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PREPARATION OF NANO METAL SULPHIDES BY THERMAL 

DECOMPOSITION OF SYNTHESIZED METAL DITHIOCARBAMATE 

COMPLEXES 

 

By 

 

NURUL HIDAYAH BINTI ABDULLAH 

 

March 2015 
 

 

Chairman : Zulkarnain bin Zainal, PhD 

Faculty  : Science  

  

 

Metal sulphides are important semiconductor materials, which are useful in various 

applications such as solar cells, optical coatings, photoconductors, and transductors. In 

this study, several metal dithiocarbamates have been synthesized as single source 

precursors for metal sulphides production. The preparation of metal dithiocarbamate 

was done from the reaction between N-ethylcyclohexanamine with carbon disulphide 

and metal salt in alkaline media. Some difficulties related to high reaction 

temperatures, precursors instability, and difficult synthetic procedures have somewhat 

limited the synthesis of single precursor to certain metal complexes. These compounds 

were found to be effective precursors for nanomaterial fabrication by thermal 

decomposition of metal dithiocarbamates in a tube furnace. Considering the wide scope 

of the subject, current research is restricted to the dithiocarbamates with eight metals, 

namely, zinc(II), nickel(II), copper(II), cobalt(II), cadmium(II), indium(III), 

antimony(III), and bismuth(III). Besides, no surfactant was used in this study due to the 

toxicity although many researchers preferred to use surfactants to control the sizes and 

shapes of the final product. All metal complexes were characterized by Fourier 

transform infrared (FT-IR) spectroscopy, carbon, hydrogen, nitrogen and sulphur 

(CHNS) analyses, direct injection mass spectrometry (DIMS) analysis, thermal 

gravimetric and differential thermal gravimetric (TGA/DTG) analyses, differential 

scanning calorimetry (DSC), inductively coupled plasma (ICP) and single crystal X-ray 

diffraction (XRD) analysis. The physical and elemental analyses of Zn, Cd, Cu dan Ni 

dithiocarbamates (DTC) complexes were confirmed to have the molecular formula of 

C18H32N2S4M (where M is for Zn, Cd, Cu and Ni metal). On the other hand, the 

molecular formula of C27H48N3S6M was confirmed for Co, Sb, In, and Bi-DTC. The 

formation of Zn, Ni, Cu and Sb-DTC crystals were analyzed by single crystal X-ray 

diffraction analysis to determine the detailed molecular geometry and intermolecular 

interaction. Thermal study indicated the percentages of residues left were close to the 

theoretical values attributed to the decomposition of the organic species of the 

complex.  
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The synthesized metal dithiocarbamates were subjected to thermal treatment at 

different calcination durations for the preparation of nano metal sulphides. The 

properties of the metal sulphides were characterized by powder X-ray diffraction 

(XRD), field emission scanning electron microscopy (FESEM), energy dispersive X-

ray (EDX), transmission electron microscopy (TEM) and ultraviolet-visible (UV-Vis) 

reflectance spectroscopy. From XRD spectra, metal sulphides were obtained after heat 

treatment of metal dithiocarbamates for 2, 4 and 6 h at temperature 400 °C. No 

impurities were observed from the spectra indicated the purity of the product. Different 

calcination durations did not affect the crystalline phase but only cause a slight change 

in the peak intensities. FESEM and TEM showed some of the metal sulphides were in 

the form of nanoparticles, nanowhiskers, and nanorods. However some of them were 

agglomerated. Energy Dispersive X-Ray (EDX) analysis showed the composition of 

metal sulphides were close to the theoretical values. The direct band gap observed for 

all metal sulphides except for cadmium sulphide indicated the blue shift if compared to 

the bulk sample. The band gap energies of the resultant metal sulphides could possess 

interesting optical properties and might have significance for future nanoscale device 

applications.  
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PENYEDIAAN NANO LOGAM SULFIDA DARIPADA PENGURAIAN 

TERMA LOGAM DITIOKARBAMAT KOMPLEKS YANG DISINTESIS 

 

Oleh 

 

NURUL HIDAYAH BINTI ABDULLAH 

 

Mac 2015 
 

 

Pengerusi : Zulkarnain bin Zainal, PhD 

Fakulti  : Sains 

 

 

Logam sulfida adalah bahan semikonduktor penting yang boleh digunakan dalam 

pelbagai aplikasi seperti sel solar, lapisan optik, fotokonduktor dan transduktor. Dalam 

kajian ini, beberapa logam ditiokarbamat telah disintesis sebagai prekursor sumber 

tunggal untuk penghasilan logam sulfida bersaiz nano. Penyediaan logam 

ditiokarbamat dilakukan daripada tindak balas antara N-etilsikloheksilamina dengan 

karbon disulfida dan  garam logam di dalam medium beralkali. Beberapa masalah yang 

berkaitan dengan suhu tindak balas yang tinggi, ketidakstabilan prekursor, dan posedur 

sintetik yang sukar telah menyebabkan sedikit sebanyak limitasi sintesis prekursor 

tunggal kepada kompleks logam tertentu.  Sebatian ini telah didapati boleh dijadikan 

prekursor yang efektif untuk fabrikasi bahan nano melalui penguraian terma logam 

ditiokarbarbamat di dalam relau tiub. Memandangkan skop subjek  yang luas, kajian ini 

adalah terhad kepada ditiokarbamat dengan lapan logam, iaitu zink(II), nikel(II), 

kuprum(II), kobalt(II), kadmium(II), indium(III), antimoni (III), dan bismut (III). 

Selain itu, tiada surfaktan yang digunakan di dalam kajian ini kerana ketoksikan 

walaupun ramai penyelidik lebih suka untuk menggunakan surfaktan untuk mengawal 

saiz dan bentuk produk akhir. Semua logam kompleks dilakukan pencirian 

menggunakan analisis spektroskopi inframerah (FTIR), karbon, hidrogen, nitrogen, 

sulfur (CHNS) analisis, spektroskopi jisim suntikan secara terus (DIMS), 

termogravimetri analisis dan termogravimetri pembezaan (TGA/DTG), kalorimetri 

pengimbas pembezaan (DSC), induktif plasma pasangan (ICP), dan analisis kristal 

tunggal pembelauan sinar-X (XRD). Sifat fizikal dan analisis elemen bagi Zn, Cd, Cu 

dan Ni ditiokarbamat (DTC) kompleks mengesahkan formula molekul adalah 

C18H32N2S4M di mana (M= logam Zn, Cd, Cu dan Ni). Manakala formula molekul 

C27H48N3S6M telah dipastikan bagi Co, Sb, In, and Bi-DTC. Pembentukan kristal bagi 

Zn, Ni, Cu dan Sb-DTC telah dianalisis menggunakan kristal tunggal pembelauan 

sinar-X analisis untuk menentukan geometri molekul secara terperinci dan interaksi 

antara molekul. Kajian terma menunjukkan peratus baki yang tinggal adalah hampir 

sama dengan nilai teori yang terhasil daripada penguraian bahagian kompleks organik.   

 

 

Logam ditiokarbamat yang disintesis telah dilakukan rawatan terma pada tempoh 

pengkalsinan yang berbeza untuk penghasilan nano logam sulfida. Sifat-sifat logam 

sulfida telah dicirikan menggunakan serbuk pembelauan sinar-X (XRD), mikroskopi  

pengimbas pancaran medan elektron (FESEM), penyerakan tenaga sinar-X (EDX), 
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mikroskopi transmisi elektron (TEM) dan pantulan spektroskopi ultraungu cahaya 

nampak (UV-Vis). Daripada spektrum-spektrum XRD, logam sulfida telah   terhasil 
selepas haba terma dikenakan ke atas logam ditiokarbamat selama 2, 4 dan 6 jam pada 

suhu 400 °C. Tiada bendasing yang dilihat di dalam spektrum-spektrum menunjukkan 

keaslian produk. Perubahan tempoh pengkalsinan tidak memberikan kesan terhadap 

fasa kristal tetapi menyebabkan sedikit perubahan berlaku pada intensiti puncak-

puncak. FESEM dan TEM menunjukkan sebahagian daripada logam sulfida adalah di 

dalam bentuk nanopartikel, nanowiskes, dan nanorod. Walaubagaimanapun, 

sebahagian daripadanya adalah bergumpal. Analisis penyerakan tenaga sinar-X (EDX) 

menunjukkan komposisi logam sulfida adalah hampir sama dengan nilai teori. Jurang 

tenaga langsung yang terhasil untuk semua logam sulfida kecuali kadmium sulfida 

menunjukkan anjakan biru berbanding dengan bahan bersaiz besar. Nilai jurang tenaga 

bagi logam sulfida yang terhasil mempunyai ciri-ciri optik yang menarik dan mungkin 

mempunyai kepentingan dalam aplikasi peranti bersaiz nano pada masa akan datang. 
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times (a) 2 h(FESEM), (b) 4 h(FESEM),  (c) 6 h(FESEM),  (d) 2 

h(TEM), (e) 4 h(TEM) and (f) 6 h(TEM), magnification 100 000 X 

Images of nickel sulphide prepared at 400 °C at calcination times 

(a) 2 h(FESEM), (b) 4 h(FESEM),  (c) 6 h(FESEM),  (d) 2 

h(TEM), (e) 4 h(TEM) and (f) 6 h(TEM), magnification 100 000 X  

Images of indium sulphide prepared at 400 °C at calcination times 

(a) 2 h(FESEM), (b) 4 h(FESEM),  (c) 6 h(FESEM),  (d) 2 

h(TEM), (e) 4 h(TEM) and (f) 6 h(TEM), magnification 100 000 X 

Images of copper sulphide prepared at 400 °C at calcination times 

(a) 2 h(FESEM), (b) 4 h(FESEM),  (c) 6 h(FESEM),  (d) 2 

h(TEM), (e) 4 h(TEM) and (f) 6 h(TEM), magnification 100 000 X 

Images of cobalt sulphide prepared at 400 °C at calcination times 

(a) 2 h(FESEM), (b) 4 h(FESEM),  (c) 6 h(FESEM),  (d) 2 

h(TEM), (e) 4 h(TEM) and (f) 6 h(TEM), magnification 100 000 X 

Diffuse reflectance ultraviolet/visible spectra of bismuth sulphide, 

plotted as the Kubelka-Munk function (F) of the reflectance (a) 2 h 

(b) 4 h (c) 6 h at 400 °C.  Corresponding plot of transformed 

Kubelka–Munk function versus the energy of light (d) 2 h (e) 4 h 

(f) 6 h at 400 °C 

Diffuse reflectance ultraviolet/visible spectra of antimony 

sulphide, plotted as the Kubelka-Munk function (F) of the 

reflectance (a) 2 h (b) 4 h (c) 6 h at 400 °C.  Corresponding plot of 

transformed Kubelka–Munk function versus the energy of light (d) 

