrodeposition 

[63]. 
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Figure 1. 3 Bottom up and top down approaches for nanoparticle synthesis [61]. 
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Figure 1. 4. Different methods for nanoparticle synthesis [62]. 
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1.1.7.    Single source precursor method 

A lot have been done to develop methods to synthesize nanoscale particles. The single source 

molecular precursor method is one of those methods, it is proven to be an effective method to 

yield high quality well monodispersed crystalline nanoparticles [63]. In many other methods 

two different highly volatile starting materials are used in elevated temperatures to motivate 

the decomposition and nucleation [64]. Lately the use of the single source precursor route has 

gained tremendous attention because of its advantage of adopting a single-pot procedure under 

controllable conditions usually produce nanoparticles with higher surface area and less defects 

with improved stoichiometry [65, 66]. 

 

The single source precursor method has been used widely to synthesize metal sulphide 

nanoparticles [67-69]. In recent years, this method has been used to make various metal 

sulphide nanoparticles with different shapes and sizes [70-75]. It has been discovered that the 

structural and optical properties and the stability of the nanoparticles synthesized completely 

depends on conditions of the experiment and specific method of preparation furthermore it is 

known that in the synthesis of nanoparticles, it is of paramount importance to control not only 

the size but also the particle shape and morphology [76]. Therefore, the single source precursor 

has been used to study the effect of different temperatures on the shapes, morphologies and 

size of the nanoparticles [77]. It is also known that a particular single source precursor will 

give different morphologies when synthesized at different temperatures [78]. This method has 

also been used to study the effect of different capping agents on the properties of nanoparticles 

synthesized using different precursors. In this study metal dithiocarbamate complexes will be 

used as single source precursors. 
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1.1.8.  Dithiocarbamates 

Dithiocarbamate ligands are unsaturated bidentate ligands that can stabilize a variety of 

oxidation states and coordination geometries and form dithiolene complexes [79]. These 

ligands are widely active in transition metal chemistry, and the willingness of sulphur as a 

ligand in transition metal chemistry has been identified, their structural chemistry is 

extraordinarily diverse and has imperative advantages as compared to other organic ligands 

[80]. A developing interest in all dithiolate chemistry is all because of the functionalization of 

the dithio group which adds a rise to more intriguing architectures and modified physical 

properties. The molecular electrical conductivities make the sulphur rich planar complexes 

more interesting in these ligands shown in Figure 1.5. The cyclic substituents on the C-CS2 

backbone may enhance conjugation with some degree of delocalization of negative charge over 

the cyclic skeleton and they are able to give greater electron delocalisation through C–S and 

C–C bonds [81].  
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Figure 1. 5 Chemical structures of some 1,1-dithiolate [79]. 
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In this study dithiocarbamate (DTC) will be used as ligands. DTC ligands freely make chelates 

with all transition metal ions through the two sulphur donor atoms. They are also known as 

molecules that selectively and strongly bind to different metal ions [82]. They are lipophilic 

and not hard to prepare, they can be synthesized from primary or secondary amines and tend 

to be soluble in water depending on the nature of the cation [83]. Dithiocarbamate and 

thiocarbamate anions when complexed with transition metal seem to possess a strong ability to 

hinder the growth of tumours of different tissues [84]. Dithiocarbamates are very interesting 

because of their metal binding property and their chelates vital role in biological systems [85]. 

 

 

Figure 1. 6 The different binding modes of dithiocarbamates [86]. 
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1.1.9.    Problem statement of the study 

Nanomaterials are getting immense attention in various fields. However, the smaller the 

particle size the more useful the materials. In drug delivery. It has been noted that the efficiency 

of the drug delivery system highly depends on the nanoparticle sizes [87]. In nanocatalysis; the 

smaller the nanoparticles the faster the reaction rate [88]. All this is due to the large surface 

area of the smaller sized particles. The focus now in nanotechnology research is to further 

reduce the size of particles and control the morphology and facet orientation of the 

nanoparticles, while synthesizing stable nanoparticles without affecting their activity [89].  

 

Factors affecting the properties of these materials such as are agglomeration, are still a 

challenge. When the nanoparticles are agglomerated their size increases and that reduces their 

surface area which is one of the important properties of the nanoparticles and that calls for the 

synthesis of well dispersed nanomaterials. Therefore, the aim is now to overcome the attractive 

forces that lead to the agglomeration between the nanoparticles without disturbing the 

structural properties [90, 91]. Currently stabilizers, surfactants and capping agents are used to 

minimize the agglomeration effect. However, sometimes their effect is not the desired one. 

Their presence can block the accessibility of the active sites and can at times increase the size 

of the particles [92]. Another general challenge is to replace noble and critical metals by other 

abundant base transition metals depending on the applications [89]. 
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1.1.10.    Motivation of the study 

The near Infrared light absorption of CuS nanoparticles that is attributed to the d-d transition 

of Cu2+ ions makes the copper sulphides to be beneficiary to various applications in different 

ways. Copper sulphides are found to be important base materials as absorber coating and are 

extensively utilised in photovoltaic and photodetectors applications because of their different 

near solar control characteristics. It is also a moderate conductor of electricity and has its 

potential use in catalysis [93]. These materials have also attracted a growing attention from 

biomedical researchers worldwide, because of their known intriguing properties [94].  

 

Silver metal is known of its ability to adsorb and penetrate the bacterial wall while disturbing 

the cellular respiration and damaging compounds that contains sulphide and/or phosphorous 

like DNA and proteins, because of this, silver-based nanoparticles were found to be suitable 

material for different biological application as they are less toxic [95]. Silver sulphide 

semiconductor nanoparticles exhibit a potential in photoelectric and thermoelectric application 

and have been employed in optical and electronic devices, such as photovoltaic cells, 

photoconductors, IR detectors and as superionic conductors [96].  

 

In this study oleylamine was chosen because of its ability to offer a strong reductive 

environment in the synthesis of nanoparticles. Oleylamine can act as an alternative reducing 

agent, which is inexpensive and even stronger when compared to other reducing agents and 

also act as a capping agent [97]. On the other side Oleic acid has been used and found to be 

able to control the size and monodispersity of the nanoparticles [98]. Oleic acid is an organic 



17 
 

species with high affinity due to its carboxylic group, and attributed to that, oleic acid is often 

used as a surfactant to improve the surface passivation of nanoparticles [99]. 

1.2.   Literature review 

1.2.1. Copper sulphide nanoparticles 

Copper transition metal has interesting chemical and physical properties. Copper based 

materials are able to undergo different reactions because of their various oxidation states 0, +1, 

+2, and +3. Due to those unique characteristics and properties, the copper-based nanomaterials 

have gained attention in many nanotechnology applications [100]. Copper has been discovered 

to be one of the safe inorganic materials because of its non-toxicity with antifungal activity, 

and remarkable potential in a wide range of biological, catalytic and other applications 

especially in the form of nanoparticles [101]. Therefore, because of the high conductivity, high 

melting points and low electrochemical migration behaviour of these materials, copper 

nanoparticles are being investigated [102]. 

 

In all the copper chalcogenides, copper sulphides have attracted a lot of attention from 

researchers. Copper sulphide is a p-type semiconductor with different crystal structures and 

optical properties. Their possible air and thermal stable phases are: Cu2S, Cu31S16 or Cu1.96S, 

Cu9S5 or Cu1.8S, Cu7S4 or Cu1.75S, Cu9S8 or Cu1.12S and CuS. Covellite (CuS) contains the more 

concentration of free carriers compared to others with the lowest Cu: S ratio. However, the 

chalcocite, Cu2S, contains the highest Cu:S ratio owing to the free holes due to the copper 

deficiency. This phase has lesser carriers and can change to djurleite, Cu1.97S, phase when 

exposed to air. Cu1.97S has more carriers and due to that this phase can have near infrared 

Localised Surface Plasmon Resonance (NIR LSPR) band [103-107]. The bandgap energy of 
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copper sulphide that ranges from 1.2 to 2.53 eV is beneficial for light absorption under sunlight 

illumination [108]. 

 

Copper sulphide nanoparticles have been synthesized from different methods as described in 

Figure 1.4. Using some of these methods, the shape of the copper sulphide nanoparticles has 

been controlled to different shapes such as; nanorods that have been achieved with the solvent-

free thermolysis of copper thiolate precursors and can now be synthesized with other methods 

and be stable [109, 110], nanodisk that were at first mistaken for nanorods when standing 

vertically on the substrate [111, 112] and nanofibers [113-115]. These materials have been 

investigated in different applications as presented in Figure 1.7. 

 

Figure 1. 7. Some copper sulphide nanoparticles biomedical applications [116]. 
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Copper sulphide nanoparticles have gained an increasing consideration from biomedical 

researchers, they have been studied at preclinical level, molecular imaging with different 

techniques, cancer therapy based on the copper sulphide photothermal properties, and also in 

drug delivery and theranostic applications [117]. The effect of various surface morphologies, 

structures, and shapes (nanowires, nanospheres, nanotubes, nanoplates, and nanorods) have 

also been studied in both photoacoustic imaging and cancer therapy [118]. Although the found 

evidence from all the studies about metallic sulphide shows that these nanoparticles have a 

promising potential, there are still many different challenges to be investigated and cleared 

before they can be utilised in biomedicine [119]. 

1.2.2. Silver sulphide nanoparticles 

Silver and some silver complexes have been widely used to treat bacterial and wound infections 

more especially in the treatment of burns. After the emergence of nanotechnology as the metals 

were reduced to nano sized materials silver nanoparticles were found to have antimicrobial 

activity [120]. Silver nanoparticles are currently used as antimicrobial agents to dress wounds 

and as coats for surgical instruments. They have been found to have different ways in which 

they penetrate the human body and accumulate in various tissues [121]. The applications of 

silver nanoparticles are now expanding to various fields that includes medical, food, health 

care, consumer, and industrial purposes, this is all due to their unique physical and chemical 

properties [122]. 

 

As a result of certain shortcomings of the silver nanoparticles against some microbials, interest 

in stabilizing these materials, using inorganic and other materials have been studied [123]. 

Silver nanoparticles has been noticed to always go through sulfidation, which is the 
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transformation of silver nanoparticles to more stable silver sulphide nanoparticles [124]. 

Through this sulfidation the silver nanoparticles toxicity is reduced and that lead to the 

investigation of silver sulphide nanoparticle [124]. 

 

Ag2S is a direct narrow band gap semiconductor with special properties. Ag2S nanostructures 

have been widely researched in chemistry and biochemistry fields because of their unusual 

optical, electrical, and mechanical properties [125]. Silver sulphide nanoparticles have also 

been synthesized via single source precursor method [126-128].  It was observed that when 

making these materials, they have a tendency of giving final products as a mixture of silver 

sulphide and metallic silver crystallites when the precursor molecule is injected at a lower 

temperature [129]. 

 

Silver sulphides were proven to possess high ion conductivity when compared to other metal 

and that attracted special attention as they can be used in resistive switches and non-volatile 

memory devices [130]. Silver sulphide nanoparticles are currently being further investigated 

as infrared active nanomaterials that can provide environmentally stable alternatives to heavy 

metals [131]. Silver nanoparticles are being given an attention because of their more desirable 

antimicrobial effects towards a wide range of microorganisms as well as multi drug resistant 

and yeast pathogen, they are now investigated for their anticancer activity [132].  

 

According to the study by Venkatesan et al. silver nanoparticles are showing effective 

anticancer property against breast cancer cells [133].  After silver nanoparticles were tested 

against breast cancer, leukaemia, hepatocellular carcinoma, skin and lung carcinoma, cell lines 

Wei et al. confirmed that they can serve as therapeutic platforms in many biomedical 
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applications, but their effectiveness needs to be fully understood before they can be widely 

employed [134]. Silver sulphide nanoparticles have also been found as attractive nano-agents 

with near-infrared fluorescence for biological imaging [135]. As a result, they are now being 

investigated for possible applications in various optoelectronics, electronics and industrial 

applications [136]. 

 

1.2.3.    Aims and Objectives of the study 

1.2.3.1. Aim: 

The main aim of the study is to synthesize, characterize copper(II) and silver(I) dithiocarbamate 

complexes and use them as single source precursors to synthesize metal sulphide nanoparticles 

and study their structural and optical properties. 

1.2.3.2. Objectives: 

 Synthesis and characterization of eight dithiocarbamate ligands. 

 Synthesis and characterization of copper(II) dithiocarbamate complexes. 

 Synthesis and characterization silver(I) dithiocarbamate complexes. 

 Synthesis of copper sulphide and silver sulphide nanoparticles. 

 Structural studies of the synthesized metal sulphide nanoparticles using p-XRD, TEM, 

ERTEM, SEM, EDX and FTIR. 

 Optical studies of the metal sulphide nanoparticles using UV-Vis and PL spectroscopy 
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CHAPTER TWO 

EXPERIMENTAL  

2.1. Physical measurements 

2.1.1. Conductivity measurements 

The conductivity values were measured using 5410 conductivity meter. The ligands were 

dissolved in water and the copper complexes were dissolved in dimethyl sulfoxide. 

2.1.2. FTIR spectroscopy 

The FTIR spectra were scanned using Perkin Elmer FTIR spectrometer (FTIR-100). The 

spectra were recorded from 400 to 4000 cm-1. They were all collected at room temperature. 

2.1.3. UV-Visible spectroscopy 

The electronic spectra of the ligands and complexes in solution were recorded using the Cary 

100 UV-Vis spectrophotometer (Agilent technologies). The ligands were dissolved in water 

and complexes in DMSO or chloroform, quartz cuvette which is 10 mm in length was used. 

2.1.4. NMR spectroscopy 

The NMR spectra of the ligands and complexes were recorded using NMR Bruker 400Hz. The 

ligands were dissolved in water and the complexes in DMSO and chloroform. 
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2.1.5. Thermal Gravimetric Analysis 

The thermal gravimetric analysis was studied using Perkin Elmer thermogravimetric analyser 

at a temperature range of 50 to 900°C under nitrogen. The thermal studies of the complexes 

were studied using Perkin Elmer thermogravimetric analyser 4000.  

2.2.  Chemicals 

Sodium hydroxide, carborn disulphide, piperidine, morpholine, diallyl amine, N- methyl 

benzyl amine, phenyl piperizine, N- Ethyl aniline, dibenzyl amine, butyl amine, copper 

chloride, silver nitrate, diethyl ether, acetone, methanol, acetonitrile, dichloromethane and 

chloroform were purchased from Sigma Aldrich and they were used without any further 

purifications.  

 

2.3. Synthesis of sodium dithiocarbamate ligands 

2.3.1. Synthesis of sodium N-Methyl benzyl amine dithiocarbamate, NMB DTC. 

A method from the literature was used [1]. Scheme 2.1 shows the schematic representation of 

this synthesis. Sodium hydroxide (2 g, 0.05 mol) was dissolved in minimum amount of distilled 

water and allowed to attain an ice temperature, cold carbon disulphide (3 mL, 0.05 mol) was 

added to the solution. This was then followed by the addition of an N-methyl benzyl amine 

(6.6 mL, 0.05 mol). The mixture was stirred for 2-3 h while keeping the temperature below 

4°C. A white solid product was filtered and washed with diethyl ether and dried in a desiccator 

[1].  Yield = 83%, Selected IR (Solid state, cm-1): Ѵ(C-N) =1392, Ѵs(C-S) = 950, Ѵas(C-S) = 

972. 1H NMR (400 MHz, D2O, ppm): 7.4 (d,2H); 7.5 (t, 1H); 7.6 (t, 2H). 5.4 (s, 2H); 3.4 (s, 

2H). 13C NMR (400 MHz, D2O, ppm): 210 (CS); 139, 129, 128, 128 (C6H5); 60 (CH3N), 49 

(CH2) 
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Scheme 2. 1. Synthesis of sodium N-methyl benzyl amine dithiocarbamate 

 

2.3.2. Synthesis of sodium Phenyl Piperizine dithiocarbamate, PP DTC. 

A method from the literature [1] was used. The reaction was carried as demonstrated in scheme 

2.2. Sodium hydroxide (2 g, 0.05 mol) was dissolved in minimum amount of distilled water 

and allowed to attain an ice temperature, cold carbon disulphide (3 mL, 0.05 mol) was added 

to the solution. Then 1-phenyl piperazine amine (7.6 mL, 0.05 mol) was added dropwise. The 

mixture was stirred for 2-3 h while keeping the temperature below 4°C. A white solid product 

formed was filtered and washed with ether and dried in a desiccator. Yield = 77%, Selected IR 

(Solid state, cm-1): V(C-N) =1462, Vs(C-S) = 1011, Vas(C-S) = 1050. 1H NMR (400 MHz, 

D2O, ppm): 7.1 (t,1H); 7.2 (t, 2H); 7.3 (t, 2H). 4.6 (t, 4H); 3.2 (t, 4H). 13C NMR (400 MHz, 

D2O, ppm): 210 (CS); 119, 121, 138, 150 (C6H5); 50, 52 (C4H8N2). 
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Scheme 2. 2. Synthesis of Sodium 1-phenyl piperizine dithiocarbamate 

 

2.3.3. Synthesis of sodium diallylamine dithiocarbamate, DA DTC 

A modified general method was used. Cold carbon disulphide (3mL, 0.05 mol) was added to 

cold diallylamine (6.2 mL, 0.05 mol) as described in scheme 2.3. This was stirred for 30 

minutes until it solidified to a yellow product then the solution of (2 g, 0.05 mol) sodium 

hydroxide was added in drops very slowly while stirring. The reaction was carried out at a 

temperature less than 4°C for 4 hr. A white product formed was washed with ether and dried 

in a desiccator. It was then recrystallized with methanol and white product was obtained. Yield 

= 63%, Selected IR (Solid state, cm-1): Ѵ(C-N) =1410, Ѵs(C-S) = 967, Ѵas(C-S) = 1021. 1H 

NMR (400 MHz, D2O, ppm): 5.9 (m, 2H); 6.2 (d, 2H); 6.3 (d, 2H); 4.2 (d, 4H). 13C NMR (400 

MHz, D2O, ppm): 210 (CS); 55, 115, 130, (CH2CHCH2N). 

CH2

CH

CH2

NH

CH2

CH

CH2

+ CS2
NaOH

CH2

CH

CH2

N

CH2

CH

CH2

SS Na

+ H2O

 

Scheme 2. 3. Synthesis of sodium diallylamine dithiocarbamate 
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2.3.4. Synthesis of sodium morpholine dithiocarbamate, Morph DTC. 

Scheme 2.4 shows the synthesis of morpholine DTC ligand. In an ice cold (3 mL, 0.05 mol) 

carbon disulphide (2 g, 0.05 mol) cold solution of sodium hydroxide was added, while stirring 

(4.4 mL, 0.05 mol) cold morpholine was added drop wise. The mixture formed a solid 

immediately then 15 mL of diethyl ether was added, and the mixture was stirred for 4 h. the 

reaction was carried out at room temperature. A pure white solid product was then filtered, 

washed with diethyl ether and dried in a desiccator [3,4]. Yield = 88%, Selected IR (Solid state, 

cm-1): V(C-N) =1444, Vs(C-S) = 967, Va(C-S) = 1010. 1H NMR (400 MHz, D2O, ppm): 2.82 

(t, 4H); 4.42 (t, 4H); 13C NMR (400 MHz, D2O, ppm): 210 (CS); 50, 65 (OC4H8N). 

 

NO H + CS2
NaOH

NO C

S

S Na

+ H2O

 

Scheme 2. 4. Synthesis of sodium morpholine dithiocarbamate 

 

2.3.5. Synthesis of sodium piperidine dithiocarbamate, Piper DTC. 

Sodium piperidine dihtiocarbamate ligand was synthesized with a reaction shown in Scheme 

2.5. An ice cold 3 mL, 0.05 mol of carbon disulphide was added to 2 g, 0.05 mol of cold 

solution of sodium hydroxide, while stirring 0.05 mol of cold piperidine was added drop wise. 

The mixture formed a solid immediately then 15 mL of diethyl ether was added, and the 

mixture was stirred for 4 h. the reaction was carried out at room temperature. A white solid 

product was then filtered and washed with diethyl ether and dried in a desiccator [3,4]. Yield 

= 79%, Selected IR (Solid state, cm-1): Ѵ(C-N) =1426, Ѵs(C-S) = 957, Ѵas(C-S) = 1000. 1H 
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NMR (400 MHz, D2O, ppm): 4.3 (t, 4H); 1.7 (q, 4H); 1.8 (q, 2H). 13C NMR (400 MHz, D2O, 

ppm): 205 (CS); 24, 26, 52 (C5H10N). 

 

N H + CS2

NaOH
N C

S

S Na

+ H2O

 

Scheme 2. 5 Synthesis of sodium piperidine dithiocarbamate 

 

2.3.6. Synthesis of sodium N-ethyl aniline dithiocarbamate, NEA DTC. 

A method from the literature [1] was used to synthesize N-ethyl aniline DTC ligand as 

described in Scheme 2.6. Sodium hydroxide (2 g, 0.05 mol) was dissolved in minimum amount 

of distilled water and allowed to attain an ice temperature, in this cold solution (6.4 mL, 0.05 

mol) of N-ethyl aniline was added. Then (3 mL, 0.05 mol) of carbon disulphide was added to 

the solution. This mixture was then stirred for 2-3 h under the temperature below 4°C. A yellow 

solid product was then filtered and washed with ether and dried in a desiccator [1,4]. Yield = 

52%, Selected IR (Solid state, cm-1): V(C-N) =1444, Vs(C-S) = 997, Va(C-S) = 1021. 1H NMR 

(400 MHz, D2O, ppm): 7.2 (d,2H); 7.4 (t, 1H); 7.5 (t, 2H). 4.4 (q, 2H); 1.2 (t, 3H). 13C NMR 

(400 MHz, D2O, ppm): 210 (CS); 149, 139, 127, 128 (C6H5); 52 (CH2N), 12 (CH3). 
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Scheme 2. 6. Synthesis of sodium ethyl aniline dithiocarbamate 

2.3.7. Synthesis of sodium butyl amine dithiocarbamate, BA DTC. 

The method used for the synthesis of butyl amine dithiocarbamates is presented in Scheme 2.7. 