2 h (e) 4 h (f) 6 h at 400 °C 

Diffuse reflectance ultraviolet/visible spectra of cadmium 

sulphide, plotted as the Kubelka-Munk function (F) of the 

reflectance (a) 2 h (b) 4 h (c) 6 h at 400 °C.  Corresponding plot of 

transformed Kubelka–Munk function versus the energy of light (d) 

2 h (e) 4 h (f) 6 h at 400 °C 

Diffuse reflectance ultraviolet/visible spectra of cobalt sulphide, 

plotted as the Kubelka-Munk function (F) of the reflectance (a) 2 h 

(b) 4 h (c) 6 h at 400 °C.  Corresponding plot of transformed 

Kubelka–Munk function versus the energy of light (d) 2 h (e) 4 h 

(f) 6 h at 400 °C 

Diffuse reflectance ultraviolet/visible spectra of nickel sulphide, 

plotted as the Kubelka-Munk function (F) of the reflectance (a) 2 h 

(b) 4 h (c) 6 h at 400 °C.  Corresponding plot of transformed 
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Kubelka–Munk function versus the energy of light (d) 2 h (e) 4 h 

(f) 6 h at 400 °C 

Diffuse reflectance ultraviolet/visible spectra of indium sulphide, 

plotted as the Kubelka-Munk function (F) of the reflectance (a) 2 h 

(b) 4 h (c) 6 h at 400 °C.  Corresponding plot of transformed 

Kubelka–Munk function versus the energy of light (d) 2 h (e) 4 h 

(f) 6 h at 400 °C 

Diffuse reflectance ultraviolet/visible spectra of zinc sulphide, 

plotted as the Kubelka-Munk function (F) of the reflectance (a) 2 h 

(b) 4 h (c) 6 h at 400 °C.  Corresponding plot of transformed 

Kubelka–Munk function versus the energy of light (d) 2 h (e) 4 h 

(f) 6 h at 400 °C 

Diffuse reflectance ultraviolet/visible spectra of copper sulphide, 

plotted as the Kubelka-Munk function (F) of the reflectance (a) 2 h 

(b) 4 h (c) 6 h at 400 °C.  Corresponding plot of transformed 

Kubelka–Munk function versus the energy of light (d) 2 h (e) 4 h 

(f) 6 h at 400 °C 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 General Introduction of Dithiocarbamates  

 

Dithiocarbamates are versatile chelating agents with generic anion formula of        

‒S2CNR‘2  (Figure 1.1) that are well known important class of metal-coordinating 

agents that bind strongly and selectively to many metal ions (Jayaraju et al., 2012; 

Nabipour et al., 2010; Tiekink, 2008). The resonance form (II), has significant 

contribution towards the stability of such complexes by ensuring that this anion is a 

very effective ligand for metals (Tiekink, 2008). Preparation of dithiocarbamates 

compound have been studied extensively due to their potential applications for 

treatment of bacterial and fungal infections, possible treatment of AIDS, anticancer 

agents and as synthetic precursors for the deposition of metal sulphide nanoparticles 

(Buac et al., 2012, Jayaraju et al., 2012; Nabipour et al., 2010; Tiekink, 2008; Xie et 

al., 2004; Faraglia et al., 2001). Among the sulphur ligands, the dithiocarbamate 

species (RR-NCS2−) with 3-electron donors are important family of classical anionic 

ligands that capable of stabilising metal centres in a variety of oxidation states (Dutta et 

al., 2002).  

 
 

Figure 1.1:  Generic structures for (I) the dithiocarbamate anion, (II) an 

important resonance structure for the dithiocarbamate anion (Tiekink, 2008) 

        

 

1.2 Metal Dithiocarbamates  as Single Source Precursors 

 

In recent years, metal dithiocarbamates have attracted increasing attention on account 

of their potential as single source precursors for preparation of metal sulphide (Xie et 

al., 2004; Romano and Alves, 2006). The utilization of single source precursors for 

preparation of metal sulphides offer several advantages owing to the synthesis process 

can be conducted under anaerobic condition which is important due to some of group 

II-VI and III-V are air sensitive. Furthermore, the use of volatile, sometimes toxic 

and/or pyrophoric precursors also can be avoided. Besides, the utilization of one 

volatile precursor can make the purification be handled easily than that of two or more 

volatile precursors that mostly contribute to the impurities into the nanoparticles. In 

addition, low temperature deposition routes are also possible for production of 

semiconductor nanoparticles. Hence, these factors can affect the optical properties of 

the compound relative to the predicting optical properties owing to the development of 

particles with various sizes and shapes (Pickett and Brien, 2001). 
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Many potential single-molecular precursors have been synthesized but some problems 

related to low volatility and lacks of stoichiometric control are still the main concern 

for researchers. In most cases, the formation of large particles possessing wide size 

distributions were attained owing to the solid state thermolysis method employed and 

the absence of a capping agent, both of which fail to separate the nucleation and growth 

processes. The agglomeration of the particles also occurs due to the incomplete 

coordination of surface atoms in nanoparticles which makes them highly reactive. 

Thus, this problem is overcomed by passivating (capping) the ―bare‖ surface atoms 

with protecting groups which give benefit by protecting the particle from its 

surrounding environment, and provides electronic stabilization to the surface. 

Generally, the capping agent takes the form of a Lewis base compound covalently 

bound to surface metal atoms but other compound such as an organic polymer forming 

a sheaf around the particle, or an organic group bonded directly to the surface, have 

been  employed (Pickett and Brien, 2001). 

 

 

1.3 Synthetic procedures of metal dithiocarbamates  

 

There are two different techniques have been employed for preparation of metal 

dithiocarbamates. The first technique involved the preparation of ligand, followed by 

the synthesis of metal complexes in two separate processes (Mthethwa et al., 2009; 

Jayaraju et al., 2012). Meanwhile, other techniques involved one pot synthesis of direct 

reaction between metal salt with carbon disulphide, and secondary amine in methanol 

solution (Dutta et al., 2002; Sivagurunathan et al., 2014). The preparation of metal 

dithiocarbamates has been reported extensively by facile reaction between metal salt 

with carbon disulphide and secondary amine in ethanol or methanol solution (Nomura 

et al., 1987; Yin et al., 2008; Awang et al., 2011; Sivagurunathan et al., 2014; 

Breviglieri et al., 2000). Other solvents such as acetone, acetonitrile, benzene and 

chloroform have been used for synthesizing metal dithiocarbamates (Nomura et al., 

1987; Oliveira et al., 1999).  Most of the reaction was conducted in ice cold solution 

between 0 to 5 °C (Awang et al., 2011; Sivagurunathan et al., 2014). However, room 

temperature preparation of gallium (III), indium (III), copper (II), nickel (II) and 

manganese (II) dithiocarbamates also have been reported with high yield of products 

(Dutta et al., 2002; Jayaraju et al., 2012; Travnicek et al., 2008). Potassium hydroxide 

and sodium hydroxide have been utilized to provide basicity of solution for preparation 

of metal dithiocarbamates (Wang et al., 2009; Jayaraju et al., 2012).  

 

 

Up to now, several ligands have been used for preparation of single source precursors 

for metal sulphide production. For example diethyldithiocarbamate has been used for 

synthesis of PbS, Cu2S, In2S3 and ZnS (Plante et al., 2010; Acharya et al., 2012; Zhai et 

al., 2006). Meanwhile, the preparation of HDA capped ZnS, CdS and HgS 

nanoparticles have been reported by utilizing N-methyl-N-phenyl dithiocarbamate. 

Furthermore, Tris (N,N-ethylbutyl dithiocarbamate) was used to synthesize In2S3 thin 

films. Pyrrolidine dithiocarbamate also has been used for preparation of CdS 

nanocrystals (Nirmal et al., 2011). Besides, N-methyl-N-phenyl dithiocarbamate has 

been used for preparation of ZnS, CdS and HgS nanoparticles (Onwudiwe and Ajibade, 

2011a). In addition, piperidine dithiocarbamate (DTC), has been used for preparation 

of HDA capped CdS nanoparticles (Mththewa et al., 2009). Other researchers also 

demonstrated the utilization of N-ethylbutyldithiocarbamate and 2-

ethylpiperidinedithiocarbamate for preparation of ZnS thin film (Seo et al., 2005). On 
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the other hand, dialkyldithiocarbamate has been used for preparation of Bi2S3 

nanoparticles and nanorods (Monteiro et al., 2001; Wang et al., 2009). 

 

 

1.4 Problem Statement and Scope of Research 

 

Some difficulties related to high reaction temperatures, precursors instability, and 

lengthy synthetic procedures have limited the single precursor approach to certain 

metal complexes. Therefore, in this study the synthesized metal dithiocarbamates will 

be investigated to determine the suitability of these precursors for metal sulphides 

production. Considering the wide scope of the subject, present research was restricted 

to the dithiocarbamates derived from nickel(II), copper(II), zinc(II), cobalt(II), 

cadmium(II), In(III), Sb(III), and Bi(III). N-ethyl cyclohexanamine was used as an 

amine source for preparation of metal dithiocarbamates. Although some of the 

synthesized metal dithiocarbamates have been reported before but the study only 

focused on the application in biological activities. In this study, the synthesized metal 

dithiocarbamates were used as precursors for metal sulphides production for 

application in the semiconductor field. Thermal decomposition of the synthesized metal 

dithiocarbamates at different calcination times was investigated to study the effects on 

the morphology, particle sizes and band gap energy of the product obtained. Metal 

dithiocarbamates were characterized by Fourier transform infrared (FT-IR) 

spectroscopy, carbon, hydrogen, nitrogen and sulphur (CHNS) analyses, direct 

injection mass spectrometry (DIMS) analysis, thermal gravimetric and differential 

thermal gravimetric (TGA/DTG) analyses, differential scanning calorimetry (DSC), 

inductively coupled plasma (ICP) and single crystal X-ray diffraction (XRD) analysis. 