Cold 5 mL, 0.05 mol of butyl amine was added to 2 g, 0.05 mol of sodium hydroxide dissolved 

in minimum amount of distilled water. While stirring 3 mL, 0.05 mol of carbon disulphide in 

10 mL of methanol was added to the solution. This mixture was then stirred for 2-3 h at 

temperature below 4°C. A white solid product was then filtered and washed with diethyl ether 

and dried in a desiccator [1]. Yield = 77%, Selected IR (Solid state, cm-1): V(N-H) = 3365, 

Ѵ(C-N) =1498, Ѵs(C-S) = 905, Ѵas(C-S) = 970. 1H NMR (400 MHz, D2O, ppm): 1 (t, 3H); 

1.5 (m, 2H); 1.7 (q, 2H). 3.6 (t, 2H). 13C NMR (400 MHz, D2O, ppm): 210 (CS); 10, 20, 30, 

49 (CH3CH2CH2CH2N). 
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Scheme 2.7. Synthesis of sodium butyl amine dithiocarbamate 
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2.3.8. Synthesis of sodium dibenzyl amine dithiocarbamate, DBA DTC. 

A modified literature method was used as shown in Scheme 2.8. In cold dibenzyl amine (9 mL, 

0.05 mol) sodium hydroxide (2 g, 0.05 mol) dissolved in minimum amount of distilled water 

was added. The mixture was allowed to attain an ice temperature, after which cold carbon 

disulphide (3 mL, 0.05 mol) was added to the solution dropwisely. This mixture was then 

stirred for 2-3 h at temperature below 4°C. A white solid product was then filtered and washed 

with ether and dried in a desiccator [1]. Yield = 76%, Selected IR (Solid state, cm-1): V(C-N) 

=1448, Vs(C-S) = 972, Va(C-S) = 1032. 1H NMR (400 MHz, D2O, ppm): 7.3 (d, 4H); 7.4 (t, 

2H); 7.5 (t, 4H). 5.4 (s, 4H); 13C NMR (400 MHz, D2O, ppm): 210 (CS); 139, 129, 128, 128 

(C6H5); 58 (CH2N). 

NH
+ CS2

NaOH

N

S S

Na

+H2O

 

Scheme 2.8. Synthesis of sodium dibenzyl amine dithiocarbamate 

 

2.4. Synthesis of copper(II) dithiocarbamate complexes 

2.4.1. Synthesis of copper(II) N-methyl benzyl amine dithiocarbamate complex, 

[Cu(NMB)2] 

About 20 mL solution of the CuCl2 (0.85 g, 0.005 mol), was added to 20 mL solution of NMB 

DTC ligand (2.19 g, 0.01 mol) as shown in Scheme 2.9. The brown precipitate which 

immediately formed was stirred for about 2 hours to ensure complete reaction. The solid 

precipitate was filtered off, rinsed with distilled water and dried at ambient temperature [5]. 

Yield = 62%, Selected IR (Solid state, cm-1): V(C-N) =1390, V(C-S) = 933. Colour: brown.   
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Scheme 2.9. Synthesis of copper(II) N-methyl benzyl amine dithiocarbamate complex 

 

2.4.2. Synthesis of copper(II) phenyl piperizine dithiocarbamate complex, [Cu(PP)2]. 

Scheme 2.10 shows the synthetic procedure for the reaction. 20 mL solution of the CuCl2 (0.005 

mol, 0.85 g), was added to 20 mL solution of PP DTC ligand (0.01 mol, 2.60 g). A brown 

precipitate formed immediately. The solution was stirred for about 2 h to ensure complete 

reaction. The solid precipitate formed was filtered off, rinsed with distilled water and dried at 

ambient temperature. Yield = 70%, Selected IR (Solid state, cm-1): V(C-N) =1477, V(C-S) = 

1013. Colour: brown.   
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Scheme 2.10. Synthesis of copper(II) phenyl piperidine dithiocarbamate complex 
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2.4.3. Synthesis of copper(II) diallyl amine dithiocarbamate complex, [Cu(DA)2]. 

A solution of the CuCl2 (0.0025 mol, 0.43 g) was added to the solution of sodium diallyl amine 

dithiocarbamate ligand (0.005mol, 0.98 g) at room temperature, A brown to black precipitate 

was formed immediately but the reaction continued to stir for about 2 h to ensure complete 

reaction. The solid precipitate was filtered off, rinsed with distilled water and dried at ambient 

temperature. The synthetic poceedure is demonstrated in scheme 2.11. Yield = 48%, Selected 

IR (Solid state, cm-1): Ѵ(C-N) =1401, Ѵ(C-S) = 987. Colour: brown.   
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Scheme 2.11. Synthesis of copper(II) diallyl amine dithiocarbamate complex 

 

 

2.4.4. Synthesis of copper(II) morpholine dithiocarbamate complex, [Cu(Morph)2]. 

Copper(II) morpholine dithiocarbamate complex was synthesized according to the reaction in 

Scheme 2.12 by the addition of 20 mL solution of the CuCl2 (0.005mol, 0.85 g) to 20 mL 

solution of sodium morpholine dithiocarbamate ligand (0.01 mol, 1.85 g). The experiment was 

carried out at room temperature. The brown precipitate which immediately formed was stirred 
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for about 2 h to ensure complete reaction. The solid precipitate was filtered off, rinsed with 

distilled water and dried at ambient temperature [4]. Yield = 72%, Selected IR (Solid state, cm-

1): Ѵ(C-N) =1477, Ѵ(C-S) = 1006. Colour: brown.   

 

NO

S

S

Na

N

O

S

S
Na

+ +CuCl2
N O

S

S

NO

S

S

Cu + 2NaCl

 

Scheme 2.12. Synthesis of copper(II) morpholine dithiocarbamte complex 

 

2.4.5. Synthesis of copper(II) piperidine dithiocarbamate complex, [Cu(Piper)2] 

The same method was employed also for this complex. Scheme 2.13 shows the reaction of the 

synthesis of copper(II)piperidine dithiocarbamate. The reaction was carried out at room 

temperature. About 20 mL solution of the CuCl2 (0.005 mol, 0.85 g), was added to 20 mL 

solution of piperidine dithiocarbamate ligand (0.01 mol, 1.83 g), the brown precipitate which 

immediately formed was stirred for about 2 h. Then the solid precipitate was filtered off, rinsed 

with distilled water and dried at ambient temperature. Yield = 73%, Selected IR (Solid state, 

cm-1): Ѵ(C-N) =1435, Ѵ(C-S) = 993. Colour: brown.   
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Scheme 2.13. Synthesis of copper(II) piperidine dithiocarbamate complex 
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2.4.6. Synthesis of copper(II) N-ethyl aniline dithiocarbamate complex, [Cu(NEA)2]. 

The synthesis of Cu(II) N-ethyl aniline dithiocarbamate complex (Scheme 2.14) was carried 

out at room temperature. The metal salt, CuCl2 (0.0025 mol, 0.43 g) was dissolved in 20 mL 

of distilled water and also sodium N-ethyl aniline dithiocarbamate ligand (0.005 mol, 1.09 g) 

was dissolved in 20 mL of water in a separate beaker. The two solutions were then mixed 

stirred for about 2 h to ensure complete reaction. The solid precipitate was filtered off, rinsed 

with distilled water and dried at ambient temperature [4]. Yield = 56%, Selected IR (Solid state, 

cm-1): V(C-N) =1456, V(C-S) = 960. Colour: brown.   
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Scheme 2.14. Synthesis of copper(II) N-ethyl anilline dithiocarbamate complex 

 

2.4.7. Synthesis of copper(II) butyl amine dithiocarbamate complex, [Cu(BA)2]. 

At room temperature 20 mL solution of the CuCl2 (0.005 mol, 0.85 g) was added to 20 mL 

solution of sodium butyl amine dithiocarbamate ligand (0.01 mol, 1.71 g), immediately a 

yellow precipitate formed. The reaction was then stirred for 2 h. The yellow solid precipitate 

was filtered off, rinsed with distilled water and dried at ambient temperature. The reaction is 
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shown in scheme 2.15. Yield = 62%, Selected IR (Solid state, cm-1): V(N-H) = 3119, V(C-N) 

=1503, V(C-S) = 907. Colour: Yellow.   
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Scheme 2.15. Synthesis of copper(II) butyl amine dithiocarbamate complex 

 

2.4.8. Synthesis of copper(II) dibenzyl amine dithiocarbamate complex, [Cu(DBA)2]. 

This reaction was carried out at room temperature. About 20 mL solution of the CuCl2 (0.005 

mol, 0.85 g) was added to 20 mL solution of sodium butyl amine dithiocarbamate ligand (0.01 

mol, 2.9 g). The brown precipitate which immediately formed was stirred for about 2 h to 

ensure complete reaction. The solid precipitate was filtered off, rinsed with distilled water and 

dried at ambient temperature (Scheme 2.16). Yield = 70%, Selected IR (Solid state, cm-1): V(C-

N) =1479, V(C-S) = 985. Colour: Yellow.   
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Scheme 2.16. Synthesis of copper(II) dibenzyl amine dithiocarbamate complex 

 

2.5. Synthesis of silver(I) dithiocarbamate complexes 

2.5.1. Synthesis of silver(I) N-methyl benzyl amine dithiocarbamate complex, 

[Ag(NMB)] 

All the silver complexes were synthesized using the same method used to synthesize copper 

dithiocarbamate complexes. They were prepared at room temperature. 0.005 mol, 0.84 g of 

AgNO3 was dissolved in 20 mL of water while the 0.005 mol, 1.09 g of sodium N-ethyl aniline 

dithiocarbamate was also dissolved in 20 mL of water separately, the two solutions were then 

mixed together and stirred for 4 h. The yellow precipitated product was filtered off, rinsed with 

distilled water and dried at ambient temperature [4]. Scheme 2.17 shows the schematic 

reaction. Yield = 66%, Selected IR (Solid state, cm-1): V(C-N) =1375, V(C-S) = 941. Colour: 

Yellow.   
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Scheme 2.17. Synthesis of silver(I) N-methyl benzyl amine dithiocarbamate complex 
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2.5.2. Synthesis of silver(I) phenylpiperazyl dithiocarbamate complex, [Ag(PP)]. 

All silver dithiocarbamate complexes were synthesized using the same method. Scheme 2.18 

shows the synthesis of silver(I)phenyl piperazyl DTC complex. Where (0.005 mol, 0.84 g) of 

AgNO3 in 20 mL of water followed by the addition (0.005 mol, 0.30 g) of sodium phenyl 

piperizine in 20 mL of water. The two solutions were then added together and stirred for 4 h. 

The yellow solid precipitate was filtered off, rinsed with distilled water and dried at ambient 

temperature. Yield = 68%, Selected IR (Solid state, cm-1): V(C-N) =1418, V(C-S) = 1002. 

Colour: Yellow.   
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Scheme 2.18. Synthesis of silver(I) phenylpiperazine dithiocarbamate complex 

 

2.5.3. Synthesis of silver(I) diallyl dithiocarbamate complex, [Ag(DA)]. 

Silver(I) diallyl amine dithiocarbamate complex was also synthesized while (0.005 mol, 0.8494 

g) of AgNO3 in 20 mL of water while dissolving (0.005 mol, 0.9764 g) of sodium diallyl amine 

dithiocarbamate salt was also dissolved in 20 mL of water both solutions were mixed and the 

reaction was left to carry on for four hours stirring at room temperature. The yellow solid that 

precipitated was filtered off, rinsed with distilled water and dried in a desiccator. The reaction 

is shown in scheme 2.19. Yield = 44%, Selected IR (Solid state, cm-1): V(C-N) =1394, V(C-S) 

= 985. Colour: Grey.   
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Scheme 2.19. Synthesis of silver(I) diallyl dithiocarbamate complex 

2.5.4. Synthesis of silver(I) morpholine dithiocarbamate complex, [Ag(morph)]. 

Silver(I)morpholine dithiocarbamate complex was synthesized as presented in Scheme 2.20. 

The silver salt, AgNO3 (0.005 mol, 0.8494 g), was dissolved in a beaker in 20 mL of water and 

the sodium morpholine DTC ligand (0.005 mol, 0.9262 g) dissolved in 20 mL of water in a 

separate beaker, the two solutions were then added together and stirred for 4 h. The yellow 

solid precipitate was filtered off, rinsed with distilled water and dried at ambient temperature 

Yield = 69%, Selected IR (Solid state, cm-1): V(C-N) =1418, V(C-S) = 991. Colour: Yellow.   
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Scheme 2.20. Synthesis of silver(I) morpholine dithiocarbamte complex 

 

2.5.5. Synthesis of silver(I) piperidine dithiocarbamate complex, [Ag(piper)]. 

Silver(I)piperidine dithiocarbamate complex was synthesized by adding the silver salt solution, 

AgNO3 (20 mL, 0.8494 g), to a sodium piperidine dithiocarbamate solution (20 mL, 0.9186 g). 

This mixture was stired for 4 h and the yellow precipitate was filtered off, rinsed with distilled 

water and dried at ambient temperature. Scheme 2.21 shows the synthesis of silver(I)piperidine 
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DTC. Yield = 71%, Selected IR (Solid state, cm-1): V(C-N) =1449, V(C-S) = 994. Colour: 

Yellow.   
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Scheme 2.21. Synthesis of silver(I) piperidine dithiocarbamate complex 

 

 

2.5.6. Synthesis of silver(I) N-ethyl aniline dithiocarbamate complex, [Ag(NEA)]. 

Silver(I)N-ethyl aniline dithiocarbamate complex was synthesized as shown in Scheme 2.22 

by the addition AgNO3 (0.005 mol, 0.8494 g) dissolved in 20 mL of water to the solution of 

N-ethyl aniline DTC ligand (0.005 mol, 1.096 g), the mixture was stirred for 4 h. The yellow 

solid precipitate was filtered off, rinsed with distilled water and dried at ambient temperature. 

Yield = 61%, Selected IR (Solid state, cm-1): V(C-N) =1438, V(C-S) = 987. Colour: Yellow.   
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Scheme 2.22. Synthesis of silver(I) N-ethyl aniline dithiocarbamate complex 
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2.5.7. Synthesis of silver(I) butylamine dithiocarbamate complex. [Ag(BA)]. 

To synthesize Silver(I)butyl amine dithiocarbamate complex. 20 mL solution of AgNO3 (0.005 

mol, 0.8494 g) was added to 20 mL of sodium butyl amine DTC (0.005 mol, 0.8563 g) solution. 

A yellow solid precipitate formed immediately and the reaction was stirred for 4 h. The yellow 

solid was filtered off, rinsed with distilled water and dried in a desiccator. The synthesis is 

shown in Scheme 2.23. Yield = 62%, Selected IR (Solid state, cm-1): V(N-H) = 3244, V(C-N) 

=1485, V(C-S) = 928. Colour: Yellow.   
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Scheme 2. 23. Synthesis of silver(I) butyl amine dithiocarbamate complex 

 

2.5.8. Synthesis of silver(I) dibenzyl dithiocarbamate complex, [Ag(DBA)]. 

Silver(I) dibenzyl dithiocarbamate complex (Scheme 2.24) was synthesized at room 

temperature. The silver salt, AgNO3 (0.005 mol, 0.8494 g), dissolved in a beaker in 20 mL of 

water was added to sodium dibenzyl amine dithiocarbamate ligand (0.005 mol, 0.1.4770 g) 

also dissolved in 20 mL of water in a beaker while stirring. The reaction continued for 4 h. A 

yellow solid precipitated and it was filtered off, rinsed with distilled water and dried in 

desiccator. Yield = 66%, Selected IR (Solid state, cm-1): V(C-N) =1478, V(C-S) = 976. Colour: 

Yellow.   
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Scheme 2.24. Synthesis of silver(I) dibenzyl dithiocarbammate complex 
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CHAPTER THREE 

SPECTROSCOPIC CHARACTERIZATION OF THE DITHIOCARBAMATE 

LIGANDS AND COPPER(II) AND SILVER(I) COMPLEXES 

3.1. Introduction 

Dithiocarbamates are well known for their ability to form stable complexes with metal ions in 

wide ranges of oxidation states [1, 2]. Even though these compounds possess s-donor and n-

back-donation, their compounds have interesting features associated with an additional n-

electron flowing from nitrogen to sulphur via a planar delocalised π-orbital system, see Figure 

3.1.The different resonance are the reason for the strong electron donation and a high electron 

density on the metal which leads to the higher oxidation state [3, 4]. The anti-oxidant properties 

of these compounds make them even more valuable compounds. They are now used in different 

applications in fields like agriculture and medicine [5].  
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Figure 3. 1. Different resonance forms of dithiocarbamic moiety 

 

Dithiocarbamates received attention because of their rich coordination chemistry, especially 

with transition metal ions as they readily form chelates with all transition metal ions through 

the two sulphur donor atoms forming water insoluble sulphates [6, 7]. Figure 3.2 shows the 

possible binding modes of dithiocarbamate ligands to metal ions [8]. Some abilities of the 

dithiocarbamates are owed to their strong metal-binding capacity, which enables them to act 

as inhibitors of enzymes with a profound effect on biological systems [9]. Dithiocarbamate 

metal complexes have found a wide range of applications in different fields [10]. Metal 
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complexes of dithiocarbamates are synthesized and investigated for many applications, 

because they possess various biological properties [11, 12] such as antibacterial activity [13]. 

Recently the complexes of dithiocarbamates are being studied for their anti-bacterial, 

antifungal, anti-malarial, anti-viral, anti-HIV, anti-estrogenic, anti progestational, anti-

osteoporosis, anti-diabetic, anti-obesity, anti-helminthes, activities [14]. They also show very 

promising antitumor activities [15]. Modifications of the R groups attached to nitrogen atom 

of the dithiocarbamate fragment can have effect on both the structure and chemical properties, 

mainly due to a change in the acid–base nature of the dithiocarbamate fragment [16]. 

 

 

Figure 3. 2. Possible coordination modes of dithiocarbamates [8]. 
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3.1.1. Synthesis 

There are many methods for the synthesis of dithiocarbamates derivatives that have been 

reported. They include the synthesis of dithiocarbamates using thiophosgene chlorothioformate 

and isothiocyanate which are costly and toxic reagents [23]. They are also synthesized using 

markovnikov addition reaction which gives excellent yields for secondary amines but poor 

yields for hindered secondary amine [24]. Their synthesis by only reacting amines with carbon 

disulphide and alkyl halide in the presence of strong base like NaOH or KOH using the toxic 

solvents such as DMF or DMSO in the presence of catalyst has also been reported [25]. 

 

Even though it is known that solvents play an important role for mixing the ingredients in an 

organic reaction making the molecular interactions easier but carrying out organic reactions 

without using toxic organic solvents is now of great interest in green organic synthesis [26]. In 

this study the dithiocarbamates were synthesized without the use of solvents. They were 

synthesized by just adding carbon disulphide in to the cold amine in the presence of the base 

at low temperatures as shown in Scheme 3.1. In this study the dithiocarbamate ligands were 

synthesized using the exothermic reaction between carbon disulphide and a primary/secondary 

amine in the presence of sodium hydroxide. Scheme 3.1 shows the general synthesis from the 

primary amines. Scheme 3.2 shows the synthesis of the dithiocarbamate complexes, whereby, 

a simple direct addition method was used, and water was used to dissolve the starting materials 

the reaction was carried out at room temperature [27]. 
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Scheme 3. 1. General synthesis of dithiocarbamates 
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Scheme 3. 2 Synthesis of metal complexes from dithiocarbamate ligands 
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3.2. Physicochemical properties  

 

The metal complexes synthesized from dibenzyl amine (DBA), N-methyl benzyl amine 

(NMB), piperidine (Piper), Morpholine (morph), N-ethyl aniline (NEA), phenyl piperazine 

(PP), diallyl amine (DA) and butyl amine (BA) dithiocarbamates (DTC), are labelled as 

[M(DBA)n ], [M(DA)n], [M(BA)n], [M(PP)n], [M(NMB)n], [M(NEA)n], [M(Piper)n] and 

[M(morph)n], where M is either Cu(II) or Ag(I) and n is 1 in the Ag complexes or 2 in the Cu 

complexes. All the ligands gave white products and the copper(II) complexes gave brown 

powder while yellow powder was obtained for silver(I) complexes as shown in Table 3.1.  

 

The conductivity measurements were taken to test the molecular ions liberated by the 

compounds in solution. The higher the molar conductance the higher the number of ions the 

compound liberates in solution [28]. Because of the Na+ ions in the dithiocarbamate ligands 

their molar conductivity is expected to be high and it is expected to be low for the complexes.  

The conductivity values of the ligands and copper complexes were measured using the 4510-

conductivity meter. The ligands were dissolved in water and the copper complexes were 

dissolved in Dimethyl sulfoxide.  

 

The molar conductance measured for the ligand ranged from 24 to 387 µS which are higher 

when compared to the molar conductance values measured from the copper complexes which 

ranged from -1.07 to 0.08 µS. This difference between these values confirms the formation of 

the complexes by the absence of Na+ ions in the complexes limiting the number of ions that 

liberates in the solution. The conductivity of the silver complexes could not be tested due to 

the insolubility of the complexes. 
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Table 3.1. Physical measurements of synthesized DTC complexes 

Compound Molar mass (g/mol) Conductance 

(µS) 

Colour 

DBA DTC 295.398 387 White 

[Cu(DBA)2] 608.363 -1.04 Yellow 

[Ag(DBA)] 380.276 - Yellow 

BA DTC 171.259 24 White 

[Cu(BA)2] 360.084 -1.07 Brown 

[Ag(BA)] 256.138 - Grey 

NMB DTC 219.302 216 White  

[Cu(NMB)2] 456.186 0.04 Brown  

[Ag(NMB)] 304.180 - Yellow 

Morph DTC 185.243 75.0 White 

[Cu(morph)2] 388.052 0.05 Brown 

[Ag(morph)] 270.121 -  Yellow 

Piper DTC 178.229 67.0 White 

[Cu(piper)2] 374.026 0.08 Brown 

[Ag(piper)] 268.48 - Yellow 

NEA DTC 219.302 48.0 Off White 

[Cu(NEA)2] 456.171 0.13 Brown 

[Ag(NEA)] 304.186 - Yellow 

PP DTC 206.354 38.0 White 

[Cu(PP)2] 538.275 0.10 Brown 

[Ag(PP)] 345.233 -  Yellow 
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DA DTC 195.280 87.4 White 

[Cu(DA)2] 410.145 0.03 Brown 

[Ag(DA)] 280.159 -  Yellow 
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3.3. Fourier-transform infrared spectroscopy studies 

 

The infrared spectra studies of the dithiocarbamate compounds complexes are important as 

they show the coordination modes of DTC ligands, and also their M–S bonds in their 

complexes. The region from 1520 to 1528 cm-1 is associated to the (N–CS2) vibration mode. 

The position of this band in the IR spectrum in general is found in between a single and a 

double C–N bond. The band in the range of 978–987 cm-1, asy(C–S), contributes to determining 

the coordination mode of the dithiocarbamate ligand. In the case of bidentate binding, a single 

absorption band is observed in this region while in the case of asymmetric bonding, asy(C–S) 

appears as a duplicated band. Finally, in monodentate coordination the duplicated band 

separates further [29, 30] 

 

Table 3.2. FTIR results of DTC complexes 

Serial 

numbers 

Compounds ѵN—H 

(cm-1) 

ѵC—N 

(cm-1) 

ѵC—S 

(cm-1) 

ѵC==S 

(cm-1) 

1.  DBA DTC  -  1448  972  1032 

  [Cu(DBA)2]  -  1479  985  - 

  [Ag(DBA)]    1478  976  - 

2.  BA DTC  3365  1498  905  970 

  [Cu(BA)2]  3119  1503  928  - 

 [Ag(BA)] 3244 14931485 981 - 



66 
 

3. NMB DTC - 1392 950 972 

 [Cu(NMB)2] - 1390 933 - 

 [Ag(NMB)] - 1375 997741 - 

4.  Morph DTC - 1444 967 1010 

 [Cu(morph)2] - 1477 1006 - 

 [Ag(morph)] - 1418 991 - 

5.  Piper DTC - 1426 957 1000 

 [Cu(piper)2] - 1435 993 - 

 [Ag(piper)] - 1449 994 - 

6.  NEA DTC - 1444 997 1021 

 [Cu(NEA)2] - 1418 987  

 [Ag(NEA)] - 1438 987 - 

7.  PP DTC - 1462 1011 1050 

 [Cu(PP)2] - 1479 1013 - 

 [Ag(PP)] - 1418 1002 - 

8.  DA DTC - 1410 967 1030 

 [Cu(DA)2] - 1401 987 - 

 [Ag(DA)] - 1394 985 - 

 

 

 



67 
 

3.3.1. FTIR spectra of N-methyl benzyl DTC and it’s copper(II) and silver(I) complexes. 

Figure 3.3 shows the overlay spectra of N-methyl benzyl dithiocarbamate ligand and copper(II) 

dithiocarbamate and silver(I) dithiocarbamate complex. The spectrum showed all the three 

important vibrations of the dithio-moiety. The free ligand spectra showed two ѵ(C-S) 

vibrations from the dithio group at 950 cm-1 and 972 cm-1. The frequencies shifted to lower 

wavenumbers in the complexes while merging into a single peak at 933 cm-1 and 941 cm-1 for 

the copper(II) and silver(I) complexes respectively. This is due to the binding of the sulphur 

atoms in the ligand to the metal centres in a bidentate chelation mode. 

 

 

Figure 3. 3 Overlay FTIR spectra of N-methyl benzyl amine DTC and it’s copper(II) and 

silver(I) complexes 
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3.3.2.  FTIR spectra of phenylpiperazine DTC and it’s copper(II) and silver(I) 

complexes. 

Figure 3.4 shows the FTIR spectra of the phenylpiperazine dithiocarbamate ligand and it’s 

copper(II) dithiocarbamate and silver(I) dithiocarbamate complexes. The free ligand spectrum 

showed the C-N vibrations from the NCSS moiety of the dithiocarbamate at 1462 cm-1. This 

peak was observed at different wavenumbers in the complexes as the copper complex spectrum 

showed the vibration at 1479 cm-1 and 1418 cm-1 for the silver(I) complex. This shift is as a 

result of the coordination of the ligand to the metal centres changing the single bond between 

the carbon and the nitrogen forming a partial double bond. The free ligand spectrum also 

showed the ѵ(C-S) symmetric and asymmetric vibrations at 1011 cm-1 and 1050 cm-1. 

However, these vibrations merged into a single peak in the complexes at 1013 and 1002 cm-1 

for the copper and the silver(I) complexes respectively. This is due to the sulphur bonding to 

the metals confirming the bidentate coordination of the ligand to the copper(II) complex.  

 

Figure 3. 4. Overlay FTIR spectra of phenylpiperazine DTC and it’s copper(II) and 

silver(I) complexes 
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3.3.3. FTIR spectra of diallyl amine DTC and it’s copper(II) and silver(I) complexes. 

Figure 3.5 shows the FTIR spectra of diallyl amine dithiocarbamate ligand and its copper(II) 

and silver(I) dithiocarbamate complexes. The expected dithio moiety were observed in all the 

three FTIR spectra. The ѵ(C-N) vibration from the NCSS moiety was observed in the spectrum 

of the ligand at 1410 cm-1. The shift of this stretching vibration was observed in the complexes 

spectra. The ѵ(C-N) vibration was observed at 1401cm-1 and 1394 cm-1 for copper(II) complex 

and silver(I) complex respectively. The free ligand spectrum showed the ѵ(C-S) vibration 

mode split into two peaks at 967 cm-1 and 1021 cm-1 and they were ascribed to the symmetric 

and asymmetric vibrations. In the complexes, the ѵ(C-S) vibration appeared in a single peak at 

987 cm-1 and 985 cm-1 for copper(II) complex and silver(I) complex respectively. This 

confirmed the binding of the ligand to the metal centre forming bidentate coordination in the 

copper(II) complex and metal cluster for silver(I) complex. 

 

Figure 3. 5. Overlay FTIR spectra of diallylamine DTC and it’s copper(II) and silver(I) 

complexes 
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3.3.4. FTIR spectra of morpholine DTC and it’s copper(II) and silver(I) complexes. 

Figure 3.6 shows the overlay spectra of mophorline dithicarbamate ligand the copper(II) and 

silver(I) complexes. The free ligand spectrum shows the ѵ(C-N) stretching vibration at 1444 

cm-1 which shifted to 1477 cm-1 and 1418 cm-1 in copper(II) and silver(I) complexes due to the 

binding of the ligand to the metal centre. The ligand and the silver complex showed two 

vibrations at 967 and 1010 cm-1 for the ligand and 991 and 1010 cm-1 for the silver complex 

attributed to the symmetric and asymmetric ѵ(C-S) vibrations. This peak merged to one peak 

at 1006 cm-1 in the spectrum of copper(II) complex confirming the bidentate coordination of 

the ligand to the metal ion. 

 

 

Figure 3. 6. Overlay FTIR spectra of morphiline DTC and it’s copper(II) and silver(I) 

complexes 
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3.3.5. FTIR spectra of piperidine DTC and it’s copper(II) and silver(I) complexes. 

Figure 3.7 displays the FTIR spectra of piperidine dithiocarbamate, copper(II) piperidine DTC 

complex and siver(I) piperidine DTC complex overlay. The N-CSS moiety ѵ(C-N) vibration 

was observed at 142 cm-1 in the free ligand spectrum. This vibration shifted to higher 

wavenumber in the complexes, at 1435 and 1449 cm-1 for copper(II) complex and silver(I) 

complex. The C-S symmetric and asymmetric vibration were observed at 957 and 1000 cm-1 

in the ligand. In the complexes, this C-S vibration became a single band at 993 cm-1 and 994 

cm-1 in copper(II) and silver(I) complex respectively. This single band observed in the 

complexes shows that both the sulphur atoms have bonded to the metal ion in the complexes. 

 

 

Figure 3. 7. Overlay FTIR spectra of piperidine DTC and it’s copper(II) and silver(I) 

complexes 
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3.3.6. FTIR spectra of butylamine DTC and it’s copper(II) and silver(I) complexes. 

The FTIR spectra of butylamine, copper(II) and silver(I) butyl amine dithiocarbamate 

complexes are shown in Figure 3.8. The important vibrations were observed. The free ligand 

spectrum showed the ѵ(C-S) symmetric and asymmetric vibration modes at 905 and 970 cm-1 

respectively. These vibration modes made a single vibration in the spectra of the complexes, at 

907 (Cu(II)) and 928 cm-1 (Ag(I)) due to the sulphur atoms bonding to the metal centre and 

forming the bidentate coordination in the copper(II) complex. Ѵ(C-N) stretching vibration was 

observed at 1498 cm-1 in the spectrum of the ligand and shifted to 1503 cm-1 in copper(II) 

complex spectrum and 1485 cm-1 in the silver(I) complex spectrum. The shifts are due to the 

bonding of the ligand to the metal centres. The ѵ(N-H) stretching mode was observed in all the 

spectra at 3365, 3119 and 3244 cm-1 for the butylamine DTC ligand, copper(II)DTC complex 

and silver(I) DTC complex respectively. 

 

 

Figure 3. 8. Overlay FTIR spectra of butylamine DTC and it’s copper(II) and silver(I) 

complexes 

 

 

0

20

40

60

80

100

120

600110016002100260031003600

Tr
an

sm
o

tt
an

ce
 (

%
)

Wavenumber (cm-1)

BA DTC

[Ag(BA)]

[Cu(BA)2]



73 
 

3.3.7. FTIR spectra of N-ethyl aniline DTC and it’s copper(II) and silver(I) complexes. 

N-ethyl aniline dithiocarbamate ligand, copper (II) dithiocarbamate complex and silver(I) 

dithiocarbamate complex FTIR spectra are shown in Figure 3.9. Important vibrations of the 

dithiocarbamate moiety are observed in all the spectra. The ligand showed the ѵ(C-N) 

stretching vibration at 1444 cm-1 which shifted to 1418 cm-1 and 1438 cm-1 in copper(II) and 

silver(I) complex respectively, due to the coordination of the ligand to the metal ions. The 

vibrations observed at 997 cm-1 and 1021 cm-1 in the spectrum of the ligand are ascribed to the 

symmetric and asymmetric ѵ(C-S) vibrations. The complexes showed a single peak at 987 cm-

1. This is due to the bidentate coordination in the copper(II) complex, and the sulphur atoms in 

the ligand to the silver ion forming a metal cluster complex. The C-H from the ethyl group of 

the ligand and C=C stretching vibrations from the ring were observed in all the spectra around 

2900 cm-1 and 1500 cm-1 respectively showing the coordination of the ligand in the complexes. 

 

Figure 3. 9. Overlay FTIR spectra of N-ethyl aniline DTC and it’s copper(II) and silver(I) 

complexes 
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3.3.8. FTIR spectra of dibenzylamine DTC and it’s copper(II) and silver(I) complexes. 

The overlay FTIR spectra of dibenzylamine DTC ligand, copper(II) dibenzyl amine DTC 

complex and silver(I) dibenzylamine DTC complex are displayed in Figure 3.10. Two peaks 

in the range 950 - 1050 cm-1 were observed in the FTIR spectrum of the ligand at 972 cm-1 and 

1032 cm-1 and were assigned to C-S symmetric and asymmetric vibrations of the dithio moiety 

respectively. These vibrations were replaced by one vibration in the complexes observed at 976 

cm-1 (Cu(II)) and 985 cm-1 (Ag(I)) due to the absence of C=S with only C-S bond available in 

the complexes. The C-N vibration was observed in the ligand at 1448 cm-1 which shifted to 

higher wavenumbers in the complexes, 1478 (Cu(II)) and 1479 cm-1 (Ag(I)) due to the partial 

double bond formation after the coordination of the ligand to the metal centres. 

 

 

Figure 3. 10. Overlay FTIR spectra of Morphiline DTC and it’s copper(II) and silver(I) 

complexes 
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3.4. NMR spectra Studies 

 

The NMR spectra of the ligands were recorded in deuterated water (D2O) as the solvent, so all 

the proton NMR spectra of the ligands are expected to show a solvent peak at around 4.79 ppm 

[31]. From the proton NMR, there are no specific shifts expected. The 1H NMR spectra were 

recorded to predict the structures. The Carbon NMR spectra were recorded to confirm the 

formation of the dithiocarbamate by looking at the chemical shift of the carbon atom in NCS2 

fragment of the dithiocarbamate ligands expected in the range 185 to 220 ppm downfield [32]. 

These chemical shifts differ with the coordinated group and also with the molecular framework 

[32]. They come with very weak intensity which is the characteristic of the quaternary carbon 

signals [33]. 

 

3.4.1. NMR spectra of N-methyl benzyl amine dithiocarbamate ligand 

The proton NMR spectrum (Figure 3.11 B) showed all the expected chemical shifts. In the 

upper field three expected resonances were observed, the two triplets and the doublet assigned 

to the protons from the aromatic ring in the range between 7 - 7.6 ppm.  The two singlets that 

appear at 5.45 ppm and 3.45 ppm were assigned to the protons from the methyl groups attached 

to the nitrogen. The 13C NMR spectrum, Figure 3.11 A, shows the presence of carbons in seven 

different chemical environments in the structure. The carbons in the ring gave signals from 40 

ppm to 150 ppm. The signal for the δ (N13CS2) of NCS2 moiety resonated at 210 ppm, 

confirming the formation of the ligands. 



76 
 

 

Figure 3. 11 Sodium N-methyl benzyl amine dithiocarbamate ligands NMR spectra. A. 
13C NMR and B. 1H NMR 

 

3.4.2. NMR spectra of sodium phenyl piperizine dithiocarbamate  

In the proton NMR spectrum, Figure 3.12B, three resonances around 7 ppm appeared and they 

are assigned to the protons from the aromatic ring. Two triplet chemical shifts showed in the 

range between 2 - 5 ppm and they correspond to the four protons in the piperizine ring. The 

13C NMR spectrum (Figure 3.12A) showed the signals corresponding to the carbons in the 

piperizine ring at around 50 ppm. Four signals were observed in the range 120 ppm - 150 ppm 

and they are assigned to the carbons in the aromatic ring. The last signal observed at 210 ppm 

is ascribed to the δ (N13CS2) of NCS2 moiety. 
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Figure 3. 12 A. 13C NMR and B. 1 H NMR spectra of Sodium phenyl piperizine 

dithiocarbamate ligand  

 

3.4.3. Sodium diallyl amine dithiocarbamate NMR spectra 

In the proton NMR spectrum, a doublet of a doublet (dd) is exhibited at a region from 5.15 

ppm to 5.35 ppm corresponding to the two protons bonded to the carbons with double bonds 

which are cis to the protons bonded to the second carbon with a double bond (Figure 3.13B ). 

The reason being the two terminal protons are anisotropic. Around 5.8 ppm, there is a multiplet 

peak that corresponds to the protons of the second carbon atom with a double bond. The 

multiplet arises because the terminal protons split the protons differently and the vicinal 

methylene protons are also split further. The doublet that appeared between 4.8 ppm is for the 

protons bonded to the methyl amine groups. The 13C NMR spectrum (Figure 3.13 A) showed 

all the expected peaks corresponding to the carbons in three different chemical environments 

and also the peak that is due to the thiocarbonyl group was observed at 210 ppm. 

 

B A 

B 
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Figure 3. 13 A. 13C NMR and B. 1H NMR spectra of sodium diallyl amine dithiocarbamate 

ligand 

 

3.4.4. Sodium morpholine dithiocarbamate NMR spectra 

The proton NMR spectrum (Figure 3.6 B) exhibit two triplet peaks. The one at 5.8 ppm 

corresponds to the four protons in the dimethyl ether group in the ring and the one at the region 

2 to 3 ppm corresponds to the four protons in the dimethyl amine group. The 13C NMR 

spectrum showed the two peaks resonating at the region between 50 to 70 ppm corresponding 

to the four carbons in two different chemical environments in the ring.  The last important peak 

for δ (N13CS2) of NCS2 moiety was observed at 210 ppm with a very low intensity.  

B 

A 
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Figure 3. 14.  A. 13C NMR and B. 1H NMR spectra of sodium morpholine dithiocarbamate 

ligand 

 

3.4.5.  Sodium piperidine dithiocarbamate NMR spectra 

The proton NMR spectrum (Figure 3.15 B) showed two multiplets at a region from 1.4 ppm to 

1.8 ppm. These peaks are attributed to the protons in the ring. The triplet that appeared at 4.2 

ppm is attributed to the protons in the ring from the carbons bonded to the nitrogen atom. The 

carbon NMR spectrum (Figure 3.15 A) showed all expected signals. One signal corresponding 

to the δ (N13CS2) of NCS2 moiety appeared around 200 ppm as expected. In the range from 20 

ppm to 50 ppm three signals appeared corresponding to the carbons in three different 

environments of the ring. 

 

B 
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Figure 3. 15. A. 13C NMR and B. 1H NMR spectra of sodium piperidine dithiocarbamate 

ligand 

 

3.4.6. Sodium butyl amine dithiocarbamate ligand NMR spectra 

The protons from the Alkyl groups expected in the range between 0 - 3 ppm in the proton NMR 

spectrum were observed. The triplet corresponding to the protons in carbon A resonated at 0.99 

ppm. The sextet corresponding to the protons in carbon B and the quintet that corresponds to 

the proton in carbon C were observed (Figure 3.16 B) at 1.4 ppm and 2.7 ppm respectively. 

The triplet expected for the protons in the amine group resonated at 3.6 ppm. The carbon 13 

spectrum (Figure 3.16 A) showed the peaks for all the five carbon in the structure, the first four 

in the range 10 to 50 ppm as they are all in different environments. The signal for the δ (N13CS2) 

of NCS2 moiety at exactly 210 ppm confirmed the presence of carbon disulphide. 

 

B 

A 



81 
 

 

Figure 3. 16. A. 13C NMR and B. 1H NMR spectra of sodium butyl amine dithiocarbamate 

ligand 

 

3.4.7. Sodium N-ethyl aniline dithiocarbamate ligand NMR spectra 

Figure 3.17 shows the sodium-ethyl aniline dithiocarbamate ligand spectra for carbon 13 NMR 

(A) and proton NMR (B). Spectra A showed all the expected proton peaks. Two chemical shifts 

at around 1 ppm and 4.5 ppm were observed and assigned to the protons from the ethyl group 

as a quintet and a triplet respectively. Three chemical shifts appeared above 7 ppm and were 

attributed to the ring protons. No impurities or unknown peaks were observed. The 13C NMR 

spectrum (A) showed six peaks for carbons resonating at six different chemical environments. 

The peak that confirmed the carbon atom bonded to the sulphur atom was also observed at 210 

ppm. 

A 

B 

C 
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Figure 3. 17. A. 13C NMR and B. 1H NMR spectra of sodium N-ethyl aniline 

dithiocarbamate ligand 

  

3.4.8. Sodium dibenzyl amine dithiocarbamate ligand NMR spectra 

Figure 3.18 shows the proton and 13C NMR spectra of sodium dibenzyl amine dithiocarbamate 

ligand. The proton NMR spectrum shows the solvent peak calibrated to 4.79 ppm. Followed 

by the singlet for the four protons in the two methylene groups of the compound at 6.4 ppm. 

The three peaks corresponding to the ring resonated between 7.3 and 7.6 ppm. The spectrum 

showed no impurities. The 13C NMR spectrum also showed the expected peaks for carbons in 

different environments and confirmed the formation of the ligand.  

B 

A A1 
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Figure 3. 18. A. 13C NMR and B. 1H NMR spectra of dibenzyl amine dithiocarbamate 

NMR spectra  
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3.5. Electronic spectra studies of the copper(II) complexes  

 

The electronic spectra measurements in this study were carried out to assign the 

stereochemistries of the metal ions in the complexes based on the position and number of the 

d-d transition bands. In the dithiocarbamates, two bands are expected below 380 nm and they 

are usually attributed to the π ̶ π*and n ̶ π* transitions due to N–C=S and S–C=S groups [34]. 