On the other hand, the synthesized metal dithiocarbamates were subjected to thermal 

treatment at different calcination durations for the preparation of nano metal sulphides. 

The properties of the metal sulphides were characterized by powder X-ray diffraction 

(XRD), field emission scanning electron microscopy (FESEM), energy dispersive X-

ray (EDX), transmission electron microscopy (TEM) and ultraviolet-visible (UV-Vis) 

reflectance spectroscopy. 

 

 

1.5 Research Objectives 

 

The objectives of this research are: 

 

1. To prepare eight metal dithiocarbamate precursors derived  from copper(II), 

nickel(II), cadmium(II), zinc(II), cobalt(II), indium(III), antimony(III) and 

bismuth(III) by in-situ chemical reaction between N-ethyl cyclohexanamine, 

carbon disulphide, potassium hydroxide and metal salt in ethanolic solution.  

2. To characterize metal dithiocarbamates using various phsico-chemical, 

spectroscopic and where possible, single crystal X-Ray Diffraction analyses. 

3. To prepare metal sulphides from thermal decomposition of metal 

dithiocarbamates at different calcination times of 2, 4 and 6 hours. 

4. To characterize metal sulphides and determine effects of different calcination 

times on the phases, morphologies, particle sizes and band gap energy. 
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APPENDICES 

Appendix A: Mass Spectra of Metal Dithiocarbamates 

Mass Spectrum of Cu-DTC 

Mass Spectrum of Cd-DTC  

Mass Spectrum of Ni-DTC 
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Mass Spectrum of Zn-DTC 

 
Mass Spectrum of Co-DTC 

Mass Spectrum of In-DTC 
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Mass Spectrum of Sb-DTC 

 

 
Mass Spectrum of Bi-DTC 
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Appendix B: Single Crystal XRD analysis 

 

 

1. Crystal data for Cu-DTC 

 
 

C18H32CuN2S4 ? 

Mr = 468.28 Dx = 1.452 Mg m
−3

 

Monoclinic, P21/n Melting point: ? K 

Hall symbol: ? Mo Kα radiation, λ = 0.71070 Å 

a = 10.4601 (3) Å Cell parameters from 5418 reflections 

b = 18.5191 (8) Å θ = 2–29° 

c = 11.0847 (5) Å µ = 1.42 mm
−1

 

β = 94.192 (3)° T = 100 K 

V = 2141.49 (15) Å
3
 Block-like, dark brown 

Z = 4 0.23 × 0.13 × 0.08 mm 

F(000) = 988  

Data Collection 

Oxford Diffraction Gemini  

diffractometer 
4128 reflections with I > 2.0σ(I) 

Radiation source: ? Rint = 0.035 

graphite θmax = 28.9°, θmin = 2.2° 

ω scans h = −13 13 

Absorption correction: multi-scan  

CrysAlis, (Oxford Diffraction, 2002) 
k = −24 22 

Tmin = 0.73, Tmax = 0.89 l = −14 15 

14203 measured reflections Standard reflections: 0 

4909 independent reflections  

 

Refinement 

 

Refinement on F
2
 Secondary atom site location: ? 

Least-squares matrix: full 
Hydrogen site location: difference 

Fourier map 

R[F
2
 > 2σ(F

2
)] = 0.031 H-atom parameters constrained 

wR(F
2
) = 0.073 

Method = Modified Sheldrick w = 

1/[σ
2
(F

2
) + ( 0.03P)

2
 + 1.4P] ,  

where P = (max(Fo
2
,0) + 2Fc

2
)/3 

S = 0.97 (Δ/σ)max = 0.002 

4893 reflections Δρmax = 0.66 e Å
−3

 

226 parameters Δρmin = −0.49 e Å
−3

 

0 restraints Extinction correction: None 

? constraints Extinction coefficient: ? 

Primary atom site location: structure-

invariant direct methods 
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Bond lengths (Å) for Cu-DTC 

Cu1—S2i 2.9624 (6) C13—H132 0.972 

Cu1—S2 2.3266 (5) C13—H133 0.953 

Cu1—C3 2.7569 (19) C13—H131 0.963 

Cu1—S4 2.2929 (5) S14—C15 1.7236 (18) 

Cu1—S14 2.3170 (5) C15—S16 1.7234 (19) 

Cu1—C15 2.7567 (19) C15—N17 1.329 (2) 

Cu1—S16 2.3048 (5) N17—C18 1.484 (2) 

S2—C3 1.7333 (18) N17—C24 1.476 (2) 

C3—S4 1.7208 (19) C18—C19 1.525 (3) 

C3—N5 1.325 (2) C18—C23 1.531 (3) 

N5—C6 1.494 (2) C18—H181 0.971 

N5—C12 1.472 (2) C19—C20 1.533 (3) 

C6—C7 1.530 (3) C19—H191 0.979 

C6—C11 1.521 (3) C19—H192 0.980 

C6—H61 0.979 C20—C21 1.524 (3) 

C7—C8 1.531 (3) C20—H201 0.984 

C7—H71 0.962 C20—H202 0.984 

C7—H72 0.975 C21—C22 1.533 (3) 

C8—C9 1.522 (3) C21—H211 0.980 

C8—H81 0.976 C21—H212 0.976 

C8—H82 0.979 C22—C23 1.534 (3) 

C9—C10 1.527 (3) C22—H221 0.973 

C9—H91 0.974 C22—H222 0.982 

C9—H92 0.970 C23—H231 0.966 

C10—C11 1.535 (3) C23—H232 0.963 

C10—H101 0.974 C24—C25 1.524 (3) 

C10—H102 0.978 C24—H241 0.975 

C11—H111 0.973 C24—H242 0.966 

C11—H112 0.970 C25—H252 0.956 

C12—C13 1.517 (3) C25—H253 0.960 

C12—H121 0.972 C25—H251 0.961 

C12—H122 0.966   

 

Bond angle (°) for Cu-DTC 

 

S2i—Cu1—S2 84.694 (17) N5—C12—H121 109.2 

S2i—Cu1—C3 91.06 (4) C13—C12—H121 108.9 

S2—Cu1—C3 38.72 (4) N5—C12—H122 107.7 

S2i—Cu1—S4 98.664 (18) C13—C12—H122 108.8 

S2—Cu1—S4 77.171 (18) H121—C12—H122 108.5 

C3—Cu1—S4 38.48 (4) C12—C13—H132 108.7 

S2i—Cu1—S14 97.807 (17) C12—C13—H133 109.9 

S2—Cu1—S14 176.85 (2) H132—C13—H133 110.2 

C3—Cu1—S14 138.98 (4) C12—C13—H131 108.7 

S4—Cu1—S14 100.496 (19) H132—C13—H131 109.5 

S2i—Cu1—C15 100.28 (4) H133—C13—H131 109.7 

S2—Cu1—C15 143.03 (4) Cu1—S14—C15 84.68 (7) 
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C3—Cu1—C15 168.60 (5) S14—C15—Cu1 56.81 (6) 

S4—Cu1—C15 136.69 (4) S14—C15—S16 113.21 (11) 

S14—Cu1—C15 38.50 (4) Cu1—C15—S16 56.41 (6) 

S2i—Cu1—S16 98.760 (17) S14—C15—N17 123.18 (14) 

S2—Cu1—S16 104.548 (18) Cu1—C15—N17 179.16 (14) 

C3—Cu1—S16 141.06 (4) S16—C15—N17 123.61 (13) 

S4—Cu1—S16 162.58 (2) C15—S16—Cu1 85.07 (6) 

S14—Cu1—S16 77.028 (18) C15—N17—C18 120.39 (15) 

C15—Cu1—S16 38.53 (4) C15—N17—C24 120.44 (15) 

Cu1i—S2—Cu1 95.306 (17) C18—N17—C24 118.95 (15) 

Cu1i—S2—C3 98.83 (6) N17—C18—C19 110.84 (15) 

Cu1—S2—C3 84.19 (7) N17—C18—C23 113.30 (15) 

S2—C3—Cu1 57.10 (5) C19—C18—C23 111.32 (16) 

S2—C3—S4 113.06 (11) N17—C18—H181 106.8 

Cu1—C3—S4 56.01 (6) C19—C18—H181 107.7 

S2—C3—N5 123.31 (14) C23—C18—H181 106.5 

Cu1—C3—N5 177.12 (14) C18—C19—C20 110.00 (16) 

S4—C3—N5 123.63 (14) C18—C19—H191 108.0 

C3—S4—Cu1 85.51 (6) C20—C19—H191 110.8 

C3—N5—C6 119.11 (15) C18—C19—H192 108.5 

C3—N5—C12 120.22 (15) C20—C19—H192 109.8 

C6—N5—C12 120.66 (15) H191—C19—H192 109.7 

N5—C6—C7 111.71 (15) C19—C20—C21 110.88 (17) 

N5—C6—C11 113.53 (15) C19—C20—H201 109.8 

C7—C6—C11 111.29 (16) C21—C20—H201 108.6 

N5—C6—H61 106.1 C19—C20—H202 108.6 

C7—C6—H61 105.9 C21—C20—H202 109.1 

C11—C6—H61 107.8 H201—C20—H202 109.9 

C6—C7—C8 109.50 (15) C20—C21—C22 111.18 (17) 

C6—C7—H71 108.4 C20—C21—H211 109.8 

C8—C7—H71 110.0 C22—C21—H211 109.4 

C6—C7—H72 109.3 C20—C21—H212 108.1 

C8—C7—H72 110.0 C22—C21—H212 108.2 

H71—C7—H72 109.6 H211—C21—H212 110.2 

C7—C8—C9 111.39 (17) C21—C22—C23 111.87 (16) 