The shift of these intraligand transition bands in the complexes to the lower or higher 

wavelength is expected due to the coordination of sulphur atoms to the metal [35]. The visible 

spectrum of copper(II) complexes is usually difficult to analyse because of the unsymmetrical 

band which may arise due to the Jahn-Teller distortions resulting from a number of overlapping 

bands [36].  

 

For the tetrahedral geometry of the copper(II) complexes, one band is expected in the visible 

region below 600 nm, this band is assumed to suggest a 2T2g → 2Eg transition which is for 

Cu(II) complexes with tetragonal distortion due to the Jahn-Teller effect [37, 38]. For the 

octahedral geometry of Copper(II) complexes two transitions are expected in the visible and 

near the Infrared region but also one broad band which may be ascribed to the 2E →2T2 [39], 

is expected due to Jahn Teller distortion [40]. For the square planar geometry two bands at 

around 600 and 400 nm are expected, these bands are due to dxy → dz
2 and dxy → dxz transitions 

[41].   
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3.5.1. Electronic spectra of N-methyl benzyl amine dithiocarbamate ligand and its 

copper(II) complex 

Electronic spectra of sodium N-methyl benzyl amine dithiocarbamate ligand and its copper(II) 

complex are presented in Figure 3.19. From the spectra, the ligand shows two bands at 260 and 

290 nm. These two bands are attributed to π ̶ π*and n ̶ π* transitions which are due to N–C=S 

and S–C=S groups. The two bands appeared again in the complex confirming the presence of 

the ligand in the complex. They are still in the intra-ligand region but have shifted to higher 

wavelength. In the visible region, the complex spectrum displays two bands at 440 and 643 nm 

which are expected for Cu(II) ion in square planar geometry. 

 

 

 

Figure 3. 19. Overlay UV-Vis spectra of N-methyl benzyl amine dithiocarbamate and 

copper(II) N-methyl benzyl amine dithiocarbamate complex 
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3.5.2. Electronic spectra of phenyl piperizine dithiocarbamate ligands and its copper(II) 

complex 

Figure 3.20 shows the overlay spectra of the sodium phenyl piperizine dithiocarbamate ligand 

and its complex. The ligand spectrum show the two expected bands in the ultraviolet region. 

The first one is at 260 nm and the second which appeared as a shoulder at 290 nm are assigned 

to π ̶ π*and n ̶ π* transitions which are due to N–C=S and S–C=S moiety. The complex shows 

the intra-ligand transitions however, at higher wavelengths which is due to the coordination of 

the ligand to the metal ion. The d-d transitions were observed at 450 nm and also at 638 nm 

which confirmed the square planar geometry for the complex. 

 

 

 

Figure 3.20. Overlay UV-Vis spectra of phenyl piperizine dithiocarbamate and copper(II) 

phenyl piperizine dithiocarbamate complex 
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3.5.3. Electronic spectra of diallyamine dithiocarbamate ligand its Copper(II) complex 

Electronic spectra of the ligand and the complex are shown in Figure 3.21. The two bands 

expected in the UV-Vis spectrum of the dithiocarbamate were observed at 261 nm which 

corresponds to π ̶ π* transition due to the N–C=S moiety, and at 287 nm for n ̶ π* transition 

due to S–C=S moiety. The spectra of the complex also showed these bands in this region but 

at higher wavelengths. These bands confirmed the coordination of the ligand to the metal ion. 

The complex exhibit two bands in the visible region. The first one at 441 nm and another broad 

one at around 641 nm. These bands are attributed to the d-d transitions that corresponds with 

the square planar geometry for the metal ion. 

 

 

Figure 3.21. Overlay UV-Vis spectra of diallylamine dithiocarbamate and copper(II) 

diallylamine dithiocarbamate complex 
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3.5.4. Electronic spectra of morpholine dithiocarbamate ligand and its Copper(II) 

complex 

Morpholine dithiocarbamate ligand and the copper(II) complex electronic spectra are shown in 

Figure 3.22. The ligand showed all the transitions expected. Two bands were observed at 265 

and 286 nm which are due to the N–C=S and S–C=S moiety respectively from the ligand 

structure. These bands were observed in the spectrum of the complex but shifted to higher 

wavelengths, 276 and 288 nm respectively. The complex showed only one band as the d-d 

transition which may be due to the overlapping of the bands (Jahn Teller distortion).  

 

 

 

Figure 3.22. Overlay UV-Vis spectra of morpholine dithiocarbamate and copper(II) 

morpholine dithiocarbamate complex 
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3.5.5. Electronic spectra of piperidine dithiocarbamate ligand and its Copper(II)  

complex  

The piperidine dithiocarbamate ligand UV spectrum (Figure 3.23) showed two bands in the 

UV region and they were assigned to π ̶ π*and n ̶ π* transitions of the N–C=S and S–C=S 

moiety. These bands also appeared in the complex spectrum though at the higher wavelengths. 

This could be ascribed to the coordination of the metal ion to the ligand. The complex showed 

two bands at the visible region as the d-d transitions. The first band at 440 nm and a very week 

band at 637 nm are assigned to dxy → dz2 and dxy → dxz transitions responding to Cu(II) ion 

in square planar geometry. 

 

 

Figure 3. 23. Overlay UV-Vis spectra of piperidine dithiocarbamate and copper(II) 

piperidine dithiocarbamate complex 
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3.5.6. Electronic spectra of butyl amine dithiocarbamate ligand and its copper(II) 

complex 

The spectra of butyl amine dithiocarbamate ligand and it’s copper(II) complex are displayed in 

Figure 3.24. In the spectrum of the ligand two bands were observed as expected. These bands 

appeared at 260 and 287 nm attributed to π ̶ π*and n ̶ π* transitions due to N–C=S and S–C=S 

from the dithiocarbamate moiety. They were also observed as expected in the spectrum of the 

complex at higher wavelengths. The complex also showed two d-d transitions assigned to dxy 

→ dz2 and dxy → dxz transitions corresponding to Cu(II) ion in a  square planar geometry. 

 

 

Figure 3.24. Overlay UV-Vis spectra of butyl amine dithiocarbamate and copper(II)butyl 

amine dithiocarbamate complex 
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3.5.7. Electronic spectra of N-ethyl aniline dithiocarbamate ligand and its Copper(II) 

complex 

 

The spectra in Figure 3.25 shows the overlay of N-ethyl aniline dithiocarbamate ligand 

spectrum and copper(II) N-ethyl aniline dithiocarbamate complex spectrum. In the spectrum 

of the ligand, two bands were observed in the UV region. These bands appeared at 265 and 295 

nm assigned to π ̶ π*and n ̶ π* transitions due to N–C=S and S–C=S moiety. The spectrum of 

the complex also showed these bands shifted to higher wavelengths. The shifts of these bands 

may be due to their coordination to the copper(II) ion. The spectrum of the complex also 

showed two bands at the visible region at around 445 nm and a very weak band at 648 nm, as 

indicated in the zoomed spectrum, These bands are assigned to dxy → dz2 and dxy → dxz 

transitions confirming square planar geometry for the Cu(II) ion in the complex. 

 

 

Figure 3.25. Overlay UV-Vis spectra of N-ethyl aniline dithiocarbamate and copper(II) 

dithiocarbamate complex 
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3.6. Thermal studies of the metal complexes 

3.6.1. Thermal studies of copper dithiocarbamate complexes 

The TGA curves of the synthesized metal (Cu/Ag) dithiocarbamate complexes were recorded 

under nitrogen flow from 55 to 900°C and are presented in Figure 3.26. The thermogram of the 

metal complexes of the same ligand are overlaid in one graph. The thermogram indicate the 

decomposition temperature of the complexes and also the percentage of the compound 

decomposed. All the complexes with dibenzyl amine, N-methyl benzyl amine, piperidine, 

morpholine ligands (Figure 3.26) showed the same thermal behaviour as they showed one step 

decomposition.  Ag(I) dibenzyl amine DTC and Cu(II) dibenzyl amine DTC complexes 

showed the decomposition starting at 280°C to 437°C losing 67% and 57% of the compounds 

respectively. However for Ag(I) N-methyl benzyl amine DTC and Cu(II) N-methyl benzyl 

amine DTC complexes 60% and 82% weight loss was observed respectively. The 

decomposition of these complexes started at 220°C, 297°C and continued to 367°C and 377°C 

for copper or silver complex respectively. 

 

Silver(I) piperidine DTC complex was more stable than copper(II) piperidine DTC complex as 

it started to decompose at 322°C to 371°C losing weight of 53% while the copper complex 

started decomposing at 270°C to 340°C with weight loss of 76% of the complex mass. The 

morpholine ligand complexes also followed the same behaviour as they started decomposing 

at 344°C to 366°C and 293°C to 399°C for the silver and copper complex respectively. 
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Figure 3. 26 Overlay TGA curves of some synthesized metal dithiocarbamate complexes 

 

The copper complexes of phenyl piperazine and N-ethyl aniline ligands also followed the one 

step decomposition as they decomposition happened at 262 to 351°C and 276 to 368°C with 

the weight loss of 5% and 38% respectively.  The silver complexes of phenyl piperazine, butyl 

amine and N-ethyl aniline dithiocarbamate ligands and copper(II) Butyl amine DTC complex 

however showed different mechanism as they decomposed in two steps.  
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The first degradation that happened at 174 - 256°C, 129 - 189°C, 57 - 230°C, and 173 - 233°C 

respectively are ascribed to the extrusion of the entrapped solvent. Otherwise the 

decomposition of the complexes started at around 200°C for all of them and carried on to 

around 300°C. After these major decompositions the complexes were stable up to 900°C and 

showed that there was no more decomposition as the remained material was stable [42]. After 

the decomposition when the residue remained stable the left material corresponds to the metal 

sulphides [43]. 

  

Figure 3. 27. Overlay TGA curves of the metal dithiocarbamate complexes 
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3.7. Single crystal X-ray analysis 

3.7.1. Single crystal X-ray crystallography of [Cu(piper)2] and [Ag4(NEA)4] X-ray 

crystallography 

The crystal structures of the complexes [Cu(piper)2] and [Ag4(NEA)4] complexes are depicted 

in Figure 3.28 and Figure 3.31. Single green block-shaped crystals of [Cu(piper)2] complex 

and single yellow block-shaped crystals of [Ag4(NEA)4] were recrystallized from 

dichloromethane by slow evaporation. A suitable crystal (0.31×0.17×0.12) mm3 for 

[Ag4(NEA)4] and (0.33×0.19×0.13) mm3 for [Cu(piper)2] was selected and mounted on a 

mitigen holder in paratone oil on a Bruker APEX-II CCD diffractometer at 100(2) K 

temperature. The structure was solved with the ShelXS-2013 structure solution program, using 

the direct solution method. The model was refined with version 2016/6 of ShelXL using Least 

Squares minimisation. 

 

3.7.2. Molecular structures of [Cu(piper)2] and [Ag4(NEA)4] 

Crystal data and structural refinements are presented in Table 3.3. Selected bonds lengths for 

[Cu(piper)2] and [Ag4(NEA)4] are listed in Tables 3.4. The molecular structures and packing 

diagrams for [Cu(piper)2] are shown in Figures 3.28 and 3.29 and those for [Ag4(NEA)4] are 

presented in Figures 3.30 and 3.31. [Cu(piper)2] crystallised in the P12/c space group. The 

compound contains a Cu(II) ion bonded to two molecules of piperidine dithiocarbamate ligand 

forming a distorted square planar geometry around the copper centre. The bond angle of the 

S—Cu—S from the two piperidine dithiocarbamate molecule is the same, 77.83(2)°. The two 

Cu—S bond lengths in each of the ligand are similar and slightly different from each other.  
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The bond lengths for Cu—S1 and Cu—S11 is 2.2894(6) Å while those of Cu—S2 and Cu—

S22 is 2.3105(6) Å. These bond lengths are similar to those reported for Cu—S in copper(II) 

dithiocarbamate complexes [17]. In the molecular structure of the copper complex, the N(1)—

C(1) bond length of 1.312(3) Å is closer to the C—N double bond (1.28Å) than the C—N 

single bond (1.47Å) and that shows that the Cu—S bond in the molecule possess strong 

covalent character. The packing diagram of the copper complex display five asymmetric units 

in the crystal packing (Figure 3.29). Four of them are at the corner of a rectangle and the fifth 

molecule is sandwiched at the centre of the other four complexes within the crystal packing. 

The asymmetric structure at the centre of molecular packing linked each of the other four 

structures through two H···π intermolecular interactions between the H atom on the piperidine 

molecule and the S atom, as shown by the blue dashed lines in Figure 3.29.  

 

Figure 3. 28: Molecular structure of [Cu(piper)2]. The thermal ellipsoids are shown at 50 

% probability level. 
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Figure 3. 29: Packing diagram of [Cu(piper)2] as viewed down the crystallographic b axis 

(A). Packing diagram of [Cu(piper)2] as viewed down the crystallographic b axis showing 

C—H···π intermolecular interactions  
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The silver complex, [Ag4(NEA)4] consist of cluster unit with four Ag(I) ions and four 

molecules of N-ethyl aniline dithiocarbamate ligand in the asymmetric unit. Each 

dithiocarbamate ligand in the crystal structure is bonded to three Ag(I) ions (Figure 3.30). One 

sulphur atom of each dithiocarbamate ligand is coordinated to one Ag(I) and the other sulphur 

atom acts as bridging donor atom between two Ag(I) ions within the cluster and each Ag(I)  is 

linked to the other three Ag(I) ions with Ag-Ag metallic bond distance of 2.9115(3)Å and 

3.0376(4)Å. These distances are comparable to the known short Ag….Ag distances. This 

clearly confirmed the closed shell d10-d10 argentophilic interactions within the cluster unit. The 

three bonds on each S-Ag(I) forms a triangle and the Ag(I) is linked to the other three Ag(I) 

through another triangle while the six coordinated geometry around each Ag(I) can be 

described as trigonal prismatic structure (Figure 3.30 and 3.31). In the packing diagram of 

[Ag4(NEA)4] as shown in Figure 3.32, there are six [Ag4(NEA)4] unit within the crystal lattice 

in a pair of two and each one of them is linked to the neighbouring molecule through 

intermolecular hydrogen bond as shown in Figure 3.33. 

 

Figure 3. 30: Structure of [Ag4(NEA)4] 
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Figure 3. 31. Molecular structure of [Ag4(NEA)4]. The thermal ellipsoids are shown at 50 

% probability level. 

 

Figure 3. 32. Packing diagram of [Ag4(NEA)4] as viewed down the crystallographic b 

axis. 
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Figure 3. 33. Packing diagram of [Ag4(NEA)4] as viewed down the crystallographic b axis 

showing C—H···π intermolecular interactions. 
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Table 3.3. Structure refinements and crystal data of [Ag4(NEA)4] and [Cu(piper)2]  

Compound [Ag4(NEA)4] [Cu(piper)2] 

Formula 

 

C36H40Ag4N4S8 C12H20CuN2S4 

Dcalc./ g cm-3 1.993 1.645 

m/mm-1 2.349 1.933 

Formula Weight 1216.68 384.08 

Colour yellow green 

Shape block block 

Size/mm3 0.31×0.17×0.12 0.33×0.19×0.13 

T/K 100(2) 100(2) 

Crystal System tetragonal monoclinic 

Space Group I41/a P21/c 

a/Å 18.9394(7) 6.0792(4) 

b/Å 18.9394(7) 8.4270(6) 

c/Å 11.3026(5) 15.2231(10) 

a/° 90 90 

b/° 90 95.995(3) 

g/° 90 90 

V/Å3 4054.3(3) 775.61(9) 

Z 4 2 

Z' 0.25 0.5 

Wavelength/Å 0.71073 0.71073 

Radiation type MoKa MoKa 



102 
 

Qmin/° 2.098 2.691 

Qmax/° 27.441 27.432 

Measured Refl. 32065 12560 

Independent Refl. 2319 1752 

Reflections Used 2305 1675 

Rint 0.0328 0.0294 

Parameters 119 88 

Restraints 0 0 

Largest Peak 1.043 0.442 

Deepest Hole -0.352 -0.283 

GooF 1.263 1.233 

wR2 (all data) 0.0511 0.0617 

wR2 0.0509 0.0611 

R1 (all data) 0.0234 0.0293 

R1 0.0231 0.0277 
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Table 3.4. Selected bond lengths of [Ag4(NEA)4] and [Cu(piper)2]  

[Ag4(NEA)4]  [Cu(piper)2] 

Atom          Length/Å            Atom         Length/Å 

Ag1 — Ag11 2.9115(3)  Cu1—S1 2.2894(6) 

Ag1 — Ag12 2.9115(3)  Cu1 — 

S11 

2.2894(6) 

Ag1 — Ag13 3.0376(4)  Cu1 —S21 2.3105(6) 

Ag1 — S13 2.4490(7)  Cu1 — S2 2.3105(6) 

Ag1 — S2 2.4962(7)  S1 — C1 1.737(2) 

Ag1 — S22 2.5732(7)  S2 — C1  1.731(2) 

S1 — C9 1.700(3)  C1 — N1 1.312(3) 

S2 — C9 1.758(3)  N1 — C2 1.479(3) 

C9 — N1 1.341(3)  N1 — C6 1.480(8) 

N1— C1 1.449(3)  C2 — C3 1.526(3) 

N1 — C8 1.483(3)  C3— C4 1.533(3) 

C4 — C3 1.369(4)  C4 — C5 1.529(3) 

C4 — C5 1.395(4)  C5 — C6 1.522(3) 

C1 — C2 1.385(4)    

C1 — C6 1.386(4)    

C2 — C3 1.393(4)    

C5 — C6 1.386(4)    

C8 — C7 1.514(4)    
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3.7.3.  Single crystal X-ray structures of Cu(II) and Ag(I) dibenzyl dithiocarbamate 

complexes 

 

Ag(I) complexes with dialkyldithiocarbamates have been shown to possibly exist in a variety 

of coordination configurations and can be monomeric, dimeric, hexameric and even polymeric.  

[Ag6(DBA)6] was crystallised from a solution of chloroform by slow evaporation to give green 

blocks.  Crystals of the two compounds were selected and glued on to the tip of glass fibres. 

The crystals were then mounted in a stream of cold nitrogen at 100(1) K and centered in the X-

ray beam by using a video camera. Crystal evaluation and data collection were performed on a 

Bruker Smart APEXII diffractometer with Mo Ka radiation (λ = 0.71073 Å). We obtained the 

initial cell matrix from three series of scans at different starting angles. Each series consisted 

of 12 frames collected at intervals of 0.5° in a 6° range with an exposure time of 10 s per frame. 

Successful indexing of the reflections was done by an automated routine built in the APEXII 

program suite [44] the final cell constants were calculated from a set of 6460 strong reflections 

from the actual data collection. Data collection method involved v scans of width 0.5°. The 

program SAINT plus [44]. was used for data reduction and structure solved by direct methods 

using SHELXS [44] and refined using SHELXL [44]. All structures were checked for solvent-

accessible cavities using PLATON [45] and the graphics were performed with the DIAMOND 

[46, 47] visual crystal structure information system software as well as MERCURY. Non-H 

atoms were first refined isotropically and then by anisotropic refinement with full matrix least-

squares calculations based on F2 using SHELXS. We positioned all H atoms geometrically and 

allowed to ride on their respective parent atoms and refined isotropically. Absorption 

corrections were based on fitting a function to the empirical transmission surface as sampled 

by multiple equivalent measurements [46]. Crystal data and structure refinement information 

for [Ag6(DBA)6] are summarized in Table 3.5. 
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Table 3.5: Structure refinement and Crystal data of [Ag6(DBA)6] and [Cu(DBA)2] 

complexes 

Compound  [Ag6(DBA)6]  [Cu(DBA)2] 

Empirical Formula  C92H86Ag6Cl6N6S12  C30H28CuN2S4  

Dcalc./ g cm-3  1.778  1.464  

µ/mm-1  1.709  1.117  

Formula Weight  2520.30  608.32  

Crystal Size/mm3  0.310×0.230×0.140  0.340×0.230×0.110  

Temperature 100(2)  100(2)  

Crystal System  triclinic  triclinic  

Space Group  P-1  P-1  

Unit cell imensions  11.0126(6)  13.7098(9)  

 14.4254(8)  14.3201(10)  

 16.2955(10)  16.2979(11)  

 78.343(3)  64.916(4)  

 73.321(2)  72.302(3)  

 73.2140(10)  82.774(2)  

V/Å3  2354.0(2)  2760.8(3)  

Z  1  4  

Theta range for data 

collection/°  

1.316 to 26.500 1.437 to 27.597 

Reflections collected 35157  39434  

Independent Reflection 9209  11444  

Reflections with I > 2(I)  7745  7950  
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The asymmetric unit of [Ag6(DBA)6] consists of half a molecule of [Ag6(DBA)6] (the other 

half generated by an inversion centre) and a molecule of chloroform. The complex is hexameric 

and has a core consisting of two distorted hexagonal Ag3S3 rings (indicated by bold black 

bonds) from which S—C—S—Ag paddles protrude giving a distorted hexagonal paddle wheel.  

Two Ag…Ag interactions (dashed red bonds) with distances of 2.9198(5) and 3.0374(5) Å 

further support the two Ag3S3 rings (Figure 3.30A). In this arrangement, two Ag atoms are 

coordinated by three S atoms and a Ag---Ag interaction completing a distorted tetrahedral 

coordination geometry around the Ag atom. The third Ag centre in the asymmetric unit is 

coordinated by three S atoms and two Ag---Ag interactions resulting in a distorted five-

coordinate Ag center. In both cases the AgS3 bit is essentially trigonal planar with S—Ag—S 

bond angles of 135.35(4), 129.72(4) and 91.95(3) for first Ag(I) centre, 117.67(4), 114.64(4) 

and 113.79(4) for the second Ag(I) centre and 137.30(4), 114.29(4) and 104.99(4) for the third 

Ag(I) centre, close to ideal trigonal planar arrangement. The Ag---Ag interactions point out of 

this plane and are not orthogonal. The other two Ag---Ag distances are long and are only 

Rint  0.0326  0.0485  

Parameters  550  667  

Restraints  0  0  

Largest diff. Peak and 

hole 

1.717 and -1.023 0.558 and -0.956 

Goodness of fit on F2 1.044  1.070  

wR2  0.0502, 0.1006  0.0774, 0.1034  

Final R 

indices[I>2sigma(I)] R1 

0.0388, 0.0937 0.0446, 0.0914 
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interactions (3.3210(5) and 3.3465(5) Å. The Ag—S distances range between 2.4421(11) to 

2.5476(12) Å (figure 3.34C) and are comparable to those of related structures [47 - 49].  

 

(A) 

 

(B) 
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(c)  

Figure 3. 34: (a) The hexagonal core consisting of Ag3(CS2)3. Other parts of the molecule 

have been omitted for clarity. (b) Asymmetric unit and (c) full molecular structure 

 

 

Table 3.6: Important bond distances and angles 

Parameter [Ag6(DBA)6] 

Ag—S ranges 2.2602(6) – 2.2708(5) 

C—S ranges 1.710(2) – 1.714(2)  

  

S—Ag—S ranges   

Chelate ring 76.72(2) – 76.73(2) 

Angle* between chelate rings 93.884(19) – 96.88(3) 

 

S—C—S ranges 110.41(12) 
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The bimolecular crystal structure of the copper dibenzyl amine dithiocarbamate complex 

(Figure 3.35) shows that the metal ion is bonded to two molecules of the ligand through their 

Sulphur atoms forming a distorted square planar geometry.  The bond angle between the Cu-

ion and the sulphur atoms of each ligands are 77.84(3) and 78.02(3) degrees which are almost 

similar. Both the molecules showed the same bond angles between the metal and the two 

sulphur atoms of each ligand. The lengths of the bonds are different with no major difference 

for each sulphur. The first molecule showed the bond lengths for Cu – S of Cu1 – S1, Cu1 – 

S2, Cu1 – S 3 and Cu1 – S4 to be 2.297(9), 2.2969 (8), 2.3036 (8) and 2.2924 (9) respectively. 

The second molecule gave different bond lengths which are slightly the same as those measured 

for the first molecule. These lengths for Cu2 – S5, Cu2 – S6, Cu2 – S7 and Cu2 – S8 are 

2.2733(9), 2.3123 (8), 2.2968 (10) and 2.3231(8) respectively (Figure 3.36). These bond 

lengths are comparable with the lengths of the crystals in the literature [17]. 
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Figure 3. 35.  Molecular structure of [Cu(DBA-DTC)2] 

 

 

Figure 3. 36: Packing diagram of [Cu(DBA)2] 
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CHAPTER FOUR 

SYNTHESIS AND CHARACTERIZATION OF METAL SULFIDE 

NANOPARTICLES  

4.1. Introduction 

In the past decades the single source molecular precursor method has been used to make 

different metal sulphide nanoparticles with different shapes and sizes [1-6]. The effect of 

temperature and the amount of the precursor used when using this method have been studied 

[7]. The inherent problems associated with the use of toxic and volatile compounds such as 

metal alkyls at elevated temperatures led to the development of alternative chemical routes to 

nanoparticles. The use of single-molecule precursors in which the metal-chalcogenide bond is 

available has proven to be a very efficient route to high-quality nanoparticles [8]. In this study 

nanoparticles are synthesized from Cu(II) and Ag(I) single source precursor method at different 

temperatures using oleyl amine and oleic acid as capping agents. The effect of temperature on 

structural and optical properties of the nanoparticles were studied. 

 

The temperature that is used in the thermolysis when synthesizing nanoparticles is one of the 

important factors that plays a significant role on the shape, size and the phase of the 

nanoparticle. It has been noticed that the higher the temperature the larger the particle size 

when using the single source precursor method. The particles size distribution is also affected 

by the temperature as it becomes broader at a higher reaction temperature [9]. The competition 

between kinetic and thermodynamic regime when the particles are growing is the reason why 

the shape of nanoparticles is also affected by temperature [10].  
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4.2. Experimental 

4.2.1. Materials 

Oleylamine, Oleic acid, ethanol, toluene and hexane were used in the synthesis and 

characterization of the nanoparticles without being further purified. The copper(II) 

dithiocarbamate complexes and silver(I) dithiocarbamate complexes were synthesized and 

characterized (Chapters 2 and 3). Table 4.1 shows the complexes and the nanoparticles 

synthesized from the corresponding metal complex codes. 

 

Table 4.1. Codes of complexes and nanoparticles synthesized  

Copper complexes CuS Nanoparticles  Silver complexes AgS 

nanoparticles 

[Cu(DA)2] CuS-(DA)NP [Ag(DA)] AgS-(DA)NP 

[Cu(BA)2] CuS-(BA)NP [Ag(BA)] AgS-(BA)NP 

[Cu(DBA)2] CuS-(DBA)NP [Ag(DBA)] AgS-(DBA)NP 

[Cu(NMB)2] CuS-(NMB)NP [Ag(NMB)] AgS-(NMB)NP 

[Cu(PP)2] CuS-(PP)NP [Ag(PP)] AgS-(PP)NP 

[Cu(NEA)2] CuS-(NEA)NP [Ag(NEA)] AgS-(NEA)NP 

[Cu(Morph)2] CuS-(M)NP [Ag(Morph) AgS-(M)NP 

[Cu(Piper)2] CuS-(P)NP [Ag(Piper)] AgS-(P)NP 
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4.2.2. Characterization Techniques 

4.2.2.1. Optical studies 

The optical properties of the material were studied using Cary 100 UV-Vis spectrophotometer 

(Agilent technologies) and the florescence L545 Perkin Elmer with FL win lab software. The 

nanoparticles were dissolved in toluene. A cuvette of 10 mm path length was used.  

4.2.2.2. Structural property studies 

The structural properties were studied using Perkin Elmer spectrum 100 (FTIR), the shape and 

size were characterized using Joel jem-1400 Transmission Electron Microscope (TEM) with 

Gatan Microscopy suite software, SEM images and Energy Dispersive X-ray (EDX) data were 

obtained using the Zeiss EVO LS 15 Scanning electron microscope with EDX INCA software 

analysis. The nanoparticle phases were identified with a PANalytical AERIS diffractometer 

with PIXcel detector and fixed slits with Fe filtered Co-Kα radiation X-ray diffraction. 

4.2.3. Synthesis of metal sulphide nanoparticles 

A method from the literature was used [13]. 0.2 mmol of each precursor was added into a 

mixture of (6.9 mL, 20 mmol) oleylamine and (6.7 mL, 20 mmol) of oleic acid in a three-

necked flask at room temperature. Then, the mixture was heated to 120°C to remove water and 

oxygen with vigorous magnetic stirring under vacuum for 30 mins. The solution was then 

heated to 220°C under N2 atmosphere. The reaction was allowed to cool down to room 

temperature after an hour. An excess amount of ethanol was added into the solution, the 

resulting mixture was centrifugally separated, and the product was collected and dried at room 

temperature [13]. 
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RESULTS and DISCUSSION 

4.3. Structural and optical studies of copper sulphide nanoparticles 

4.3.1. Structural and Optical studies of CuS-(P)  

4.3.1.1.  Powder X-Ray Diffraction patterns of CuS-P nanoparticles 

The powder X-ray diffraction patterns of the copper sulphide nanoparticles synthesized from 

copper(II)piperidine DTC complexes at three different temperatures are displayed in Figure 

4.1. JCPDS (95-005-3331) card was used to determine the crystalline phase of the particles to 

be Cu1.8S digenite. The CuS-P nanoparticles synthesized at 120°C showed diffraction peaks at 

2θ = 32°, 34°, 37°, 54° corresponding to 1010, 1013, 0114 and 1112 while the ones at 180°C 

revealed peaks at 2θ = 32°, 34°,35°, 42°,47° and 54° indexes to 1010, 1013, 105, 0117, 110, 

and 1112 respectively. For the particles thermolyzed at 220°C. peaks 2θ = 32°, 34°, 35°, 42°, 

47°, 54°, 56° indexed to 1010, 1013, 105, 0117, 110, 1112 and 1115 respectively were 

brevealed. The peaks of these nanoparticles were indexed with reference to JCPDS (47-1748) 

in the literature [14]. 
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Figure 4. 1 P-XRD patterns of CuS-P nanoparticles synthesized at 120°C, 180°C and 

220°C 

 

4.3.1.2. Transmission electron microscopy studies of CuS-P nanoparticles 

The TEM images of CuS-P nanoparticles synthesized at 220°C and 180°C showed some degree 

of agglomeration as shown in Figure 4.2. The nanoparticles are semi-spherical in shape and the 

particle size increased as the temperatures increases. CuS-P prepared at 220°C gave particles 

within the size range of 74.36 to 125.42 nm, while the size of CuS-P obtained at 180°C ranges 

between 31.28 to 43.98 nm. However, CuS-P synthesized at 120°C have three different shapes, 

hexagonal, triangular and spherical with no agglomeration. The crystallite size of the 

nanoparticles is in the range 4.94 - 51.38 nm. This clearly means that the shape and size of the 

nanoparticles synthesized from this precursor are highly affected by the temperature at which 
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the thermolysis was carried out. According to the selected area electron diffraction patterns of 

the nanoparticles synthesized at 220°C from the copper(II)piperidine dithiocarbamate complex, 

the nanoparticles are crystalline as the image is showing bright spots. However, the image also 

shows that the particles are not well monodispersed as the spots are scattered and not arranged 

in discrete pattern. The distance between the lattice fringes were also measured in different 

selected areas, and they were all 0.33 nm which matches the distance of a digenite copper 

sulphide phase in the literature [15]. 
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Figure 4. 2 TEM images of CuS-P nanoparticles synthesized at 120°C, 180°C and 220°C 

and A. SAED and B. lattice fringes of CuS-P 220. 
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4.3.1.3. Scanning electron microscope studies of CuS-P nanoparticles 

Figure 4.3. shows the SEM micrographs of CuS-P nanoparticles synthesized at different 

temperatures with their corresponding EDX spectra.  The images displayed different 

morphologies when nanoparticles are prepared at different temperatures. The micrographs 

show packed fibres, rough surface and a surface with disorientated layers when the 

nanoparticles prepared at 220°C, 180°C and 120°C respectively. The EDX spectra confirmed 

the presence of copper and sulphur in the particles. Carbon and oxygen peaks observed 

resulting from the capping agent used for the preparation of the nanoparticles. 
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Figure 4. 3 SEM micrographs and EDX spectra of CuS-Pnanoparticles synthesized at 

120°C, 180°C and 220°C 
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4.3.1.4. Fourier-transform infrared spectroscopy studies of CuS-P nanoparticles  

The comparison of the FTIR spectra of the synthesized copper sulphide nanoparticles and the 

surfactant agents used in the synthesis are presented in Figure 4.4.  From the Figure it can 

clearly be seen that the bands of the pure oleic acid are present also in the spectra of the 

nanoparticles. A little shift to a lower wavelength of the C=O stretching mode was observed, 

from 1750 cm-1 in the oleic acid spectra to 1650 cm-1 in the spectra of all the nanoparticles 

while the carboxylate stretching mode was observed at 1550 cm-1 for all the nanoparticles and 

the oleic acid. The OH stretching mode appeared at 2950 cm-1 in all the spectra [16]. The 

presence of these bands on the nanoparticle spectra confirmed the presence of only oleic acid 

on the surface of the copper sulphide nanoparticles as the N-H wagging vibration of the 

oleylamine did not appear in any of the nanoparticle’s spectrum. 

 

Figure 4. 4 Overlay FTIR spectra of CuS-P nanoparticles synthesized 120°C, 180°C and 

220°C 
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4.3.1.5. Absorption studies of CuS-P nanoparticles 

Figure 4.5 shows the overlay absorption spectra for the CuS-P nanoparticles prepared at three 

different temperatures and their corresponding Tauc plots. UV-Visible spectrophometer was 

used to determine the optical absorption spectra of the synthesized copper sulphide 

nanoparticles. The absorption spectra were used directly to calculate the band energy (eV) 

using the Tauc’s equation 1. 

(αhv)2 = B(hv – Ecb)…………………………………………………………………………..1 

Where α is the absorption coefficient, hv is the photon energy, Ecb is the conduction band 

energy, and B is a constant [11,12]. The band energy was then determined by plotting (αhv)2 

against (hv) and extrapolation of the linear part of the curve to the energy axis. The estimated 

band gap energy from the Tauc plots are 2.93eV, 3.73eV and 3.47eV for CuS-P synthesized at 

120°C, 180°C and 220°C respectively. It is observed that the estimated band gap energy values 

are greater than the reported 1.2eV band gap of the bulk [17]. This increase of the band gap 

energy is mainly because of the decrease in the size of the nanoparticles which is due to the 

quantum confinement of the particles [18]. 
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Figure 4. 5 Overlay UV-Vis spectra and Tauc plot of CuS-P synthesized at 120°C, 180°C 

and 220°C 

 

4.3.1.6. Emission studies of CuS-P nanoparticles 

Figure 4.6. displays the emission spectra of the CuS-P nanoparticles. The nanoparticles 

emission maxima are 323.5, 302.5 and 306.3 nm, as compared to the absorption maxima, 289.0, 

287.0 and 285.0 nm, for CuS-P at 120°C, 180°C and 220°C respectively. The emission peaks 

have shifted to the higher wavelengths compared to those of absorption.  
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Figure 4. 6 Overlay Fluorescence spectra of CuS-Pnanoparticles synthesized at 120°C, 

180°C and 220°C 
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4.3.2. Structural and optical studies of CuS-M nanoparticles synthesized from 

copper(II) morpholine DTC complex 

4.3.2.1. Powder X-ray diffraction patterns of CuS-M nanoparticles 

The overlay patterns of the powder X-ray diffraction patterns of the CuS-M synthesized at three 

different temperatures are presented in Figure 4.7. The synthesized nanoparticles showed the 

diffraction peaks that corresponded to the digenite Cu9S5 or Cu1.8S crystallinity phase as shown 

by the JCPDS (95-005-3331) card. The peaks were then indexed with reference to JCPDS (47-

1748) in the literature [19]. The diffraction patterns show that the nanoparticles synthesized at 

a lower temperature (120°C) are more crystalline than the nanoparticles synthesized at elevated 

temperatures as the peaks of CuS-M 120 are sharper. This may be due to the Ostwald ripening 

leading to bigger size of the nanoparticles. 
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Figure 4. 7 pXRD patterns of CuS-M nanoparticles synthesized at 120°C, 180°C and 

220° 
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4.3.2.2. Transmission electron microscopy studies of CuS-M nanoparticles. 

Figure 4.8 shows the TEM images of the CuS-M nanoparticles synthesized at 120°C, 180°C 

and 220°C from [Cu(Morph)2] complex. CuS-M synthesized at 220°C have the size ranging 

from 41.86 to 71.21 nm with mixed hexagonal and cubic shapes. The nanoparticles exhibit less 

agglomeration as compared to the nanoparticles synthesized at 180°C. When the precursor was 

thermolyzed at 180°C, the shapes of nanoparticles changed to square and semi-spherical shapes 

with a size range from 15.99 – 26.39 nm. When the thermolysis was done at 120°C the 

nanoparticles showed wide range of sizes from 12.92 nm to 54.47 nm and there was no trace 

of agglomeration. The shapes changed to mixture of spherical and hexagonal. The precursor 

seems to have behaved like the others and gave smaller particles at lower the temperature. 
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Figure 4. 8 TEM images of CuS-M nanoparticles synthesized at 120°C, 180°C and 

220°C 
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4.3.2.3. Scanning electron microscope studies of CuS-M nanoparticles 

The CuS-M micrographs as shown in Figure 4.9 display the same rough surface morphologies 

for the nanoparticles synthesized at 220°C and 120°C. Whereas, the CuS-M nanoparticles 

synthesized at 180°C shows a surface with smooth layers. The EDX spectra of all the 

nanoparticles confirmed the presence of copper and sulphur in the nanoparticles. 

 

Figure 4. 9 SEM micrographs and EDX spectra of CuS-M nanoparticles synthesized at 

120°C, 180°C and 220°C 
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4.3.2.4. Fourier-transform infrared spectroscopy studies of CuS-M nanoparticles 

The overlay FTIR spectra of the CuS nanoparticles synthesized from copper(II) morpholine 

dithiocarbamate complex at 120°C, 180°C and 220°C is showed in Figure 4.10.  The spectra 

clearly show that the bands of the pure oleic acid appeared in the spectra of the nanoparticles. 

The C=O stretching mode observed at 1750 cm-1 in the oleic acid spectrum was observed at 

1650 cm-1 in all the spectra of the nanoparticles. The carboxylate stretching mode was observed 

at 1550 cm-1 for all the nanoparticles and the oleic acid. The O-H stretching mode expected 

around 3000 cm-1 was observed at 2950 cm-1 for all the nanoparticles [16].  

 

 

Figure 4. 10 Overlay FTIR spectra of CuS-M nanoparticles synthesized at 120°C, 180°C 

and 220°C 
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4.3.2.5. Absorption spectra studies of CuS-M nanoparticles 

The recorded spectra from the UV-Visible are displayed in Figure 4.11. The spectra were used 

to estimate the band gap energy values of the synthesized nanoparticles. Tauc plot displayed 

below was used to estimate the band gap energy. The estimated bandgaps were as follows, 

3.51eV, 3.45eV, 2.65eV for CuS-M nanoparticles synthesized at 120°C, 180°C and 220°C 

respectively. These values were compared to the band gap energy value of the bulk from the 

literature [17] which is 1.2 eV and they are greater and that is due to the decrease in the size of 

the particles. 
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Figure 4. 11 Overlay UV-Vis spectra and Tauc plot of CuS-M nanoparticles synthesized 

at 120°C, 180°C and 220°C. 
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4.3.2.6. Emission studies of CuS-M nanoparticles 

The photoluminescence spectra of CuS-M nanoparticles synthesized 120°C, 180°C and 220°C 

are displayed in Figure 4.12. The wavelength of the emission maxima was compared to the 

wavelength of the absorption maxima of the nanoparticles. The nanoparticles showed 

maximum absorption at 285, 284 and 284 nm and emitted at 308, 421, 325 nm when the 

thermolysis was done at 120°C, 180°C and 220°C temperatures respectively. The emission 

wavelength maxima are red shifted with respect to the absorption wavelength. 

 

Figure 4. 12 Overlay emission studies of CuS-M nanoparticles synthesized at 120°C, 

180°C and 220°C 
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4.3.3. Structural and optical studies of CuS-NEA nanoparticles synthesized from 

copper(II) N-ethyl aniline DTC complex 

4.3.3.1. Powder X-ray diffraction patterns of CuS-NEA nanoparticles  

Figure 4.13 displays the powder X-Ray diffraction patterns of the CuS-NEA nanoparticles. The 

nanoparticles obtained at 120°C gave diffraction peaks at 2θ = 32°, 34°, 35°, 47°, 54° and 57° 

that were indexed to 1010, 1013, 0114, 1112 and 1115 according to JCPDS (47-1748). In the 

literature [14], the particle crystalline phase was identified to be digenite Cu1.8S by JCPDS (95-

005-3331) card data. However CuS-NEA 220 and CUS-NEA 180 showed the covellite phase 

diffraction peaks at 2θ = 37° and 42° showing the mixture of phases present. CuS-NEA 120 

showed sharp narrow diffraction peaks showing the crystallinity of the particles [20]. 
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Figure 4. 13 P-XRD patterns of CuS-NEA nanoparticles synthesized at 120°C, 180°C and 

220°C 
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4.3.3.2. Transmission electron microscopy studies of copper sulphide nanoparticles 

synthesized from copper(II )N-ethyl aniline DTC complex 

 

TEM images of the copper sulphide nanoparticles synthesized from copper N-ethyl aniline 

DTC complex are displayed in Figure 4.14. The TEM image of CuS-NEA nanoparticles 

synthesized at 120°C exhibit nanoparticles size in the range of 6.40 - 48.15 nm with hexagonal 

shape. When the thermolysis was done at 180°C, the image showed the nanoparticles with wide 

particle size distribution in the range 10.73 - 55.20 nm that are hexagonal in shape.  TEM image 

of CuS-NEA synthesized at 220°C showed agglomerated particles with three different shapes: 

spherical, triangular and mostly square shape. The crystallite size of the nanoparticles are in 

the range 47.51 to 73.01 nm.  
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Figure 4. 14 TEM images of CuS-NEA nanoparticles synthesized at 120°C, 180°C and 

220°C 
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4.3.3.3. Scanning electron microscope studies CuS-NEA nanoparticles 

Figure 4.15 shows the CuS-NEA nanoparticle micrographs and their respective EDX. The 

images were taken to study the surface morphology of the nanoparticles. The Cu(II)NEA 

complex was thermolyzed at three different temperatures, 120°C, 180°C and 220°, three 

different surface morphologies, leaves like layers, irregular surface and clustered micro fibres 

respectively were observed. The EDX spectra confirmed the presence of copper and sulphur in 

the nanoparticles. However, the spectra also showed carbon and oxygen peaks due to the 

capping agent on the surface of the nanoparticles. 
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Figure 4. 15 SEM micrographs and EDX spectra of CuS-NEA nanoparticles synthesized 

at 120°C, 180°C and 220°C. 
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4.3.3.4. Fourier transform infrared spectroscopy studies of CuS-NEA nanoparticles 

The FTIR spectra of the synthesized copper sulphide nanoparticles from copper(II) N-ethyl 

aniline DTC complex and the capping agents used in the synthesis of the nanoparticles are 

presented in Figure 4.16. The spectra showed strong C=O stretching modes around 1700 cm-1. 