C7—C8—H81 109.0 C21—C22—H221 109.3 

C9—C8—H81 107.9 C23—C22—H221 108.9 

C7—C8—H82 109.4 C21—C22—H222 108.9 

C9—C8—H82 109.6 C23—C22—H222 108.8 

H81—C8—H82 109.4 H221—C22—H222 109.0 

C8—C9—C10 111.01 (16) C22—C23—C18 109.02 (16) 

C8—C9—H91 108.9 C22—C23—H231 110.1 

C10—C9—H91 109.0 C18—C23—H231 110.7 

C8—C9—H92 110.9 C22—C23—H232 108.4 

C10—C9—H92 107.9 C18—C23—H232 110.5 

H91—C9—H92 109.0 H231—C23—H232 108.1 

C9—C10—C11 111.47 (17) N17—C24—C25 112.76 (16) 

C9—C10—H101 108.6 N17—C24—H241 107.3 
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C11—C10—H101 110.4 C25—C24—H241 110.3 

C9—C10—H102 108.3 N17—C24—H242 108.1 

C11—C10—H102 108.5 C25—C24—H242 108.8 

H101—C10—H102 109.6 H241—C24—H242 109.5 

C10—C11—C6 109.16 (16) C24—C25—H252 107.9 

C10—C11—H111 110.0 C24—C25—H253 109.3 

C6—C11—H111 109.5 H252—C25—H253 111.0 

C10—C11—H112 108.7 C24—C25—H251 108.6 

C6—C11—H112 109.5 H252—C25—H251 109.8 

H111—C11—H112 110.0 H253—C25—H251 110.1 

N5—C12—C13 113.64 (16)   

 

 

2. Crystal data for Ni-DTC 
 

C9H16NNi0.50S2 ? 

Mr = 231.72 Dx = 1.431 Mg m
−3

 

Orthorhombic, Pbca Melting point: ? K 

Hall symbol: ? Mo Kα radiation, λ = 0.71073 Å 

a = 9.9135 (4) Å Cell parameters from 3099 reflections 

b = 12.4601 (5) Å θ = 2–29° 

c = 17.4087 (6) Å µ = 1.30 mm
−1

 

V = 2150.38 (14) Å
3
 T = 100 K 

Z = 8 Prismatic, green 

F(000) = 984 0.32 × 0.13 × 0.09 mm 

Data Collection 

Oxford Diffraction Gemini  

diffractometer 
2114 reflections with I > 2.0σ(I) 

Radiation source: ? Rint = 0.031 

graphite θmax = 28.7°, θmin = 2.3° 

ω scans h = −10 13 

Absorption correction: multi-scan  

CrysAlis, (Oxford Diffraction, 2002) 
k = −15 15 

Tmin = 0.73, Tmax = 0.89  l = −22 19 

9128 measured reflections Standard reflections: 0 

2518 independent reflections  

 

Refinement 

 

Refinement on F
2
 Secondary atom site location: ? 

Least-squares matrix: full 
Hydrogen site location: difference 

Fourier map 

R[F
2
 > 2σ(F

2
)] = 0.029 H-atom parameters constrained 

wR(F
2
) = 0.065 

Method = Modified Sheldrick w = 

1/[σ
2
(F

2
) + (0.02P)

2
 + 2.33P] ,  

where P = (max(Fo
2
,0) + 2Fc

2
)/3 
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S = 0.97 (Δ/σ)max =  0.001 

2510 reflections Δρmax = 0.61 e Å
−3

 

115 parameters Δρmin = −0.51 e Å
−3

 

0 restraints Extinction correction: None 

? constraints Extinction coefficient: ? 

Primary atom site location: structure-

invariant direct methods 

 

 

Bond lengths (Å) for Ni-DTC 

Ni1—C3i 2.6934 (19) C8—C9 1.529 (3) 

Ni1—S4i 2.2102 (4) C8—H81 0.967 

Ni1—S2i 2.1990 (5) C8—H82 0.971 

Ni1—S2 2.1990 (5) C9—C10 1.522 (3) 

Ni1—C3 2.6934 (19) C9—H91 0.973 

Ni1—S4 2.2102 (4) C9—H92 0.964 

S2—C3 1.7240 (18) C10—C11 1.531 (2) 

C3—S4 1.7275 (19) C10—H101 0.978 

C3—N5 1.317 (2) C10—H102 0.961 

N5—C6 1.492 (2) C11—H111 0.990 

N5—C12 1.484 (2) C11—H112 0.976 

C6—C7 1.521 (3) C12—C13 1.516 (3) 

C6—C11 1.529 (3) C12—H121 0.986 

C6—H61 0.988 C12—H122 0.969 

C7—C8 1.527 (3) C13—H132 0.969 

C7—H71 0.974 C13—H133 0.962 

C7—H72 0.961 C13—H131 0.965 

 

Bond angle (°) for Ni-DTC 

C3
i
—Ni1—S4

i
 39.74 (4) H71—C7—H72 108.6 

C3
i
—Ni1—S2

i
 39.67 (4) C7—C8—C9 111.55 (16) 

S4
i
—Ni1—S2

i
 79.401 (17) C7—C8—H81 108.7 

C3
i
—Ni1—S2 140.33 (4) C9—C8—H81 109.7 

S4
i
—Ni1—S2 100.599 (17) C7—C8—H82 109.0 

S2
i
—Ni1—S2 179.995 C9—C8—H82 108.4 

C3
i
—Ni1—C3 179.996 H81—C8—H82 109.4 

S4
i
—Ni1—C3 140.26 (4) C8—C9—C10 110.26 (16) 

S2
i
—Ni1—C3 140.33 (4) C8—C9—H91 109.2 

S2—Ni1—C3 39.67 (4) C10—C9—H91 111.2 

C3
i
—Ni1—S4 140.26 (4) C8—C9—H92 108.5 

S4
i
—Ni1—S4 179.995 C10—C9—H92 108.8 

S2
i
—Ni1—S4 100.599 (17) H91—C9—H92 108.9 

S2—Ni1—S4 79.401 (17) C9—C10—C11 111.20 (15) 

C3—Ni1—S4 39.74 (4) C9—C10—H101 110.1 

Ni1—S2—C3 85.82 (6) C11—C10—H101 109.3 

1%20_refine_ls_goodness_of_fit_ref
1%20_refine_ls_shift/su_max
1%20_refine_ls_number_reflns
1%20_refine_diff_density_max
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1%20_atom_sites_solution_primary
1%20_atom_sites_solution_primary


© C
OPYRIG

HT U
PM

110 
 

S2—C3—Ni1 54.51 (5) C9—C10—H102 108.7 

S2—C3—S4 109.37 (10) C11—C10—H102 108.6 

Ni1—C3—S4 54.88 (5) H101—C10—H102 108.9 

S2—C3—N5 124.62 (14) C10—C11—C6 109.98 (16) 

Ni1—C3—N5 178.28 (13) C10—C11—H111 108.3 

S4—C3—N5 126.01 (14) C6—C11—H111 109.6 

C3—S4—Ni1 85.38 (6) C10—C11—H112 109.1 

C3—N5—C6 120.82 (15) C6—C11—H112 109.0 

C3—N5—C12 119.90 (15) H111—C11—H112 110.8 

C6—N5—C12 118.64 (15) N5—C12—C13 113.40 (16) 

N5—C6—C7 109.64 (14) N5—C12—H121 109.1 

N5—C6—C11 112.04 (15) C13—C12—H121 108.6 

C7—C6—C11 111.77 (15) N5—C12—H122 107.2 

N5—C6—H61 106.6 C13—C12—H122 109.6 

C7—C6—H61 109.2 H121—C12—H122 109.0 

C11—C6—H61 107.4 C12—C13—H132 107.5 

C6—C7—C8 111.30 (15) C12—C13—H133 108.9 

C6—C7—H71 108.9 H132—C13—H133 110.2 

C8—C7—H71 109.1 C12—C13—H131 110.3 

C6—C7—H72 108.9 H132—C13—H131 110.5 

C8—C7—H72 110.0 H133—C13—H131 109.5 

 

 

3. Crystal data for Zn-DTC 

 

 
 

C18H32N2S4Zn ? 

Mr = 470.11 Dx = 1.405 Mg m
−3

 

Monoclinic, P21/c Melting point: ? K 

Hall symbol: ? Mo Kα radiation, λ = 0.71073 Å 

a = 13.1079 (2) Å Cell parameters from 42931 reflections 

b = 14.3315 (2) Å θ = 2–29° 

c = 11.9614 (2) Å µ = 1.49 mm
−1

 

β = 98.4533 (12)° T = 100 K 

V = 2222.61 (6) Å
3
 Block-like, colourless 

Z = 4 0.36 × 0.24 × 0.21 mm 

F(000) = 992  

Data Collection 

Oxford Diffraction Gemini  

diffractometer 

5218 reflections with I > 2.0σ(I) 

 

Radiation source: ? Rint = 0.037 

graphite θmax = 29.0°, θmin = 2.2° 

ω scans h = −17 17 

Absorption correction: multi-scan  k = −19 19 
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CrysAlis, (Oxford Diffraction, 2002) 

Tmin = 0.63, Tmax = 0.73 l = −15 15 

94463 measured reflections Standard reflections: 0 

5604 independent reflections  

 

Refinement 

 

Refinement on F
2
 Secondary atom site location: ? 

Least-squares matrix: full 
Hydrogen site location: difference 

Fourier map 

R[F
2
 > 2σ(F

2
)] = 0.019 H-atom parameters constrained 

wR(F
2
) = 0.044 

Method = Modified Sheldrick w = 

1/[σ
2
(F

2
) + ( 0.02P)

2
 + 1.42P] ,  

where P = (max(Fo
2
,0) + 2Fc

2
)/3 

S = 0.96 (Δ/σ)max = 0.001 

5587 reflections Δρmax = 0.40 e Å
−3

 

226 parameters Δρmin = −0.25 e Å
−3

 

0 restraints Extinction correction: None 

? constraints Extinction coefficient: ? 