This frequency are attributed to the carboxylic group in the oleic acid [16]. The presence of 

these bands on the nanoparticle spectra confirmed the presence of only oleic acid on the surface 

of the copper sulphide nanoparticles. 

 

 

Figure 4. 16 overlay FTIR spectra of CuS-NEA nanoparticles synthesized at 120°C, 180°C 

and 220°C. 
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4.3.3.5. Absorption studies of CuS-NEA nanoparticles  

The absorption spectra and the respective Tauc plots for CuS-NEA nanoparticles are displayed 

in Figure 4.17. The Tauc plots were used to estimate the energy band gap for the nanoparticles 

synthesized. The band gap energy was found to be 3.48 eV, 3.22 eV and 2.51 eV for the 

nanoparticles synthesized at 120°C, 180°C and 220°C respectively. The observed energy 

values were compared to the energy band gap of the bulk from the literature and the values 

were found to be greater. This shows the quantum confinement effects that are due to the 

decrease in the size of the particles. 
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Figure 4. 17 Overlay UV-Vis spectra and Tauc plot of the CuS-NEA nanoparticles 

synthesized at 120°C, 180°C and 220°C. 
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4.3.3.6. Emission studies of CuS-NEA nanoparticles  

The overlay of the emission spectra of the nanoparticles synthesized at 120°C, 180°C and 

220°C from copper(II) N-ethyl aniline DTC complex are displayed in Figure 4.18. The 

nanoparticles synthesized at 180°C showed broad emission maxima in comparison to the 

nanoparticles synthesized at 120°C and 220°C. The broadening of the emission is likely due to 

the wide size range of the nanoparticles. The emission maxima wavelengths in comparison to 

the absorption band edges of the particles indicates that they are red shifted. The emission 

wavelengths have shifted to higher band edges as the absorption wavelengths are 285 nm for 

all the particles and the emission wavelengths are 307, 360 and 328 nm for CuS-NEA 120, 

CuS-NEA 180 and CUS-NEA 220 nanoparticles obtained at 120°C, 180°C and 220°C 

respectively. 

 

 

 

Figure 4. 18 Overlay fluorescence spectra of CuS-NEA nanoparticles synthesized at 

120°C, 180°C and 220°C 

 



145 
 

4.3.4. Structural and optical studies of CuS-BA nanoparticles synthesized from 

copper(II) butyl amine DTC complex 

4.3.4.1. Powder X-ray diffraction patterns of CuS-BA nanoparticles  

Figure 4.19 represent the powder X-ray diffraction patterns of the synthesized nanoparticles 

from copper(II)butyl amine dithiocarbamate complex at three different temperatures. The 

nanoparticle peaks showed that the nanoparticles are getting more crystalline as the reaction 

temperature decreases hence the sharp diffraction peaks and they get more amorphous as the 

reaction temperature increases resulting to broad diffraction peaks. The phase of the 

nanoparticles was identified to be digenite Cu1.8S using JCPDS (95-005-3331) data card. The 

peaks were indexed with reference to the literature [14]. 
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Figure 4. 19 Overlay pXRD patterns of CuS-BA nanoparticles synthesized at 120°C, 180°C 

and 220°C. 
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4.3.4.2. Transmission electron microscopy studies CuS-BA nanoparticles 

Figure 4.20 displays the TEM images of CuS-BA nanoparticles. The TEM image of CuS-BA 

synthesized at 120°C displayed the triangular shaped nanoparticles with no trace of 

agglomeration. The nanoparticle crystallite size ranged between 7.88 - 15.17 nm. The CuS-BA 

nanoparticles synthesized at 180°C shows less agglomeration and the image consists of the 

mixture of spherical shape particles and rods. The uniform spherically shapes particles have 

narrow size distributions from 20.79 - 22.31 nm. The rod shaped particles were measured to be 

in the range 54.08 to 111.32 nm long in length. The TEM image of CuS-BA nanoparticles 

synthesized at 220°C indicates the nanoparticles have crystallite size ranging from 48 to 72 

nm.  The nanoparticles seem to have strong agglomeration effect. In this precursor the 

thermolysis temperature seems to have affected the particle size and shape and has an effect 

also on agglomeration. 
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Figure 4. 20 TEM images of CuS-BA nanoparticles synthesized at 120°C, 180°C and 

220°C. 
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4.3.4.3. Scanning electron microscopy studies of CuS-BA nanoparticles  

The SEM micrographs of copper sulphide nanoparticles synthesized at three different 

temperatures from copper(II) butyl amine DTC complex are shown in Figure 4.21. The CuS-

BA nanoparticles synthesized at 220°C and at 180°C shows rough surfaces with patches. 

However, when the same precursor was thermolyzed at 120°C the nanoparticles exhibit a 

smooth surface morphology with layers. The corresponding EDX spectra are displayed below 

confirming the presence of copper and sulphur in the nanoparticles synthesized. 
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Figure 4. 21 SEM images and EDX spectra of CuS-BA nanoparticles synthesized at 

120°C, 180°C and 220°C. 
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4.3.4.4. Fourier transform infrared spectroscopy studies of CuS-BA nanoparticles 

The CuS nanoparticles synthesized from Copper(II) butyl amine DTC complex at 120°C, 

180°C and 220°C were also characterized with FTIR to confirm the presence of the capping 

agent on the surface of the nanoparticles. The overlay spectra of the nanoparticles and the 

spectra of oleic acid and oleylamine are presented in Figure 4.22. From the spectra, it is 

observed that oleic acid has coordinated to the surface of the particles. As the particles adapted 

the bands observed in oleic acid spectra. All the nanoparticles spectrums show the presence of 

the carboxylic group by the C=O and O-H stretching modes appearing at 1750 cm-1 and 2950 

cm-1 respectively. It can clearly be seen that the bands of the pure oleic acid appear also in the 

spectra of the nanoparticles [16].  

 

Figure 4. 22 Overlay FTIR spectra of CuS-BA synthesized at 120°C, 180°C and 220°C. 

 

 

 



151 
 

4.3.4.5. Absorption studies of CuS-BA nanoparticles  

Figure 4.23 shows the UV-Vis spectra of the nanoparticles and the Tauc plots. The absorption 

spectra were directly used to estimate the band gap energy of the particles using Tauc’s 

equation [12]. The nanoparticles showed band gap energy values of 3.59 eV, 3.04 eV and 3.29 

eV for the CuS-BA nanoparticles synthesized at 120°C, 180°C and 220°C temperatures 

respectively. The spectra were blue shifted when the band gap values were compared to that of 

the bulk reported in the literature [17]. The blue shift of these values is usually because of the 

decrease in the particle sizes.  
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Figure 4. 23 Overlay UV-Vis spectra and Tauc plots of the CuS-BA nanoparticles 

synthesized at 120°C, 180°C and 220°C. 
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4.3.4.6. Emission studies of CuS-BA nanoparticles  

The emission spectra of CuS-BA nanoparticles are presented in Figure 4.24. The emission 

spectra are generally broad with emission maxima at 307, 306  and 325 nm for the nanoparticles 

synthesized at 120°C, 180°C and 220°C respectively. These emission maxima were observed 

to have red shifted in comparison to the absorption edges at 284 nm for CuS-BA prepared at 

both 120°C and 220°C, 282 nm for CuS-BA synthesized at 180°C, 

 

 

Figure 4. 24 Overlay Fluorescence spectra of CuS-BA synthesized at 120°C, 180°C and 

220°C. 
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4.3.5. Structural and optical studies of copper sulphide nanoparticle synthesized from 

different precursors at 220°C (CuS-DBA, CuS-NMB, CuS-DA, CuS-PP) 

4.3.5.1. Powder X-ray diffraction patterns of CuS-DBA, CuS-NMB, CuS-DA, CuS-PP 

nanoparticles 

The powder X-ray diffraction patterns of the synthesized copper sulphide nanoparticles are 

displayed in Figure 4.25. The peaks were indexed with reference to JCPDS (47-1748) in the 

literature. Whereby, 2θ = 55̊, 46̊, 42̊, 37̊ and 32̊ corresponds to (1112), (110), (0117), (0114) 

and (1010) [40]. The digenite Cu1.8S crystallinity phase of the nanoparticles were identified 

when the patterns were compared to the JCPDS (95-005-3331). The Cu1.8S major peaks at 2θ 

= 32̊, 46̊ and the Cu1.8S minor peak at 2θ = 55̊ are clear in the XRD patterns [21]. The strong 

diffraction peaks that appeared in the patterns suggest that the synthesized copper sulphide 

nanoparticles are well crystalline in nature [19]. 

 

 

Figure 4. 25 P-XRD patterns of copper sulphide nanoparticles synthesized at 220°C 
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4.3.5.2. Transmission electron microscopy studies of CuS-DBA, CuS-NMB, CuS-DA, 

CuS-PP nanoparticles 

 

The TEM images of the as prepared copper sulphide nanoparticles are shown in Figure 4.26. 

All the copper sulphide nanoparticles were dispersed in hexane and they were sonicated for 15 

minutes before the images were recorded. CuS-NMB image shows the particles consists of 

mixtures of semi spherical and rod-like shapes.  The size of the nanoparticles ranges from 19 - 

56 nm. The image also shows the agglomeration of the particles. The CuS-DA images shows 

prominent agglomeration in comparison to others. These particles appeared as spherical and 

semi-spherical in shapes. Their size ranges between 40 and 70 nm. CuS-DBA image also shows 

agglomerated nanoparticles with size range of 13.50 to 36.90 nm with square and semi 

spherical shapes. However, CuS-PP seems to have different properties. The crystallite size 

range of the CuS-PP nanoparticles ranges from 5.29 to 12.21 nm with a uniform spherical shape 

with less agglomeration.  

 

The SAED patterns of CuS-DA, CuS-DBA and CuS-PP were taken and are also presented to 

their TEM images in Figure 4.25. CuS-DA and CuS-PP SAED patterns (Figure 4.26 A and D) 

shows visible rings and bright spots proving the crystallinity of the particles synthesized. CuS-

DBA SAED patterns (Figure 4.26 B) shows dim spots which means that the CuS-DBA particles 

are amorphous. The lattice fringes d-spacing of CuS-DBA (Figure 4.26 C) and CuS-PP (Figure 

4.26 E) were measured and were found to be different in different areas. For CuS-DBA d = 

0.26 nm and 0.3 nm then for CuS-PP d = 0.32 nm and 0.34 nm. However, the measurements 

are within the parameters of the d-spacing found for the nanoparticles of digenite copper 

sulphide phase [22, 23]. 
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Figure 4. 26. TEM images and A. CuS-DA SAED, B. CuS-DBA SAED, C. CuS-DBA 

lattice fringes, D. CuS-PP SAED and E. CuS-PP lattice fringes of copper sulphide 

nanoparticles synthesized at 220°C 
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4.3.5.3. Scanning electron microscope and Energy-dispersive X-ray spectroscopy 

studies of CuS-DBA, CuS-NMB, CuS-DA, CuS-PP nanoparticles 

 

Figure 4.27 shows the SEM images of the nanoparticles and the EDX spectra showing the 

elemental composition of the synthesized nanoparticles. The SEM images shows different 

morphologies for the nanoparticles which could mean that the morphology depends on the 

precursor used. CuS-NMB image shows a rough surface morphology while very smooth 

surface is observed for the CuS-DBA nanoparticles. However, CuS-DA and CuS-PP exhibit 

flaky surfaces. All the EDX spectra confirmed the presence of copper and sulphur with carbon 

and oxygen that are assumed to be due to the capping agents used.  
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Figure 4.27 SEM images and EDX spectra of the copper sulphide nanoparticles 

synthesized at 220°C from four different precursors 
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4.3.5.4. Fourier-transform infrared spectroscopy studies of CuS-DBA, CuS-NMB, 

CuS-DA, CuS-PP nanoparticles 

Figure 4.28 shows the overlay FTIR spectra of the nanoparticles synthesized and the surfactants 

used for the synthesis of the nanoparticles, oleic acid and oleylamine. The FTIR spectra of the 

nanoparticles shows the peaks in the oleic acid, the strong band at around 1700 cm-1 in the oleic 

acid spectra resonating to the C=O in the carboxylic acid appeared at 1650 cm-1 in the spectra 

of the nanoparticles, and the antisymmetric and symmetric C-H vibrations of the CH2 in the 

oleic acid also appeared on the spectra of all the nanoparticles confirming the presence of the 

long chain on the nanoparticles surface [24].  

 

 

Figure 4. 28 Overlay FTIR spectra of copper sulphide nanoparticles synthesized at 220°C 

from four different precursors 
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4.3.5.5. Absorption studies of CuS-DBA, CuS-NMB, CuS-DA, CuS-PP nanoparticles 

The absorption spectra of the copper sulphide nanoparticles synthesized and their Tauc plots 

are shown Figure 4.29. The Tauc plots were used to estimate the energy band gaps of the 

nanoparticles. The estimated energy band gaps are 3.44, 3.93, 4.04 and 3.94 eV for CuS-PP, 

CuS-DBA, CuS-NMB and CuS-DA respectively. The estimated band gaps of the copper 

sulphide nanoparticles are much higher when compared to the copper sulphide band gap energy 

of the bulk which is 1.2 eV as reported [25]. These band gap energies are higher due to the shift 

of the absorbance peak to a smaller wavelength leading to an increase in the confinement 

energy caused by an increase in the energy band gap of the nanoparticles showing the decrease 

in the size of these particles [26]. 
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Figure 4. 29 Overlay UV-Vis spectra and Tauc plot of the copper sulphide nanoparticles 

synthesized at 220°C from four different precursors 

 

4.3.5.6. Emission studies of CuS-DBA, CuS-NMB, CuS-DA, CuS-PP nanoparticles 

Figure 4.30 shows the fluorescence spectra of the copper sulphide nanoparticles. The spectra 

show the broad emissions with the emission maxima at 370, 377, 386 and 382 nm for CuS-PP, 

CuS-DBA, CuS-DA and CuS-NMB respectively. The emission bands have shifted to higher 

wavelengths as compared to the absorption bands, at 284 nm for all the four nanoparticles. 

Which may correspond to the intermolecular charge transfer of the molecule [27]. 
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Figure 4. 30 Overlay Fluorescence spectra of the copper sulphide nanoparticles 

synthesized at 220°C from four different precursors. 
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4.4. Structural and optical studies of silver sulphide nanoparticle synthesized at 120, 

180 and 220°C 

4.4.1. Structural and optical studies of AgS-P nanoparticles synthesized from silver(I) 

piperidine DTC complex 

4.4.1.1.  Powder X-ray diffraction patterns of AgS-P nanoparticles 

Figure 4.31 shows the overlay p-XRD patterns of the AgS-P 120, AgS-P 180 and AgS-P 220 

synthesized from silver(I) piperidine dithiocarbamate complex at 120°C, 180°C and 220°C 

respectively. When the precursor was thermolyzed at 120°C, sharp diffraction peaks 

correspond to (-121), (013), (-104), (031), (-202), (023), (-214) and (-224) were observed. 

These sharp peaks suggest the nanoparticles to be crystalline. When the synthesis was done at 

220°C and at 180°C the patterns gave the same peaks at the same angles that were indexed in 

the literature [36]. Their broad peaks were indexed to (-121), (013), (-104), (031), (-202), (023), 

(-214) and (224) showing the nanoparticles to be crystalline. The phase of these nanoparticles 

was found to be acanthite Ag1.93S [32, 33]. 
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Figure 4. 31 P-XRD patterns of AgS-P nanoparticles synthesized at 120°C, 180°C and 

220°C 
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4.4.1.2.  Transmission electron microscopy studies of AgS-P nanoparticles 

The TEM images of the silver sulphide nanoparticles (AgS-P) synthesized at different 

temperatures from silver(I) piperidine DTC complex as the precursor are shown in Figure 4.32. 

AgS-P synthesized at 220°C and 120°C gave narrow size ranges from 8.78 to 14.63 nm and 

7.73 to 23.86 nm respectively whereas, AgS-P synthesized at 180°C gave a very wide range of 

size from the minimum size of 4.86 nm to the maximum size of 71.18 nm. The images show 

monodispersed nanoparticles with uniform shapes irrespective of the thermolysis temperature. 

No agglomeration is observed in all the three images.  

 

The SAED patterns of AgS-P at 220°C and the HRTEM image with d-spacing measurements 

are presented besides the TEM images of AgS-P 220. The SAED patterns shows three visible 

rings with bright spots confirming the crystallinity of these nanoparticles. The measured 

distance from the lattice fringes is 0.24 nm which corresponds with the d-spacing found in the 

literature [28]. 

 



165 
 

 

 

Figure 4. 32 TEM images of AgS-P nanoparticles synthesized at 120, 180 and 220°C and 

A. SAED and B. lattice fringes of AgS-P 220. 
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4.4.1.3.  Scanning electron microscope studies of AgS-P nanoparticles 

Figure 4.33 displays the SEM micrographs of the silver sulphide nanoparticles synthesized at 

120, 180 and 220°C from silver(I) piperidine DTC complex (AgS-P). The SEM image of the 

nanoparticles surface when the precursor was thermolyzed at 120°C shows a surface 

morphology with disorganised rods. However, when the temperature was increased to 180°C 

the surface morphology changed to solid layers while the SEM images of the nanoparticles 

when thermolysis of precursor was done at 220°C showed fibre like surface morphology. 

 

Figure 4. 33 SEM micrographs and EDX spectra of AgS-P nanoparticles synthesized at 

120°C, 180°C and 220°C. 
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4.4.1.4.  FTIR spectra of silver sulphide nanoparticles synthesized from   silver(I) 

piperidine DTC complex 

The over lay spectra of the silver sulphide nanoparticles synthesized at 120°C, 180°C and 

220°C and the stabilizers used are displayed in Figure 4.34. The spectra of the nanoparticles 

are compared with the spectra of both the oleylamine and oleic acid that were used in the 

synthesis. The spectra of the nanoparticles showed all the peaks observed in the spectra of the 

pure oleic acid thereby confirming the presence of the oleic acid on the surface of the particles 

synthesized. The nanoparticles also showed the C-H bending modes from 1600 cm-1 to 1400 

cm-1 as the evidence of the alkyl chain from the oleic acid. The peak observed at around 1700 

cm-1 is attributed to the carboxylic acid (C=O) stretching mode in the oleic acid indicating the 

existence of oleic acid on the nanoparticles [17].   

 

 

Figure 4. 34 Overlay FTIR spectra of AgS-P nanoparticles synthesized 120°C, 180°C and 

220°C. 
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4.4.1.5.  Absorption studies of AgS-P nanoparticles 

The overlay spectra of the UV-Visible spectra of the nanoparticles prepared at different 

temperatures from silver(I)piperidine DTC complex as a precursor are displayed in Figure 4.35 

with the corresponding Tauc plots obtained from the absorption spectra.  The Tauc’s equation 

was used to determine the energy band gap of the silver sulphide nanoparticles directly from 

the absorption spectra. The absorption spectra of AgS-P nanoparticles synthesized at 120, 180 

and 220°C gave band energy gap values 3.48, 3.22 and 2.51 eV from the Tauc plots 

respectively. When these values were compared to the bulk band gap energy of 0.9 eV as 

reported in the literature [29], they showed blueshift which is attributed to the small size of the 

nanoparticle. 
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Figure 4. 35 overlay UV-Vis spectra and Tauc plots of AgS-P nanoparticles synthesized 

at 120°C, 180°C and 220°C  
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4.4.1.6. Emission studies of AgS-P nanoparticles 

The Emission spectra of AgS-P synthesized at different temperatures are presented in Figure 

4.36. The emission maxima of the nanoparticles were compared to the absorption wavelength 

from the UV-Vis absorption spectra in Figure 4.34. The nanoparticles AgS-P 120, AgS-P 180 

and AgS-P 220 emitted at 445, 310 and 380 nm wavelengths and absorbed at 286, 285 and 285 

nm respectively. This showed the red shift of the emission maxima wavelengths in comparison 

to the absorption wavelengths. 