Primary atom site location: structure-

invariant direct methods 

 

 

 

Bond lengths (Å) for Zn-DTC 

Zn1—S4
i
 2.3821 (3) C13—H133 0.955 

Zn1—S2 2.3498 (3) C13—H131 0.971 

Zn1—S4 2.7542 (3) S14—C15 1.7380 (11) 

Zn1—S14 2.3566 (3) C15—S16 1.7204 (11) 

Zn1—S16 2.4488 (3) C15—N17 1.3329 (13) 

S2—C3 1.7201 (11) N17—C18 1.4871 (13) 

C3—S4 1.7545 (11) N17—C24 1.4797 (13) 

C3—N5 1.3212 (13) C18—C19 1.5288 (15) 

N5—C6 1.4854 (13) C18—C23 1.5252 (16) 

N5—C12 1.4814 (14) C18—H181 0.977 

C6—C7 1.5291 (15) C19—C20 1.5308 (16) 

C6—C11 1.5290 (15) C19—H191 0.973 

C6—H61 0.976 C19—H192 0.985 

C7—C8 1.5321 (18) C20—C21 1.519 (2) 

C7—H71 0.981 C20—H201 0.979 

C7—H72 0.966 C20—H202 0.978 

C8—C9 1.525 (2) C21—C22 1.523 (2) 

C8—H81 0.987 C21—H211 0.983 

C8—H82 0.962 C21—H212 0.959 

C9—C10 1.5229 (19) C22—C23 1.5330 (17) 

C9—H91 0.979 C22—H221 0.963 

C9—H92 0.961 C22—H222 0.983 

C10—C11 1.5274 (16) C23—H231 0.977 
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C10—H101 0.969 C23—H232 0.981 

C10—H102 0.980 C24—C25 1.5211 (17) 

C11—H111 0.963 C24—H241 0.976 

C11—H112 0.980 C24—H242 0.956 

C12—C13 1.5230 (16) C25—H252 0.960 

C12—H121 0.969 C25—H253 0.971 

C12—H122 0.959 C25—H251 0.956 

C13—H132 0.964   

 

Bond angle (°) for Zn-DTC 

S4
i
—Zn1—S2 103.901 (10) C12—C13—H132 110.1 

S4
i
—Zn1—S4 88.827 (9) C12—C13—H133 110.0 

S2—Zn1—S4 70.352 (9) H132—C13—H133 108.0 

S4
i
—Zn1—S14 116.460 (10) C12—C13—H131 110.7 

S2—Zn1—S14 137.623 (11) H132—C13—H131 109.0 

S4—Zn1—S14 97.054 (9) H133—C13—H131 109.0 

S4
i
—Zn1—S16 108.925 (10) Zn1—S14—C15 84.72 (4) 

S2—Zn1—S16 103.826 (10) S14—C15—S16 117.13 (6) 

S4—Zn1—S16 162.244 (10) S14—C15—N17 121.58 (8) 

S14—Zn1—S16 75.740 (9) S16—C15—N17 121.29 (8) 

Zn1—S2—C3 92.91 (4) C15—S16—Zn1 82.25 (4) 

S2—C3—S4 116.76 (6) C15—N17—C18 121.68 (9) 

S2—C3—N5 121.63 (8) C15—N17—C24 120.37 (9) 

S4—C3—N5 121.58 (8) C18—N17—C24 117.52 (8) 

Zn1—S4—C3 79.43 (3) N17—C18—C19 111.52 (9) 

Zn1—S4—Zn1
i
 91.173 (9) N17—C18—C23 111.24 (9) 

C3—S4—Zn1
i
 100.75 (3) C19—C18—C23 112.41 (9) 

C3—N5—C6 121.28 (9) N17—C18—H181 106.3 

C3—N5—C12 120.45 (9) C19—C18—H181 106.9 

C6—N5—C12 117.86 (8) C23—C18—H181 108.2 

N5—C6—C7 113.47 (9) C18—C19—C20 110.04 (10) 

N5—C6—C11 109.56 (9) C18—C19—H191 109.6 

C7—C6—C11 111.72 (9) C20—C19—H191 109.3 

N5—C6—H61 105.8 C18—C19—H192 109.3 

C7—C6—H61 107.8 C20—C19—H192 110.5 

C11—C6—H61 108.2 H191—C19—H192 108.2 

C6—C7—C8 108.75 (10) C19—C20—C21 110.98 (10) 

C6—C7—H71 110.3 C19—C20—H201 110.0 

C8—C7—H71 108.0 C21—C20—H201 110.2 

C6—C7—H72 109.5 C19—C20—H202 109.1 

C8—C7—H72 109.8 C21—C20—H202 108.1 

H71—C7—H72 110.5 H201—C20—H202 108.4 

C7—C8—C9 111.95 (10) C20—C21—C22 110.48 (11) 

C7—C8—H81 109.2 C20—C21—H211 109.7 

C9—C8—H81 109.6 C22—C21—H211 109.3 

C7—C8—H82 108.7 C20—C21—H212 109.4 

C9—C8—H82 108.7 C22—C21—H212 109.5 
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H81—C8—H82 108.6 H211—C21—H212 108.5 

C8—C9—C10 111.02 (10) C21—C22—C23 111.03 (12) 

C8—C9—H91 109.8 C21—C22—H221 108.8 

C10—C9—H91 108.5 C23—C22—H221 109.4 

C8—C9—H92 109.7 C21—C22—H222 108.9 

C10—C9—H92 109.4 C23—C22—H222 108.8 

H91—C9—H92 108.3 H221—C22—H222 110.0 

C9—C10—C11 110.73 (11) C22—C23—C18 111.11 (10) 

C9—C10—H101 109.8 C22—C23—H231 109.2 

C11—C10—H101 109.4 C18—C23—H231 108.8 

C9—C10—H102 108.5 C22—C23—H232 109.6 

C11—C10—H102 108.5 C18—C23—H232 109.1 

H101—C10—H102 109.9 H231—C23—H232 108.9 

C6—C11—C10 110.01 (10) N17—C24—C25 114.77 (9) 

C6—C11—H111 109.2 N17—C24—H241 106.4 

C10—C11—H111 109.2 C25—C24—H241 110.3 

C6—C11—H112 109.4 N17—C24—H242 108.0 

C10—C11—H112 110.3 C25—C24—H242 109.1 

H111—C11—H112 108.7 H241—C24—H242 108.0 

N5—C12—C13 112.29 (9) C24—C25—H252 108.8 

N5—C12—H121 108.4 C24—C25—H253 110.8 

C13—C12—H121 109.3 H252—C25—H253 108.3 

N5—C12—H122 106.9 C24—C25—H251 110.7 

C13—C12—H122 110.6 H252—C25—H251 109.4 

H121—C12—H122 109.3 H253—C25—H251 108.7 

 

 

 

4. Crystal data for Sb-DTC 

 

 

 

 

 

 

 

 

C27H48N3S6Sb F(000) = 1512 

Mr = 728.84 ? 

Triclinic, P  Dx = 1.457 Mg m
−3

 

Hall symbol: ? Melting point: ? K 

a = 9.7295 (3) Å Mo Kα radiation, λ = 0.71073 Å 

b = 17.1268 (5) Å Cell parameters from 28598 reflections 

c = 20.5133 (6) Å θ = 2–29° 

α = 99.878 (3)° µ = 1.23 mm
−1

 

β = 99.057 (2)° T = 100 K 

γ = 91.057 (3)° Block, pale yellow 

V = 3321.95 (18) Å
3
 0.25 × 0.22 × 0.09 mm 

Z = 4  
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1%20_chemical_formula_moiety
1%20_exptl_crystal_F_000
1%20_chemical_formula_weight
1%20_cell_special_details
1%20_symmetry_cell_setting
1%20_symmetry_space_group_name_H-M
1%20_exptl_crystal_density_diffrn
1%20_symmetry_space_group_name_hall
1%20_chemical_melting_point
1%20_cell_length_a
1%20_diffrn_radiation_type
1%20_diffrn_radiation_type
1%20_diffrn_radiation_type
1%20_diffrn_radiation_type
1%20_diffrn_radiation_wavelength
1%20_cell_length_b
1%20_cell_measurement_reflns_used
1%20_cell_length_c
1%20_cell_measurement_theta_min
1%20_cell_measurement_theta_max
1%20_cell_angle_alpha
1%20_exptl_absorpt_coefficient_mu
1%20_cell_angle_beta
1%20_cell_measurement_temperature
1%20_cell_angle_gamma
1%20_exptl_crystal_description
1%20_exptl_crystal_colour
1%20_cell_volume
1%20_exptl_crystal_size_max
1%20_exptl_crystal_size_mid
1%20_exptl_crystal_size_min
1%20_cell_formula_units_Z
1 _symmetry_space_group_name_H-M
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Data Collection 

 

 

Refinement  

Refinement on F
2
 Secondary atom site location: ? 

Least-squares matrix: full 
Hydrogen site location: difference 

Fourier map 

R[F
2
 > 2σ(F

2
)] = 0.038 H-atom parameters constrained 

wR(F
2
) = 0.094 

Method = Modified Sheldrick w = 

1/[σ
2
(F

2
) + ( 0.03P)

2
 + 11.78P] ,  

where P = (max(Fo
2
,0) + 2Fc

2
)/3 

S = 1.05 (Δ/σ)max = 0.001 

15773 reflections Δρmax = 1.71e Å
−3

 

667 parameters Δρmin = −1.34 e Å
−3

 

0 restraints Extinction correction: None 

? constraints Extinction coefficient: ? 

Primary atom site location: structure-

invariant direct methods 

 

 

Bond lengths (Å) for Sb-DTC 

Oxford Diffraction Gemini  

diffractometer 

13143 reflections with I > 2.0σ(I) 

 

Radiation source: ? Rint = 0.035 

graphite θmax = 28.8°, θmin = 2.2° 

ω scans h = −13 13 

Absorption correction: multi-scan  

CrysAlis, (Oxford Diffraction, 2002) 
k = −23 22 

Tmin = 0.75, Tmax = 0.90 l = −27 27 

85445 measured reflections Standard reflections: 0 

15831 independent reflections  

Sb101—S102 2.5433 (8) Sb201—S202 2.5422 (9) 

Sb101—S104 2.8679 (9) Sb201—S204 2.9394 (9) 

Sb101—S114 2.5513 (8) Sb201—S214 2.5456 (9) 

Sb101—S116 2.8732 (9) Sb201—S216 3.0086 (9) 

Sb101—S126 2.5743 (9) Sb201—S226 2.5364 (8) 

Sb101—S128 3.0493 (8) Sb201—S228 2.8453 (9) 

S102—C103 1.753 (3) S202—C203 1.747 (3) 

C103—S104 1.700 (3) C203—S204 1.706 (3) 

C103—N105 1.337 (4) C203—N205 1.333 (4) 

N105—C106 1.482 (4) N205—C206 1.481 (4) 

N105—C112 1.481 (4) N205—C208 1.488 (4) 

C106—C107 1.531 (5) C206—C207 1.522 (5) 

C106—C111 1.534 (4) C206—H2062 0.975 

C106—H1061 0.990 C206—H2061 0.978 

C107—C108 1.531 (5) C207—H2071 0.963 
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C107—H1072 0.972 C207—H2073 0.963 

C107—H1071 0.974 C207—H2072 0.955 

C108—C109 1.530 (5) C208—C209 1.528 (5) 

C108—H1082 0.979 C208—C213 1.525 (5) 

C108—H1081 0.968 C208—H2081 0.981 

C109—C110 1.524 (5) C209—C210 1.521 (5) 

C109—H1091 0.977 C209—H2092 0.964 

C109—H1092 0.977 C209—H2091 0.972 

C110—C111 1.524 (5) C210—C211 1.528 (5) 

C110—H1102 0.978 C210—H2101 0.974 

C110—H1101 0.972 C210—H2102 0.976 

C111—H1112 0.970 C211—C212 1.521 (5) 

C111—H1111 0.970 C211—H2112 0.970 

C112—C113 1.521 (5) C211—H2111 0.971 

C112—H1121 0.979 C212—C213 1.533 (5) 

C112—H1122 0.972 C212—H2122 0.968 

C113—H1132 0.965 C212—H2121 0.974 

C113—H1131 0.961 C213—H2131 0.967 

C113—H1133 0.962 C213—H2132 0.965 

S114—C115 1.755 (3) S214—C215 1.761 (3) 

C115—S116 1.711 (3) C215—S216 1.702 (3) 

C115—N117 1.326 (4) C215—N217 1.329 (4) 

N117—C118 1.487 (4) N217—C218 1.491 (4) 

N117—C124 1.482 (4) N217—C224 1.479 (4) 

C118—C119 1.532 (4) C218—C219 1.528 (5) 

C118—C123 1.529 (4) C218—C223 1.534 (4) 

C118—H1181 0.980 C218—H2181 0.984 

C119—C120 1.536 (5) C219—C220 1.532 (5) 

C119—H1191 0.962 C219—H2191 0.969 

C119—H1192 0.973 C219—H2192 0.973 

C120—C121 1.521 (5) C220—C221 1.523 (5) 

C120—H1202 0.971 C220—H2202 0.980 

C120—H1201 0.967 C220—H2201 0.972 

C121—C122 1.528 (5) C221—C222 1.520 (5) 

C121—H1212 0.970 C221—H2212 0.968 

C121—H1211 0.979 C221—H2211 0.973 

C122—C123 1.530 (5) C222—C223 1.531 (5) 

C122—H1221 0.974 C222—H2221 0.975 

C122—H1222 0.970 C222—H2222 0.970 

C123—H1232 0.967 C223—H2232 0.977 

C123—H1231 0.975 C223—H2231 0.970 

C124—C125 1.520 (5) C224—C225 1.521 (5) 

C124—H1242 0.970 C224—H2242 0.974 

C124—H1241 0.981 C224—H2241 0.974 

C125—H1251 0.962 C225—H2251 0.966 

C125—H1253 0.957 C225—H2253 0.959 

C125—H1252 0.957 C225—H2252 0.960 

S126—C127 1.758 (3) S226—C227 1.756 (3) 
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Bond angle (°) for Sb-DTC 

 

S102—Sb101—S104 66.09 (3) S202—Sb201—S204 65.09 (3) 

S102—Sb101—S114 88.64 (3) S202—Sb201—S214 80.70 (3) 

S104—Sb101—S114 153.47 (3) S204—Sb201—S214 100.47 (3) 

S102—Sb101—S116 90.56 (3) S202—Sb201—S216 144.71 (3) 

S104—Sb101—S116 104.38 (3) S204—Sb201—S216 122.89 (2) 

S114—Sb101—S116 66.16 (2) S214—Sb201—S216 64.21 (2) 

S102—Sb101—S126 84.58 (3) S202—Sb201—S226 90.93 (3) 

S104—Sb101—S126 98.23 (3) S204—Sb201—S226 150.99 (3) 

S114—Sb101—S126 86.74 (3) S214—Sb201—S226 90.83 (3) 

S116—Sb101—S126 152.60 (3) S216—Sb201—S226 86.09 (3) 

S102—Sb101—S128 147.94 (3) S202—Sb201—S228 82.56 (3) 

S104—Sb101—S128 116.12 (3) S204—Sb201—S228 92.80 (3) 

S114—Sb101—S128 89.47 (3) S214—Sb201—S228 151.78 (3) 

S116—Sb101—S128 117.69 (2) S216—Sb201—S228 127.38 (3) 

S126—Sb101—S128 63.36 (2) S226—Sb201—S228 66.85 (3) 

Sb101—S102—C103 92.40 (11) Sb201—S202—C203 93.03 (11) 

S102—C103—S104 118.22 (19) S202—C203—S204 118.55 (18) 

S102—C103—N105 120.5 (2) S202—C203—N205 118.5 (2) 

C127—S128 1.694 (3) C227—S228 1.706 (3) 

C127—N129 1.344 (4) C227—N229 1.327 (4) 

N129—C130 1.475 (4) N229—C230 1.490 (4) 

N129—C132 1.481 (4) N229—C236 1.482 (4) 

C130—C131 1.522 (5) C230—C231 1.537 (5) 

C130—H1301 0.971 C230—C235 1.526 (5) 

C130—H1302 0.976 C230—H2301 0.988 

C131—H1312 0.965 C231—C232 1.526 (5) 

C131—H1311 0.961 C231—H2312 0.969 

C131—H1313 0.964 C231—H2311 0.971 

C132—C133 1.528 (5) C232—C233 1.523 (6) 

C132—C137 1.533 (5) C232—H2321 0.974 

C132—H1321 0.979 C232—H2322 0.973 

C133—C134 1.529 (5) C233—C234 1.521 (6) 

C133—H1331 0.971 C233—H2332 0.971 

C133—H1332 0.967 C233—H2331 0.973 

C134—C135 1.520 (5) C234—C235 1.527 (5) 

C134—H1342 0.970 C234—H2342 0.975 

C134—H1341 0.968 C234—H2341 0.975 

C135—C136 1.526 (6) C235—H2351 0.976 

C135—H1352 0.979 C235—H2352 0.966 

C135—H1351 0.977 C236—C237 1.520 (6) 

C136—C137 1.531 (5) C236—H2362 0.972 

C136—H1361 0.974 C236—H2361 0.975 

C136—H1362 0.971 C237—H2373 0.959 

C137—H1372 0.977 C237—H2372 0.964 

C137—H1371 0.967 C237—H2371 0.958 
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S104—C103—N105 121.3 (3) S204—C203—N205 122.9 (2) 

C103—S104—Sb101 82.93 (11) C203—S204—Sb201 81.02 (11) 

C103—N105—C106 123.6 (3) C203—N205—C206 121.0 (3) 

C103—N105—C112 119.3 (3) C203—N205—C208 121.5 (3) 

C106—N105—C112 117.0 (3) C206—N205—C208 117.5 (3) 

N105—C106—C107 110.8 (3) N205—C206—C207 113.2 (3) 

N105—C106—C111 110.5 (3) N205—C206—H2062 108.3 

C107—C106—C111 112.4 (3) C207—C206—H2062 108.6 

N105—C106—H1061 107.2 N205—C206—H2061 108.1 

C107—C106—H1061 108.4 C207—C206—H2061 108.8 

C111—C106—H1061 107.4 H2062—C206—H2061 110.0 

C106—C107—C108 111.3 (3) C206—C207—H2071 110.2 

C106—C107—H1072 109.2 C206—C207—H2073 109.4 

C108—C107—H1072 108.2 H2071—C207—H2073 109.0 

C106—C107—H1071 109.6 C206—C207—H2072 110.6 

C108—C107—H1071 110.1 H2071—C207—H2072 108.5 

H1072—C107—H1071 108.4 H2073—C207—H2072 109.1 

C107—C108—C109 110.7 (3) N205—C208—C209 112.6 (3) 

C107—C108—H1082 109.3 N205—C208—C213 110.9 (3) 

C109—C108—H1082 110.6 C209—C208—C213 111.4 (3) 

C107—C108—H1081 108.3 N205—C208—H2081 106.4 

C109—C108—H1081 108.5 C209—C208—H2081 108.5 

H1082—C108—H1081 109.4 C213—C208—H2081 106.6 

C108—C109—C110 109.9 (3) C208—C209—C210 109.9 (3) 

C108—C109—H1091 109.2 C208—C209—H2092 109.9 

C110—C109—H1091 109.6 C210—C209—H2092 110.0 

C108—C109—H1092 109.0 C208—C209—H2091 108.1 

C110—C109—H1092 109.5 C210—C209—H2091 109.5 

H1091—C109—H1092 109.5 H2092—C209—H2091 109.4 

C109—C110—C111 111.7 (3) C209—C210—C211 111.2 (3) 

C109—C110—H1102 108.6 C209—C210—H2101 108.9 

C111—C110—H1102 108.4 C211—C210—H2101 109.7 

C109—C110—H1101 108.9 C209—C210—H2102 108.5 

C111—C110—H1101 109.7 C211—C210—H2102 108.7 

H1102—C110—H1101 109.5 H2101—C210—H2102 109.8 

C106—C111—C110 111.8 (3) C210—C211—C212 111.5 (3) 