 

 

 

Figure 4. 36 Photoluminescence spectra of AgS-P synthesized at 120°C, 180°C and 220°C. 
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4.4.2. Structural and optical studies of AgS-M synthesized from silver(I) morpholine 

DTC complex 

4.4.2.1. Powder X-Ray diffraction patterns of AgS-M nanoparticles  

The overlay XRD patterns of the AgS-M synthesized at three different temperatures is 

displayed in Figure 4.37. The nanoparticles synthesized at 220°C and at 120°C gave similar 

patterns with the same angles that were indexed to literature values. Their peaks were indexed 

to (-121), (013), (-104), (031), (-202), (-212), (-214), (014), (224), (-142), (-135), (133) and (-

227). When the precursor was thermolyzed at 180°C the patterns gave peaks that corresponded 

to (-121), (013), (031), (-202), (-214) and (014). AgS-M 220 and AgS-M 120 showed to be 

more crystalline as the patterns gave sharp peaks. However, the AgS-M 180 nanoparticles to 

be amorphous. The phase of these nanoparticles was found to be acanthite Ag1.93S [32, 33]. 
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Figure 4. 37. p-XRD patterns of AgS-M nanoparticles synthesized at 120, 180 and 

220°C. 
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4.4.2.2. Transmission electron microscopy studies of AgS-M nanoparticles 

According to the TEM images of AgS-M shown in Figure 4.38, when the precursor was 

thermolyzed at 120°C the size of the nanoparticles ranged from 16.33 - 24.79 nm. At 220°C 

and 180°C, the nanoparticles seemed to have wide size distribution range as they gave 

nanoparticles with the size ranging from 12.43 to 61.09 nm and 24.79 to 89.62 nm respectively. 

They all showed the same uniform spherical shapes with no agglomeration. SAED patterns of 

AgS-M 220 shows that the nanoparticles are crystalline by the bright ring spots. The lattice 

fringes d- spacing is within 0.22 - 0.24 nm. 
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Figure 4. 38 TEM images of AgS-M nanoparticles synthesized at 120, 180 and 220°C. 

SAED and d-lattice of AgS-M 220. 
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4.4.2.3. Scanning electron microscope studies of AgS-M nanoparticles 

The SEM micrographs taken for the AgS-M nanoparticles synthesized at 120, 180 and 220°C 

and the EDX analysis on their selected areas are shown in Figure 4.39. The images showed the 

surface of the nanoparticles to be rough. When the precursor was thermolyzed at 220°C the 

image exhibits solid rough surface and when thermolyzed at 180°C shows a very rough surface 

with cracks on it. Whereas, at 120, the surface made up of micro layers. The EDX spectra 

shows the presence of silver and sulphur in the nanoparticles. 

Figure 4. 39 SEM micrographs and EDX spectra of the AgS-M nanoparticles 

synthesized at 120, 180 and 220°C. 
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4.4.2.4. Fourier transform infrared spectroscopy studies of AgS-M nanoparticles 

The overlay spectra of the AgS-M nanoparticles synthesized from silver(I) morpholine DTC 

complex at 120, 180 and 220°C and the capping agents used for their synthesis are displayed 

in Figure 4.40. Comparing the spectra of the nanoparticles with the spectra of both the capping 

agents, the spectra of the AgS nanoparticles showed all the peaks that are found in the spectrum 

of the pure oleic acid suggesting the interaction of the oleic acid with the surface of the 

nanoparticles synthesized. The nanoparticles showed the C-H bending modes in the range 1600 

to 1400 cm-1 signifying the presence of the oleic acid alky chain. The C=O stretching mode is 

observed around 1700 cm-1 corresponding to the carboxylic acid in the oleic acid [17].  Even 

though the peaks are not that visible in the spectra of AgS synthesized at 120°C they are there 

but with very low intensity. 

 

Figure 4. 40 Overlay FTIR spectra of AgS-M nanoparticles synthesized at 120, 180 and 

220°C. 
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4.4.2.5.  Absorption studies of AgS-M nanoparticles  

The overlay UV-Visible absorption spectra of AgS-M at 120, 180 and 220°C is presented in 

Figure 4.41 with their respective Tauc plots. The UV-Vis spectra were used to estimate band 

gap energy from the Tauc plots. The estimated band gap energy of AgS-M nanoparticles are 

2.4, 2.3 and 2.6 eV for the particles synthesized at 120, 180 and 220°C respectively. The band 

gap energies were therefore compared to the band gap energy of AgS bulk which is 0.9 eV. 

The obtained values were greater than that of the bulk and that shows the energy band gap of 

the nanoparticles are blue shifted with respect to the bulk which may be due to the exciton 

confinement [30]. 

 

 

Figure 4. 41 Overlay UV-Vis spectra and Tauc plots of AgS-M synthesized 120, 180 and 

220°C. 
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4.4.2.6.  Emission studies of AgS-M nanoparticles 

Figure 4.42 shows the emission spectra of AgS-M synthesized at 120, 180 and 220°C. The 

spectra shows broad emission maxima with wide size distributions. It was observed that the 

emission spectra became wider as the temperature increases. The emission maxima for the 

nanoparticles are observed at 380, 312 and 489 nm for the nanoparticles synthesized at 120, 

180 and 220°C respectively. The emission maxima were to be red shifted when compared to 

the absorption band edges. 
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Figure 4. 42 Photoluminescence spectra of AgS-M nanoparticles synthesized at 120, 180 

and 220°C. 
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4.4.3. Structural and optical studies of AgS-NEA synthesized from silver(I) N-ethyl 

aniline DTC complex 

4.4.3.1.  Powder X-ray diffraction patterns of AgS-NEA nanoparticles  

Figure 4.43 shows the overlay spectra of the powder X-ray diffraction patterns of the silver 

sulphide nanoparticles synthesized at three different temperatures. The XRD pattern peaks 

were indexed according to the literature [36]. The nanoparticles synthesized at 120°C 

corresponded to (-121), (013), (031), (-202), (-214) and (-224) miller indices. The peaks of the 

nanoparticles synthesized at 180 and 220°C corresponded to (202), (214), (224) and (013), 

(031), (224) miller indices respectively. The phase of the particles was determined to be 

Acanthite Ag1.93S crystalline phase with the space group P21/c [32, 33]. 
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Figure 4. 43. p-XRD patterns of AgS-NEA nanoparticles synthesized at 120, 180 and 

220°C. 
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4.4.3.2. Transmission electron microscopy studies of AgS-NEA nanoparticles  

AgS-NEA TEM images shows nanoparticles that are below 20 nm in size irrespective of 

thermolysis temperature of the reaction. At the highest temperature, 220°C, their size ranged 

from 11.93 to 19.10 nm. Nanoparticles of diameters ranging from 5.6 to 16.87 nm and 2.43 to 

7.40 nm were obtained at 180 and 120°C. It was observed that the lower the temperature the 

smaller the particle sizes. All TEM images showed monodispersed nanoparticles with uniform 

spherical shapes with no trace of agglomeration is observed. The SAED patterns recorded for 

the AgS-NEA 220 nanoparticles shows tiny ring spots obscured by amorphous materials 

probably from the capping agents. The AgS-NEA 220 lattice fringes also were 0.22 - 0.24 nm. 
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Figure 4. 44 TEM images of AgS-NEA nanoparticles synthesized at 120, 180 and 220°C. 

SAED and d-lattice of AgS-NEA 220. 
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4.4.3.3. Scanning electron microscope studies of AgS-NEA nanoparticles 

The SEM micrographs of AgS-NEA used to study the surface morphology of the nanoparticles 

are presented in Figure 4.45. When the synthesis was done at 120°C, the image showed the 

particles to have a very smooth surface morphology. However, when the nanoparticles were 

obtained at 180°C, the nanoparticles exhibited peeling off like surface. Surface morphology 

made up of fibres packed into layers was observed from the AgS-NEA synthesized at 220°C. 

The observations confirm the influence of temperature of the reaction on the surface 

morphology of the as-prepared nanoparticles. The EDX spectra showed the presence of silver 

and sulphur in the nanoparticles. 

  

Figure 4. 45 SEM micrographs and EDX spectra of AgS-NEA nanoparticles synthesized 

at 120, 180 and 220°C. 
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4.4.3.4. FTIR spectra of AgS-NEA nanoparticles synthesized from silver(I) N-ethyl 

aniline DTC complex 

Figure 4.46 shows the FTIR spectra of the nanoparticles synthesized from silver(I)N-ethyl 

aniline DTC complex. The spectra of the nanoparticles compared with the spectra of the 

capping agents used for the synthesis of the nanoparticles. The spectra of pure oleic acid show 

the C-H and C=H bending modes from 1600 to 1400 cm-1 of the alkyl chain and C=O stretching 

mode at 1700 cm-1 from the carboxylic acid [17].  These vibrations were all observed also in 

the spectra of the nanoparticles. Therefore, Oleic acid has bonded to the nanoparticles surface. 

 

 

Figure 4. 46 Overlay FTIR spectra of AgS-NEA nanoparticles synthesized at 120, 180 and 

220°C. 
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4.4.3.5. Absorption studies of AgS-NEA nanoparticles 

The absorption spectra of the AgS-NEA nanoparticles are displayed in Figure 4.47 with their 

respective Tauc plots. The Tauc plot was used to estimate the band gap energies of the 

nanoparticles. The band gap energies for AgS-NEA 120, AgS-NEA 180 and AgS-NEA 220 

were found to be 2.0, 2.3 and 3.23 eV respectively, which are greater than 0.9 eV band gap 

energy of the bulk. The estimated band gap energies showed considerable blue shift which is 

attributed to the smaller sized nanoparticles. 
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Figure 4. 47 Overlay UV-Vis spectra and Tauc plot of AgS-NEA nanoparticles 

synthesized at 120, 180 and 220°C. 
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4.4.3.6. Emission studies of AgS-NEA nanoparticles 

Figure 4.48 shows the emission spectra of AgS-NEA nanoparticles synthesized at 120, 180 and 

220°C. The emission maxima were compared to the absorption band edges. The emission 

wavelengths have shifted from 287, 286 and 284 nm absorption wavelengths to 341, 311 and 

379 nm wavelengths for AgS-NEA 120, AgS-NEA 180 and AgS-NEA 220 respectively. The 

spectra showed intense red-shift that could be attributed to the trap related electron-hole 

recombination [31]. 

 

Figure 4. 48 Overlay photoluminescence spectra of AgS-NEA nanoparticles synthesized 

at 120, 180 and 220°C. 
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4.4.4. Structural and optical studies of AgS-BA synthesized from silver(I) butyl amine 

DTC complex 

4.4.4.1. Powder X-Ray diffraction patterns of AgS-BA nanoparticles 

The overlay spectra of the powder X-ray diffraction patterns of the silver sulphide nanoparticles 

synthesized from silver(I) butyl amine dithiocarbamate complex at three different temperatures 

are displayed in Figure 4.49. The peaks were indexed to (-121), (013), (031), (-202), (-212), (-

214), (-224) and (-135) for nanoparticles synthesized at 120°C, (013), (031), (-202) and (-224) 

for the nanoparticles synthesized at 180°C and (013), (031), (-202), (-212), (-214), (-224) and 

(-135) for nanoparticles synthesized at 220°C respectively according to the literature [36]. The 

patterns were analysed by comparing them to the literature data. Acanthite Ag1.93S crystalline 

phase with the space group P21/c was identified [32, 33]. 
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Figure 4. 49. p-XRD patterns of AgS-BA nanoparticles synthesized at 120, 180 and 220°C. 
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4.4.4.2. Transmission electron microscope studies of AgS-BA nanoparticles 

Figure 4.50 shows the TEM images of AgS-BA nanoparticles synthesized at 120, 180 and 

220°C. All the images showed uniform spherical shapes as well as size distribution. The TEM 

image of the nanoparticles synthesized at 120°C have crystallite size that ranged from 7.92 to 

20.79 nm. However, when the synthesis was done at 180°C the size increased and ranged from 

9.60 to 32.87 nm. The size range increased more when the precursor was thermolyzed at 220°C 

from 40.05 to 78.53 nm.  SAED patterns were recorded for the AgS-BA 220°C, and showed 

the nanoparticles to be amorphous and not crystalline as there was no bright spots in the image 

except diffuse rings. The measured lattice fringes d-spacing is 0.24 nm.  
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Figure 4. 50 TEM images of AgS-BA nanoparticles synthesized at 120, 180 and 220°C. 
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4.4.4.3. Scanning electron microscope studies of AgS-BA nanoparticles 

The SEM micrographs of the silver sulphide nanoparticles synthesized and the EDX spectra 

showing elemental composition of the nanoparticles are shown in Figure 4.51. The 

nanoparticles images showed that thermolysis temperature influences the surface morphologies 

of the nanoparticles. AgS-BA gave nanoparticles with surface with clustered fibres when it was 

thermolyzed at 220°C. When this precursor was thermolyzed at 180°C the nanoparticles 

showed a flaky surface morphology. However, when synthesized at a low temperature of 

120°C, the surface appeared out smooth. The EDX spectra of the nanoparticles showed that 

silver and sulphur are present in the nanoparticles. 
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Figure 4. 51 SEM micrographs and EDX spectra of the AgS-BA nanoparticles 

synthesized at 120, 180 and 220°C. 
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4.4.4.4. Fourier transform infrared spectroscopy studies of AgS-BA nanoparticles 

 

The overlay spectra of AgS-BA nanoparticles synthesized at three different temperatures and 

the capping agents used are displayed in Figure 4.52.  When the spectra of the nanoparticles 

were compared with the spectra of both capping agents used in the synthesis, it was observed 

that the nanoparticles and the oleic acid showed similar vibration frequencies. The C=O 

stretching mode which appeared at 1700 cm-1 in the Oleic acid spectrum, however, moved to 

a lower wavenumber 1650 cm-1 in the nanoparticle spectra. The nanoparticles also showed the 

C-H bending modes from 1600 to 1400 cm-1 as the evidence of the alkyl chain from the oleic 

acid [17].  

 

 

Figure 4. 52 Overlay FTIR spectra of AgS-BA nanoparticles synthesized at 120, 180 and 

220°C. 
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4.4.4.5. Absorption studies of AgS-BA nanoparticles 

The UV-Vis spectra of the AgS-BA nanoparticles synthesized at 120, 180 and 220°C are 

displayed in Figure 4.53. The spectra were used to calculate the band gap energy from the Tauc 

plots. The Tauc plot shows the estimated band gap energies of the nanoparticles to be 3.0, 2.4 

and 2.3 eV for AgS-BA 220, AgS-BA 180 and AgS-BA 120 respectively. The band gap 

energies obtained were compared to the band gap energy of the bulk AgS which is 0.9 [29]. 

These band gaps are blue shifted which is attributed to the quantum confinement of the as-

prepared silver sulphide nanoparticles due to their small crystallite sizes [28]. 
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Figure 4. 53 Overlay UV-Vis spectra and Tauc lot of AgS-BA nanoparticles synthesized 

at three different temperatures. 
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4.4.4.6. Emission studies of AgS-BA nanoparticles 

Figure 4.54 displays the emission spectra of the AgS-BA nanoparticles synthesized at 120, 180 

and 220°C. The emission maxima were compared to the absorption band edges of the 

nanoparticles. The emission maxima are red shifted to higher wavelengths of 380, 307 and 386 

nm in comparison to the absorption band edges at 285, 286 and 286 nm for AgS-BA 220, AgS-

BA 180 and AgS-BA 120.  

 

 

Figure 4. 54 Overlay photoluminescence spectra of AgS-BA nanoparticles synthesized at 

120, 180 and 220°C. 
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4.4.5. Structural and optical studies of silver sulphide nanoparticle synthesized at 220°C 

(AgS-DBA, AgS-NMB, AgS-DA, AgS-PP) 

4.4.5.1. Powder X-ray diffraction patterns of AgS-DBA, AgS-NMB, AgS-DA, AgS-PP 

nanoparticles 

The overlay spectra of the powder X-ray diffraction patterns of the silver sulphide nanoparticles 

[AgS-PP 220, AgS-NMB 220, AgS-DBA 220 and AgS-DA 220] synthesized are displayed in 

Figure 4.55. The peaks were indexed to (-121), (013), (-104), (031), (-202), (-212), (-214), (-

014), (-224), (-142), (-135), (133) and (-227) miller indices according to the literature [36]. The 

patterns were analysed by comparing them to literature data. Acanthite Ag1.93S crystalline 

phase with the space group P21/c was identified [32, 33]. 

 

 

 

Figure 4. 55. Powder XRD patterns of the prepared silver sulphide nanoparticles 

synthesized at 220°C from four different precursors 
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4.4.5.2. Transmission electron microscopy studies of AgS-DBA, AgS-NMB, AgS-DA, 

AgS-PP nanoparticles 

Figure 4.56 shows the TEM images of the synthesized silver sulphide nanoparticles. These four 

images show that the nanoparticles were not affected by the thermolysis temperature used for 

their synthesis as they show no trace of agglomeration. The TEM image of the AgS-DA shows 

that the nanoparticles are spherical in shape. Their sizes appear to be below 20 nm as they range 

in between 7 and 13 nm. The AgS-DBA TEM image shows that the nanoparticles are spherical 

in shape with the size range which seems to be also below 30 nm as they are between 11 and 

27 nm with no agglomeration. The Ag(NMB) nanoparticles exhibit two different shapes which 

are semi spherical and spherical shape with the size ranging from 14.70 to 48.04 nm. The AgS-

PP image showed the spherical shape nanoparticles with the size range of 36.19 to 29.22 nm.  

 

The SAED patterns of the silver sulphide nanoparticles and their d-spacing lattice fringes were 

also recorded and are shown next to their corresponding TEM images. AgS-DA, AgS-DBA 

and AgS-NMB SAED patterns shows bright spots which indicates that the nanoparticles are 

crystalline even though the rings are diffused but AgS-NMB seems to be more crystalline as 

the spots are brighter. AgS-PP SAED patterns shows the particles to be amorphous as it is not 

showing any visible rings. The lattice fringes measured are in the same range which proves that 

all the nanoparticles have the same phase. For AgS-DBA d= 0.25 and 0.30 nm, for AgS-PP  

0.27 and 0.34 nm while for AgS-DA and AgS-NMB d=0.24 and 0.30 nm respectively. 
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Figure 4. 56 TEM/HRTEM images, lattice fringes and SAED of silver sulphide 

nanoparticles synthesized at 220°C from four different precursors. 
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4.4.5.3. Scanning electron microscope and Energy-dispersive X-ray spectroscopy of 

AgS-DBA, AgS-NMB, AgS-DA, AgS-PP nanoparticles 

SEM micrographs displayed in Figure 4.57 were taken to study the surface morphology of the 

synthesized silver sulphide nanoparticles. The images clearly show that the nanoparticles 

synthesized from different precursors have different surface morphologies. The image of AgS-

NMB shows the nanoparticles have smooth with micro holes morphology. AgS-DBA 

nanoparticles have the surface made up of packed fibres. AgS-DA have rough solid surface 

that looks like arranged patches. While AgS-PP image exhibit a surface with disorganised 

layers making the surface a bit rough. The EDX spectra displayed in Figure 4.57 shows the 

elemental composition of the silver sulphide nanoparticles and confirms the presence of silver 

and sulphur in the silver sulphide nanoparticles. 
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Figure 4. 57.  SEM images and EDX spectra of the prepared silver sulphide nanoparticles 

synthesized at 220°C from four different precursors 

AgS-PP 
AgS-PP 

AgS-NMB 

here 

AgS-DA 
AgS-DA 

AgS-DBA 



199 
 

4.4.5.4. Fourier-transform infrared spectroscopy studies of AgS-DBA, AgS-NMB, 

AgS-DA, AgS-PP nanoparticles 

To confirm the capping agent that capped the nanoparticles, FTIR spectra of the nanoparticles 

and the surfactants used were recorded and are shown in Figure 4.58. The nanoparticle spectra 

show traces of oleic acid. They all portray the C-H asymmetric and C-H symmetric stretching 

modes around 3000 cm-1 and the C=O stretching mode around 1750 cm-1 which are attributed 

to the carboxylic acid in the oleic acid. This confirms the nanoparticles are capped with oleic 

acid but not oleyl amine as the expected N-H wagging mode between 700 and 800 cm-1 is not 

on the nanoparticles spectra [34].  

 

 

Figure 4. 58. Overlay FTIR spectra of the prepared silver sulphide nanoparticles 

synthesized at 220°C from four different precursors 
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4.4.5.5. Absorption studies of AgS-DBA, AgS-NMB, AgS-DA, AgS-PP nanoparticles 

The band gap energies of the nanoparticles were calculated directly from the UV-Visible 

absorption spectra using the Tauc’s equation. The band gap energies were determined by 

plotting (αhv)2 against (hv) and extrapolation of the linear part of the curve to the energy axis, 

the Tauc plot spectra are shown in Figure 4.59 with the estimated energy band gap of 4.05, 

3.96 , 3.96 and 3.79 eV for AgS-DBA, AgS-NMB, AgS-PP and AgS-DA respectively. All 

these band gap energies are higher when compared to the silver sulphide band gap energy of 

the bulk which is around 0.9 eV as reported [28]. This shows that the absorption maxima shift 

observed resulted to the higher band gap energies, However, leading to an increase in the 

confinement energy showing the decrease in the size of these particles [26]. 
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Figure 4. 59. UV-Vis spectra and Tauc plot of the prepared silver sulphide nanoparticles 

synthesized at 220°C from four different precursors 

 

4.4.5.6. Emission studies of AgS-DBA, AgS-NMB, AgS-DA, AgS-PP nanoparticles 

Figure 4.60 shows the emission spectra of the silver sulphide nanoparticles recorded from the 

fluorescence spectroscopy. The spectra showed broad emission bands with the emission 

maxima for AgS-DBA and AgS-NMB at 378 and 361 nm respectively while AgS-PP and AgS-

DA emission maxima occurred at 383 nm. The broad width of the peaks is associated with the 

wide size distribution of the particles [35]. The emission wavelengths were compared with the 

absorption wavelengths as shown by absorption spectra of these nanoparticles to be at 282 nm 

for AgS-DBA and 284 nm for AgS-DA, AgS-PP and AgS-NMB.  The emission bands were 

found to be red shifted in comparison to the absorption band edges. 
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Figure 4. 60. Fluorescence spectra of the prepared silver sulphide nanoparticles 

synthesized at 220°C from four different precursors 
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CHAPTER FIVE 

5.1.  Summary of results, conclusion and future prospects  

5.1.1. Summary of results 

This study is based on the synthesis and spectroscopic characterization of copper(II) 

dithiocarbamate complexes and silver(I) dithiocarbamate complexes and their use as single 

source precursors to synthesize copper sulphide and silver sulphide nanoparticles. The first 

chapter of this thesis describes the types of nanomaterials and their applications. The chapter 

describes the methods that have been used to synthesize nanomaterials. The challenges in their 

synthesis and their properties. The complexes that have been used to synthesize these materials 

were also described. The chapter then gives the aim and the objectives of the study. Chapter 

two describes all the experimental methods used in this study to synthesize sodium 

dithiocarbamate ligands and copper(II) and silver(I) dithiocarbamate complexes. The chapter 

also contains detailed characterization techniques used to characterize the synthesized 

compounds and also the materials used in all the reactions. The schemes showing all the 

reactions starting with the synthesis of dithiocarbamates (N-ethyl aniline DTC, N-methyl 

benzyl amine DTC, piperidine DTC, morpholine DTC, phenyl piperazine DTC, Dibenzyl 

amine DTC, Butyl amine DTC and Diallylamine DTC) and the corresponding copper(II) and 

silver(I) dithiocarbamate complexes were also detailed in this chapter.   