C106—C111—H1112 108.2 C210—C211—H2112 108.9 

C110—C111—H1112 108.1 C212—C211—H2112 108.1 

C106—C111—H1111 110.1 C210—C211—H2111 108.9 

C110—C111—H1111 110.2 C212—C211—H2111 110.2 

H1112—C111—H1111 108.5 H2112—C211—H2111 109.2 

N105—C112—C113 112.7 (3) C211—C212—C213 110.6 (3) 

N105—C112—H1121 108.8 C211—C212—H2122 109.8 

C113—C112—H1121 109.2 C213—C212—H2122 108.7 

N105—C112—H1122 107.9 C211—C212—H2121 109.3 

C113—C112—H1122 108.3 C213—C212—H2121 109.0 

H1121—C112—H1122 110.0 H2122—C212—H2121 109.4 

C112—C113—H1132 109.3 C212—C213—C208 109.7 (3) 
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C112—C113—H1131 110.1 C212—C213—H2131 109.0 

H1132—C113—H1131 108.9 C208—C213—H2131 109.5 

C112—C113—H1133 110.8 C212—C213—H2132 110.3 

H1132—C113—H1133 108.5 C208—C213—H2132 109.4 

H1131—C113—H1133 109.1 H2131—C213—H2132 108.9 

Sb101—S114—C115 91.45 (11) Sb201—S214—C215 94.55 (11) 

S114—C115—S116 118.15 (19) S214—C215—S216 118.61 (19) 

S114—C115—N117 119.7 (2) S214—C215—N217 118.5 (2) 

S116—C115—N117 122.2 (2) S216—C215—N217 122.9 (3) 

C115—S116—Sb101 82.00 (11) C215—S216—Sb201 80.69 (11) 

C115—N117—C118 121.5 (3) C215—N217—C218 122.0 (3) 

C115—N117—C124 120.3 (3) C215—N217—C224 120.1 (3) 

C118—N117—C124 117.7 (3) C218—N217—C224 117.6 (3) 

N117—C118—C119 112.0 (3) N217—C218—C219 112.7 (3) 

N117—C118—C123 111.1 (3) N217—C218—C223 111.0 (3) 

C119—C118—C123 111.8 (3) C219—C218—C223 111.9 (3) 

N117—C118—H1181 106.7 N217—C218—H2181 106.2 

C119—C118—H1181 107.9 C219—C218—H2181 107.3 

C123—C118—H1181 107.0 C223—C218—H2181 107.4 

C118—C119—C120 110.0 (3) C218—C219—C220 110.2 (3) 

C118—C119—H1191 109.1 C218—C219—H2191 108.5 

C120—C119—H1191 109.4 C220—C219—H2191 109.4 

C118—C119—H1192 109.1 C218—C219—H2192 109.7 

C120—C119—H1192 109.6 C220—C219—H2192 109.3 

H1191—C119—H1192 109.6 H2191—C219—H2192 109.7 

C119—C120—C121 111.5 (3) C219—C220—C221 111.3 (3) 

C119—C120—H1202 109.2 C219—C220—H2202 109.1 

C121—C120—H1202 109.1 C221—C220—H2202 109.3 

C119—C120—H1201 109.2 C219—C220—H2201 108.5 

C121—C120—H1201 108.9 C221—C220—H2201 109.7 

H1202—C120—H1201 108.9 H2202—C220—H2201 108.9 

C120—C121—C122 110.7 (3) C220—C221—C222 110.6 (3) 

C120—C121—H1212 109.4 C220—C221—H2212 110.1 

C122—C121—H1212 108.9 C222—C221—H2212 109.3 

C120—C121—H1211 109.2 C220—C221—H2211 108.8 

C122—C121—H1211 109.6 C222—C221—H2211 108.7 

H1212—C121—H1211 109.0 H2212—C221—H2211 109.2 

C121—C122—C123 110.9 (3) C221—C222—C223 111.8 (3) 

C121—C122—H1221 109.9 C221—C222—H2221 109.1 

C123—C122—H1221 109.1 C223—C222—H2221 108.1 

C121—C122—H1222 108.9 C221—C222—H2222 109.3 

C123—C122—H1222 108.6 C223—C222—H2222 108.7 

H1221—C122—H1222 109.5 H2221—C222—H2222 109.8 

C122—C123—C118 109.6 (3) C218—C223—C222 109.9 (3) 

C122—C123—H1232 109.6 C218—C223—H2232 109.4 

C118—C123—H1232 108.8 C222—C223—H2232 110.1 

C122—C123—H1231 109.6 C218—C223—H2231 108.9 

C118—C123—H1231 109.1 C222—C223—H2231 108.8 
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H1232—C123—H1231 110.1 H2232—C223—H2231 109.8 

N117—C124—C125 113.7 (3) N217—C224—C225 112.9 (3) 

N117—C124—H1242 108.4 N217—C224—H2242 108.6 

C125—C124—H1242 108.9 C225—C224—H2242 108.8 

N117—C124—H1241 108.2 N217—C224—H2241 108.8 

C125—C124—H1241 109.0 C225—C224—H2241 108.8 

H1242—C124—H1241 108.5 H2242—C224—H2241 108.8 

C124—C125—H1251 109.0 C224—C225—H2251 108.8 

C124—C125—H1253 109.1 C224—C225—H2253 109.8 

H1251—C125—H1253 109.8 H2251—C225—H2253 108.5 

C124—C125—H1252 109.4 C224—C225—H2252 110.6 

H1251—C125—H1252 109.8 H2251—C225—H2252 109.2 

H1253—C125—H1252 109.7 H2253—C225—H2252 109.9 

Sb101—S126—C127 95.49 (11) Sb201—S226—C227 91.31 (12) 

S126—C127—S128 119.43 (19) S226—C227—S228 118.5 (2) 

S126—C127—N129 117.7 (2) S226—C227—N229 119.5 (3) 

S128—C127—N129 122.9 (2) S228—C227—N229 122.0 (3) 

C127—S128—Sb101 81.19 (11) C227—S228—Sb201 82.39 (12) 

C127—N129—C130 120.4 (3) C227—N229—C230 121.9 (3) 

C127—N129—C132 121.2 (3) C227—N229—C236 119.9 (3) 

C130—N129—C132 118.0 (3) C230—N229—C236 117.7 (3) 

N129—C130—C131 113.8 (3) N229—C230—C231 109.6 (3) 

N129—C130—H1301 106.9 N229—C230—C235 112.6 (3) 

C131—C130—H1301 108.4 C231—C230—C235 111.4 (3) 

N129—C130—H1302 108.8 N229—C230—H2301 107.5 

C131—C130—H1302 108.8 C231—C230—H2301 107.5 

H1301—C130—H1302 110.0 C235—C230—H2301 108.1 

C130—C131—H1312 108.4 C230—C231—C232 110.3 (3) 

C130—C131—H1311 109.7 C230—C231—H2312 108.8 

H1312—C131—H1311 109.8 C232—C231—H2312 108.6 

C130—C131—H1313 108.6 C230—C231—H2311 109.3 

H1312—C131—H1313 110.4 C232—C231—H2311 109.6 

H1311—C131—H1313 109.9 H2312—C231—H2311 110.2 

N129—C132—C133 111.9 (3) C231—C232—C233 111.3 (3) 

N129—C132—C137 111.8 (3) C231—C232—H2321 108.8 

C133—C132—C137 111.0 (3) C233—C232—H2321 109.1 

N129—C132—H1321 107.0 C231—C232—H2322 109.0 

C133—C132—H1321 107.5 C233—C232—H2322 108.4 

C137—C132—H1321 107.4 H2321—C232—H2322 110.2 

C132—C133—C134 109.9 (3) C232—C233—C234 110.8 (3) 

C132—C133—H1331 109.3 C232—C233—H2332 109.0 

C134—C133—H1331 109.7 C234—C233—H2332 109.0 

C132—C133—H1332 108.9 C232—C233—H2331 108.8 

C134—C133—H1332 108.7 C234—C233—H2331 109.6 

H1331—C133—H1332 110.3 H2332—C233—H2331 109.6 

C133—C134—C135 110.9 (3) C233—C234—C235 110.8 (3) 

C133—C134—H1342 109.4 C233—C234—H2342 109.5 

C135—C134—H1342 109.4 C235—C234—H2342 108.9 
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C133—C134—H1341 109.1 C233—C234—H2341 109.4 

C135—C134—H1341 109.1 C235—C234—H2341 108.8 

H1342—C134—H1341 109.0 H2342—C234—H2341 109.5 

C134—C135—C136 111.2 (3) C234—C235—C230 110.3 (3) 

C134—C135—H1352 109.8 C234—C235—H2351 108.9 

C136—C135—H1352 108.3 C230—C235—H2351 109.6 

C134—C135—H1351 109.0 C234—C235—H2352 110.4 

C136—C135—H1351 109.1 C230—C235—H2352 109.2 

H1352—C135—H1351 109.5 H2351—C235—H2352 108.4 

C135—C136—C137 111.0 (3) N229—C236—C237 112.1 (3) 

C135—C136—H1361 108.7 N229—C236—H2362 108.0 

C137—C136—H1361 108.7 C237—C236—H2362 109.8 

C135—C136—H1362 109.3 N229—C236—H2361 107.8 

C137—C136—H1362 109.7 C237—C236—H2361 109.5 

H1361—C136—H1362 109.3 H2362—C236—H2361 109.6 

C132—C137—C136 110.3 (3) C236—C237—H2373 110.0 

C132—C137—H1372 108.6 C236—C237—H2372 110.1 

C136—C137—H1372 109.9 H2373—C237—H2372 108.7 

C132—C137—H1371 109.2 C236—C237—H2371 110.1 

C136—C137—H1371 110.0 H2373—C237—H2371 108.7 

H1372—C137—H1371 108.8 H2372—C237—H2371 109.1 
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Appendix C: Reference JCPDS file, lattice parameter, main scattering angle and 

crystal planes of the calcined samples obtained at temperature 400 °C 

 

Product Lattice 

Parameter 

(Å) 

 

JCPDS  

File No. 

Main 

scattering 

angles, 2θ 

(°) 

Crystal 

Planes 

[hkl] 

 

CdS (2 h) 

 

 

 

 

 

CdS (4 h) 

 

 

 

 

 

CdS (6 h) 

 

a = 4.136 

b = 4.136 

c = 6.713 

 

 

 

 

 

06-0314 

(CdS- hexagonal) 

 

 

 

 

06-0314 

 

 

 

 

 

06-0314 

 

 

 

24.95 

26.63 

28.32 

43.85 

48.00 

 

24.81 

26.50 

28.19 

43.73 

47.87 

 

24.71 

26.40 

28.09 

43.61 

47.76 

 

[100] 

[002] 

[101] 

[110]  

[103] 

 

[100] 

[002] 

[101] 

[110]  

[103] 

 

[100] 

[002] 

[101] 

[110]  

[103] 

 

 

Cu2S 

(2 h) 

 

 

 

 

Cu2S 

(4 h) 

 

 

 

 

Cu2S 

(6 h) 

 

 

 

a = 11.82 

b = 27.05 

c = 13.43 

 

09-0328 

(Cu2S- 

orthorhombic) 

 

 

 

09-0328 

 

 

 

 

 

09-0328 

 

32.74 

37.43 

45.85 

48.39 

53.81 

 

32.83 

37.55 

45.96 

48.51 

53.97 

 

32.79 

37.45 

45.93 

48.43 

53.85 

 

 

[362] 

[382] 

[600] 

[346] 

[337] 

 

[362] 

[382] 

[600] 

[346] 

[337] 

 

[362] 

[382] 

[600] 

[346] 

[337] 

 

ZnS 

(2 h) 

 

 

 

a = 3.820 

b = 3.820 

c = 6.260 

 

005-0492 

(ZnS- hexagonal) 

 

 

 

27.12 

28.54 

30.60 

47.57 

 

[100] 

[002] 

[101] 

[110] 
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ZnS 

(4 h) 

 

 

 

 

ZnS 

(6 h) 

 

 

 

 

005-0492 

 

 

 

 

 

005-0492 

 

 

51.86 

 

26.78 

28.25 

30.24 

47.30 

51.58 

 

26.98 

28.48 

30.42 

47.54 

51.76 

[103] 

 

[100] 

[002] 

[101] 

[110] 

[103] 

 

[100] 

[002] 

[101] 

[110] 

[103] 

 

 

Sb2S3  

+  

Sb 

 

(2 h) 

 

 

 

 

 

 

 

 

Sb2S3 

+ 

Sb 

 

(4 h) 

 

 

 

 

 

 

 

 

Sb2S3 

+ 

Sb 

 

(6 h) 

 

 

 

 

 

a = 11.2390 

b = 11.3130 

c = 3.8411 

 

 

 

 

 

 

a = 4.3084 

b = 4.3084 

c =11.2740 

 

42-1393 

(Sb2S3-

orthorhombic) 

 

 

 

 

 

 

01-085-1322 

(Sb- 

rhombohedral) 

 

42-1393 

 

 

 

 

 

 

 

 

01-085-1322 

 

 

 

42-1393 

 

 

 

 

 

 

 

 

 

24.87 

28.55 

29.14 

32.27 

39.95 

42.92 

46.70 

47.28 

 

41.82 

51.47 

68.47 

 

24.86 

28.55 

29.13 

32.25 

39.94 

42.91 

46.68 

47.21 

 

41.81 

51.48 

68.47 

 

24.99 

28.69 

29.28 

32.40 

40.10 

43.05 

46.83 

47.37 

 

 

[130] 

[320] 

[121] 

[221] 

[340] 

[421] 

[501] 

[151] 

 

 [110] 

[202] 

 [122] 

 

[130] 

[320] 

[121] 

[221] 

[340] 

[421] 

[501] 

[151] 

 

[110] 

[202] 

 [122] 

 

[310] 

[320] 

[211] 

[221] 

[430] 

[250] 

[501] 

[151] 
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 01-085-1322 

 

 

 

41.95 

51.60 

68.61 

 

 [110] 

 [202] 

 [122] 

 

 

NiS 

(2 h) 

 

 

 

 

 

 

 

 

NiS 

(4 h) 

 

 

 

 

 

 

 

 

NiS 

(6 h) 

 

 

a = 9.6190     

b = 9.6190 

c = 3.1499 

 

 

 

a = 3.4398 

b = 3.4398 

c = 5.3482 

 

 

 

 

 

 

 

065-3686 

(NiS- 

rhombohedral) 

 

 

 

01-089-1957 

(NiS- hexagonal) 

 

 

065-3686 

 

 

 

 

 

01-089-1957 

 

 

 

065-3686 

 

 

 

 

 

01-089-1957 

 

 

32.17 

35.65 

40.41 

48.78 

52.58 

 

34.41 

45.50 

 

 

32.19 

35.66 

40.43 

48.80 

52.60 

 

34.48 

45.61 

53.28 

 

32.14 

35.62 

40.39 

48.77 

52.56 

 

34.38 

45.49 

53.18 

 

 

[300] 

[021]  

[211] 

[131] 

[401] 

 

[101] 

[102] 

 

 

[300] 

[021]  

[211] 

[131] 

[401] 

 

[101] 

[102] 

[110] 

  

[300] 

[021]  

[211] 

[131] 

[401] 

 

[101] 

[102] 

[110] 

 

 

In2S3 

(2 h) 

 

 

 

 

 

In2S3 

(4 h) 

 

 

 

 

 

 

a = 10.734 

b = 10.734 

c = 10.734 

 

032-0456 

(In2S3- 

cubic) 

 

 

 

 

032-0456 

 

 

 

 

 

 

 

20.83 

27.26 

32.84 

38.59 

43.68 

47.91 

 

20.81 

27.26 

33.04 

38.43 

43.58 

47.81 

55.94 

 

[211]  

[311]  

[400] 

[421] 

[511] 

[440] 

   

[211]  

[311]  

[400] 

[421] 

[511] 

[440] 

[533] 
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In2S3 

(6 h) 

 

 

 

032-0456 

 

 

20.90 

27.42 

32.68 

38.55 

43.86 

47.95 

55.74 

 

[211]  

[311]  

[400] 

[421] 

[511] 

[440] 

[533] 

 

 

Co9S8 +  

CoS + 

Co3S4 

(2 h) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Co9S8 +  

CoS + 

Co3S4 

(4 h) 

 

  

 

 

 

 

 

 

 

 

 

Co9S8 +  

CoS + 

Co3S4 

 (6 h) 

 

 

 

 

 

a = 9.9273 

b = 9.9273  

c = 9.9273 

 

 

 

 

 

a = 3.368 

b = 3.368 

c = 5.170   

 

a = 9.4020   

b = 9.4020   

c = 9.4020   

 

 

065-1765 

 (Co9S8  

cubic)  

 

 

 

 

  

065-3418 

(CoS hexagonal) 

 

 

19-03673 

(Co3S4cubic)  

 

 

 

065-1765 

 

 

 

 

 

 

  

065-3418 

 

 

 

19-03673 

 

 

065-1765 

 

 

 

 

 

 

  

 

29.77 

31.10 

39.54 

47.51 

52.04 

73.20 

76.72 

 

35.30 

46.94 

54.41 

 

38.31 

65.02 

 

 

 

29.54 

30.88 

39.24 

47.24 

51.80 

72.98 

76.49 

 

35.06 

46.86 

54.32 

 

38.35 

64.98 

 

29.61 

30.97 

39.33 

47.35 

51.87 

73.02 

76.64 

 

 

[311]  

[222] 

[331]   

[511]  

[440] 

[731] 

[800] 

 

[101] 

[102]  

[110] 

 

[400]  

[553] 

 

 

 

[311]  

[222] 

[331]   

[511]  

[440] 

[731] 

[800] 

 

[101]  

[102]  

[110] 

 

[400] 

[533]  

 

[311]  

[222] 

[331]   

[511]  

[440] 

[731] 

[800] 
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065-3418 

 

 

 

19-03673 

 

 

35.07 

46.82 

54.28 

 

38.34 

64.97 

[101] 

[102]  

[110] 

 

[400] 

[533]  

 

Bi2S3 

(2 h) 

 

 

 

 

Bi2S3 

(4 h) 

 

 

 

 

Bi2S3 

(6 h) 

 

 

 

 

 

a = 11.15 

b = 11.3 

c = 3.981 

 

 

 

017-0320 

(Bi2S3- 

Orthorhombic) 

 

 

 

017-0320 

 

 

 

 

 

017-0320 

 

24.95 

28.51 

31.68 

46.44 

52.53 

 

25.15 

28.70 

31.87 

46.62 

52.75 

 

24.87 

28.43 

31.62 

46.36 

52.48 

 

[130]  

[211]  

[221]  

[431] 

[351] 

 

[130]  

[211]  

[221]  

[501] 

[312] 

  

[130]  

[211]  

[221]  

[431] 

[351] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

126 
 

Appendix D: EDX spectra of metal sulphides 

 

 

 

 
 

EDX Spectra of bismuth sulphide at calcination times of (a) 2 h (b) 4 h and (c) 6 h 

at temperature 400 °C 
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EDX Spectra of cadmium sulphide at calcination times of (a) 2 h (b) 4 h and (c) 6 

h at temperature 400 °C 

 

 

 

 

(a) 

(b) 

(c) 



© C
OPYRIG

HT U
PM

128 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EDX Spectra of antimony sulphide at calcination times of (a) 2 h (b) 4 h and (c) 6 

h at temperature 400 °C  

 

 

(a) 

(b) 

(c) 
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EDX Spectra of zinc sulphide at calcination times of (a) 2 h (b) 4 h and (c) 6 h at 

temperature 400 °C  

 

(b) 

(c) 

(a) 
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EDX Spectra of indium sulphide at calcination times of (a) 2 h (b) 4 h and (c) 6 h 

at temperature 400 °C  
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EDX Spectra of nickel sulphide at calcination times of (a) 2 h (b) 4 h and (c) 6 h at 

temperature 400 °C  

 

 

(b) 

(c) 

(a) 
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EDX Spectra of cobalt sulphide at calcination times of (a) 2 h (b) 4 h and (c) 6 h at 

temperature 400 °C  
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EDX Spectra of copper sulphide at calcination times of (a) 2 h (b) 4 h and (c) 6 h 

at temperature 400 °C 
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