 

Chapter three focuses on the spectroscopy characterization of the ligands and complexes. The 

chapter first describes the physical properties of the synthesized compounds. This is followed 

by the table summarizing the FTIR results of the ligands and their respective metal complexes.  
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The FTIR results of the ligands showed the C – S, C = S and C – N vibrations corresponding 

to the dithio- moiety that were expected. In the complexes, the C – S and C = S frequency gave 

one vibration confirming the coordination of the metals to the ligands. The ligands were also 

characterized using the 1H NMR spectroscopy and all the ligands showed all the expected 

resonances. The carbon-13 NMR confirmed the formation of the dithiocarbamates by showing 

the peak at around 210 ppm ascribed to the C – SS environment. UV-Vis analysis carried out 

on the ligands showed two shoulder in ultra violet region corresponding to π – π* and n – π* 

attributed by N–C=S and S–C=S groups. The UV-Vis spectra of the copper complexes 

confirmed the square planar coordination geometry of the copper ion to the ligand. The 

complexes showed two bands at the visible region confirming the square planar geometry. The 

X-ray crystallography of the four complexes isolated (silver(I)N-ethyl aniline, silver(I) 

dibenzyl amine dithiocarbamate, copper(II) piperidine dithiocarbamate and copper(II) dibenzyl 

amine dithiocarbamate complexes) showed the silver(I) dithiocarbamate complexes to be metal 

clusters and the copper(II) complexes to have coordinated in square planar geometry. 

 

Chapter four started with a brief introduction on the method used to synthesized metal sulphide 

nanoparticles and dwelled on the temperature effect on nanomaterial synthesis using this 

method. The method used to synthesize copper sulphide and silver sulphide nanoparticles was 

also presented including the material used and the techniques used to characterize the 

nanomaterials. The nanomaterials were characterized using p-XRD, TEM/HRTEM, SEM and 

FTIR. Their optical properties were investigated with UV-Visible spectroscopy and 

fluorescence spectroscopy. The p-XRD patterns were used to determine the crystallinity phases 

of the copper sulphide and silver sulphide nanoparticles. The patterns suggested the copper 

sulphide nanoparticles to have Cu1.8S digenite phase irrespective of the temperature used in the 

synthesis. α-Ag2S Acanthite phase was revealed for the Ag sulphide nanoparticles at all the 
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temperatures used. TEM images were used to determine the shapes and the sizes of these 

particles. The copper sulphide nanoparticles synthesized at 220°C gave sizes ranging from 41 

- 125 nm, 180°C gave 10 – 55 nm and at 120°C the size ranged from 4 – 54 nm. The particles 

showed a mixture of spherical, square and hexagonal shapes. The silver sulphide nanoparticles 

all showed uniform spherical shape irrespective of reaction temperatures, but the size ranges 

were different. When the precursors were thermolyzed at 120°C the size ranged from 2 to 23 

nm, at 180°C they ranged from 5 to 71 nm and 8 – 78 nm at 220°C.   

 

SEM micrographs showed the metal sulphide nanoparticles have different surface 

morphologies with different precursors and different temperature used in the synthesis. The 

FTIR was used to confirm the coordination of the capping agent on the nanoparticles. UV-Vis 

spectra were used to estimate the energy band gaps of the particles by plotting the Tauc plot. 

The estimated energy band gaps of copper sulphide nanoparticles increased with decrease in 

the thermolysis temperature. That corresponds with the size of the particles obtained from the 

TEM images. However, that did not apply to all the precursors. The band gap energy of the 

silver sulphide nanoparticles showed no particular pattern. All the nanoparticles band gap 

energy were higher than that of the bulk which is 1.2 eV for copper sulphide and 0.9eV for 

silver sulphide semiconductor. This increase in the bandgap is observed as a blue shift in the 

absorption spectra.  
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5.1.2. Conclusion 

The aim of this study was to synthesize and characterize copper(II) and silver(I) 

dithiocarbamate complexes, use them as single source precursors to synthesize metal sulphide 

nanoparticles and study the effect of the precursor and the reaction temperature on the 

properties of the synthesized nanoparticles. The eight sodium dithiocarbamate ligands, eight 

copper(II) and eight silver(I) dithiocarbamate complexes synthesized were characterized. The 

FTIR was used to confirm the C-S, C=S and N-C functional groups, UV-Vis was used to 

confirm the coordination of the metal ion to the ligand, TGA to study the thermal stability of 

the complexes and Single Crystal X-ray for some complexes. The ligands were further 

characterized with 13C and 1H NMR. According to the used characterization techniques the 

ligands and complexes were successfully synthesized. The NMR confirmed the formation of 

the ligands by showing the carbon resonance at around 200 ppm. FTIR studies indicated the 

formation of the complex as two peaks for C-S and C=S were observed in the ligand and only 

C-S frequency was observed in the complexes. UV-Vis confirmed the square planar 

coordination of the ligands to the copper(II) ion. 

 

The sixteen metal complexes were used as single source precursors to synthesize thirty-two 

metal sulphide nanoparticles. Four single source precursors, for each metal were thermolyzed 

at 200 ̊C to study the effect of the precursor in the nanoparticle structural and optical properties. 

The other four precursors for each metal were thermolyzed at three different temperatures, 220, 

180 and 120 ̊C, to study the influence of the temperature to the structural and optical properties 

of the nanoparticles. Their optical properties were studied using Photoluminescence and UV-

Visible. The nanoparticles were found to be quantum confined as the estimated band gap 

energies showed blue shift when compared to that of the bulk.  



212 
 

Their structural properties were characterized using TEM, SEM, FTIR and XRD. The 

temperature of the reaction and the precursor used to synthesize the nanoparticles were 

observed to have an influence on the size and shape of the nanoparticles. It was observed that 

the higher the temperature the bigger the sizes and the higher the agglomeration in CuS 

nanoparticles but all the AgS nanoparticles had a size range between 3 to 30 nm with uniform 

spherical shape. 

 

Characterization of the nanoparticles synthesized proved that the temperature used in the 

synthesis has an effect on the properties of the nanoparticles produced from some precursors. 

The influence of this factor with the precursors and the metals. When the silver precursors were 

thermolyzed at different temperatures, the lower the temperature the smaller the size range as 

the temperature increases the wider the size range. However, irrespective of the temperature 

used the silver complexes gave the same shape and no effect of agglomeration.  

 

Copper complexes showed a different pattern, the sizes of the particles increased as the 

temperature used for thermolysis increased. The degree of agglomeration also became higher 

at higher temperature. The shape of the particles differs with the precursors and the temperature 

used. This proved that the temperature used in the synthesis has an effect on the size of the 

particles which will affect the optical properties of the particles. However, this effect differs 

with the metal used. Silver dithiocarbamate complexes showed a potential in producing 

uniform shaped and mono dispersed nanoparticles using the single source precursor method 

with oleic acid and oleylamine as stabilizer and capping agents.  
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5.1.3. Future prospects 

The future recommendations would be to look at other sulphur containing complexes using the 

same surfactant/capping agents and the same single source precursor method. Also the study 

of the same precursor with different capping agents especially for copper precursors will be 

valueable. Another aspect that needs to be investigated while using this method is the ratio of 

the precursor and capping agents used in the synthesis and also the effect of the reaction 

duration in the formation of the nanoparticles. In-depth understanding of the mechanism of the 

nucleation of the nanoparticles in this method is also very important. The nanoparticles can 

also be used to make nanocomposites with the possibility of looking at potential applications 

in biology and catalysis. 
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6. Appendix A: FTIR spectra of ligands and complexes 

6.1. Appendix A1: FTIR spectra of butyl amine dithiocarbamate, copper(II) and 

silver(I) complex 
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6.2. Appendix A2: FTIR spectra of diallyl amine DTC, copper(II) and silver(I) 

complex 
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6.3. Appendix A3: FTIR spectra of dibenzyl amine DTC, copper(II) and silver(I) 

complex 
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6.4. Appendix A4: FTIR spectra of N-methyl benzyl amine DTC, copper(II) and 

silver(I) complex 
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6.5. Appendix A5: FTIR spectra of N-ethyl aniline DTC, copper(II) and silver(I) 

complex 
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6.6.Appendix A6: FTIR spectra of phenyl piperizine DTC, copper(II) and silver(I) 

complex 
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6.7. Appendix A7: FTIR spectra of morpholine DTC, copper(II) and silver(I) 

complex 
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6.8.Appendix A8: FTIR spectra of piperidine DTC, copper(II) and silver(I) 

complex 
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7. Appendix B: Crystal structure details of the metal dithiocarbamate complexes

Table 1: Data of the crystals  

Compound  [Ag6(DBA-

DTC)6]  

[Ag4(NEA-

DTC)4]  

[Cu(P-DTC)2]  [Cu(DBA-

DTC)2]  

   

           

Formula  C92H86Ag6Cl6N6S

12  

C36H40Ag4N4S8  C12H20CuN2S4  C30H28CuN2S4     

Dcalc./ g cm-3  1.778  1.993  1.645  1.464     

µ/mm-1  1.709  2.349  1.933  1.117     

Formula Weight  2520.30  1216.68  384.08  608.32     

Colour  green  yellow  green  red     

Shape  block  block  block  block     

Size/mm3  0.31×0.23×0.14  0.31×0.17×0.12  0.33×0.19×0.13  0.34×0.23×0.11     

T/K  100(2)  100(2)  100(2)  100(2)     

Crystal System  triclinic  tetragonal  monoclinic  triclinic     

Space Group  P-1  I41/a  P21/c  P-1     

 11.0126(6)  18.9394(7)  6.0792(4)  13.7098(9)     

 14.4254(8)  18.9394(7)  8.4270(6)  14.3201(10)     

 16.2955(10)  11.3026(5)  15.2231(10)  16.2979(11)     

 78.343(3)  90  90  64.916(4)     

 73.321(2)  90  95.995(3)  72.302(3)     

 73.2140(10)  90  90  82.774(2)     

V/Å3  2354.0(2)  4054.3(3)  775.61(9)  2760.8(3)     

Z  1  4  2  4     

Z'  0.5  0.25  0.5  2     

Wavelength/Å  0.71073  0.71073  0.71073  0.71073     

Radiation type  MoK     MoK      

 1.316  2.098  2.691  1.437     

 26.500  27.441  27.432  27.597     

Measured Refl.  35157  32065  12560  39434     

Independent Refl.  9209  2319  1752  11444     

Reflections with I 

> 2(I)  

7745  2305  1675  7950     

Rint  0.0326  0.0328  0.0294  0.0485     

Parameters  550  119  88  667     

Restraints  0  0  0  0     

Largest Peak  1.717  1.043  0.442  0.558     

Deepest Hole  -1.023  -0.352  -0.283  -0.956     

GooF  1.044  1.263  1.233  1.070     

wR2 (all data)  0.1006  0.0511  0.0617  0.1034     

wR2  0.0937  0.0509  0.0611  0.0914     

R1 (all data)  0.0502  0.0234  0.0293  0.0774     

R1  0.0388  0.0231  0.0277  0.0446  
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Table 2: [Ag6(DBA-DTC)6] bond lengths 

Atom Atom Length/Å 

Ag1 Ag2 3.0374(5) 

Ag1 Ag3 2.9198(5) 

Ag1 S5 2.5135(10) 

Ag1 S1 2.4421(11) 

Ag1 S4 2.5161(11) 

Ag2 Ag3 3.3210(5) 

Ag2 Ag31 3.3465(5) 

Ag2 S2 2.5402(11) 

Ag2 S51 2.5171(12) 

Ag2 S3 2.5161(11) 

Ag3 S2 2.4813(10) 

Ag3 S6 2.4642(11) 

Ag3 S41 2.5476(12) 

S2 C15 1.755(4) 

S5 C30 1.752(4) 

S6 C30 1.708(4) 

S1 C15 1.707(5) 

S4 C45 1.750(4) 

S3 C45 1.707(5) 

 

Table 3: [Ag6(DBA-DTC)6] bond angles 

Atom Atom Atom Angle/° 

Ag3 Ag1 Ag2 67.729(12) 

S5 Ag1 Ag2 121.04(3) 

S5 Ag1 Ag3 78.04(3) 

S5 Ag1 S4 91.95(3) 

S1 Ag1 Ag2 92.34(3) 

S1 Ag1 Ag3 90.27(3) 

S1 Ag1 S5 135.35(4) 

S1 Ag1 S4 129.72(4) 

S4 Ag1 Ag2 69.08(3) 

S4 Ag1 Ag3 120.91(3) 

Ag1 Ag2 Ag31 83.324(13) 

Ag1 Ag2 Ag3 54.450(11) 

Ag3 Ag2 Ag31 98.875(12) 

S2 Ag2 Ag1 75.62(3) 

S2 Ag2 Ag3 47.84(2) 

S2 Ag2 Ag31 146.70(3) 

S51 Ag2 Ag1 143.12(3) 

S51 Ag2 Ag31 70.10(3) 

S51 Ag2 Ag3 103.90(2) 

S51 Ag2 S2 113.79(4) 

S3 Ag2 Ag1 85.73(3) 

Atom Atom Atom Angle/° 

S3 Ag2 Ag31 88.73(3) 

S3 Ag2 Ag3 137.72(3) 

S3 Ag2 S2 114.64(4) 

S3 Ag2 S51 117.67(4) 

Ag1 Ag3 Ag2 57.822(11) 

Ag1 Ag3 Ag21 72.757(12) 

Ag2 Ag3 Ag21 81.126(12) 

S2 Ag3 Ag1 78.72(3) 

S2 Ag3 Ag21 130.48(3) 

S2 Ag3 Ag2 49.36(2) 

S2 Ag3 S41 104.99(4) 

S6 Ag3 Ag1 91.71(3) 

S6 Ag3 Ag21 83.75(3) 

S6 Ag3 Ag2 148.86(3) 

S6 Ag3 S2 137.30(4) 

S6 Ag3 S41 114.29(4) 

S41 Ag3 Ag1 124.74(3) 

S41 Ag3 Ag2 82.69(3) 

 

Table 4: [Ag4(NEA-DTC)4] bond angles 

Atom  Atom  Atom  Angle/°  

Ag11  Ag1  Ag12  62.888(8)  

Ag12  Ag1  Ag13  58.557(4)  

Ag11  Ag1  Ag13  58.557(4)  

S13  Ag1  Ag11  146.166(17)  

S13  Ag1  Ag13  88.065(17)  

S13  Ag1  Ag12  96.465(17)  

S13  Ag1  S22  109.12(2)  

S13  Ag1  S2  128.18(2)  

S22  Ag1  Ag12  53.717(16)  

S22  Ag1  Ag11  81.088(16)  

S2  Ag1  Ag11  56.197(16)  

S2  Ag1  Ag13  79.815(16)  

S2  Ag1  Ag12  117.896(16)  

S22  Ag1  Ag13  111.228(15)  

S2  Ag1  S22  122.295(13)  

C9  S1  Ag13  107.39(9)  

Ag1  S2  Ag11  70.087(18)  

C9  S2  Ag1  104.60(9)  
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Table 4: [Ag4(NEA-DTC)4] bond Lengths 

Atom  Atom  Length/Å  

Ag1  Ag11  2.9115(3)  

Ag1  Ag12  2.9115(3)  

Ag1  Ag13  3.0376(4)  

Ag1  S13  2.4490(7)  

Ag1  S2  2.4962(7)  

Ag1  S22  2.5732(7)  

S1  C9  1.700(3)  

S2  C9  1.758(3)  

C9  N1  1.341(3)  

N1  C1  1.449(3)  
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Table 6: [Cu(P-DTC)2] bond angles 

 

 

Table 7: [Cu(P-DTC)2] bond lengths 

 

 

 

 

 

 

 

 

 

 

 

Table 8: [Cu(DBA-DTC)2] bond lengths 

Atom Atom Length/Å 

Cu1 S1 2.2971(9) 

Cu1 S2 2.2969(8) 

Cu1 S3 2.3036(8) 

Cu1 S4 2.2924(9) 

Cu2 S5 2.2733(10) 

Cu2 S6 2.3123(8) 

Cu2 S7 2.2968(10) 

Cu2 S8 2.3231(8) 

S1 C1 1.724(3) 

S2 C1 1.729(3) 

S3 C16 1.727(3) 

S4 C16 1.721(3) 

S5 C31 1.720(3) 

S6 C31 1.728(3) 

S7 C46 1.723(3) 

S8 C46 1.722(3) 

N1 C1 1.321(4) 

N1 C2 1.469(3) 

Atom Atom Length/Å 

N1 C9 1.479(3) 

N2 C16 1.319(4) 

N2 C17 1.487(3) 

N2 C24 1.476(3) 

N3 C31 1.327(4) 

N3 C32 1.476(3) 

N3 C39 1.471(4) 

N4 C46 1.338(4) 

N4 C47 1.468(4) 

N4 C54 1.466(3) 

C2 C3 1.516(4) 

C3 C4 1.386(4) 

C3 C8 1.388(4) 

C4 C5 1.392(4) 

C5 C6 1.372(5) 

C6 C7 1.394(5) 

C7 C8 1.388(4) 

C9 C10 1.506(4) 

C10 C11 1.385(4) 

C10 C15 1.389(4) 

C11 C12 1.392(4) 

C12 C13 1.383(4) 

C13 C14 1.389(5) 

C14 C15 1.381(5) 

   

Table 9: [Cu(DBA-DTC)2] bond angles 

Atom Atom Atom Angle/° 

S1 Cu1 S3 102.35(3) 

S2 Cu1 S1 77.84(3) 

S2 Cu1 S3 179.73(3) 

S4 Cu1 S1 179.16(4) 

S4 Cu1 S2 101.79(3) 

S4 Cu1 S3 78.02(3) 

S5 Cu2 S6 77.89(3) 

S5 Cu2 S7 178.26(3) 

S5 Cu2 S8 101.67(3) 

S6 Cu2 S8 169.28(3) 

S7 Cu2 S6 103.23(3) 

S7 Cu2 S8 77.48(3) 

C1 S1 Cu1 84.25(11) 

C1 S2 Cu1 84.14(10) 

C16 S3 Cu1 83.71(10) 

C16 S4 Cu1 84.17(11) 

C31 S5 Cu2 84.98(11) 

C31 S6 Cu2 83.58(10) 

C46 S7 Cu2 84.58(11) 

C46 S8 Cu2 83.79(10) 

C1 N1 C2 123.1(2) 

Atom  Atom  Atom  Angle/°  

S1  Cu1  S11  180.00(2)  

S11  Cu1  S21  77.83(2)  

S1  Cu1  S2  77.83(2)  

S1  Cu1  S21  102.17(2)  

S11  Cu1  S2  102.17(2)  

S21  Cu1  S2  180.0  

C1  S1  Cu1  84.68(8)  

C1  S2  Cu1  84.16(8)  

S2  C1  S1  112.82(13)  

N1  C1  S1  123.50(17)  

N1  C1  S2  123.66(17)  

    

Atom  Atom  Length/Å  

Cu1  S1  2.2894(6)  

Cu1  S11  2.2894(6)  

Cu1  S21  2.3105(6)  

Cu1  S2  2.3105(6)  

S1  C1  1.737(2)  

S2  C1  1.731(2)  

C1  N1  1.312(3)  

N1  C2  1.479(3)  
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Atom Atom Atom Angle/° 

C1 N1 C9 122.4(2) 

C2 N1 C9 114.5(2) 

C16 N2 C17 122.7(2) 

C16 N2 C24 122.4(2) 

C24 N2 C17 114.7(2) 

C31 N3 C32 122.6(3) 

C31 N3 C39 121.6(2) 

C39 N3 C32 115.7(2) 

C46 N4 C47 122.3(2) 

C46 N4 C54 121.6(3) 

C54 N4 C47 116.1(2) 

S1 C1 S2 113.39(18) 

N1 C1 S1 123.3(2) 

 


