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Abstract
A series of crystalline nickel, cadmium, mixed metal nickel/cadmium and manganese O-nbutylxanthate bis(pyridine) complexes , [Ni(S2COnBu)2.(C5H5N)2] (1), [Ni(S2COnBu)2.(3-BrC5H4N)2] (2), [Ni(S2COnBu)2.(4-CN-C5H4N)2] (3), [Ni(S2COnBu)2.(3-Me-C5H4N)2] (4)
[Ni(S2COnBu)2.(3-Cl-C5H4N)2 (5) [Cd(S2COnBu)2.(C5H5N)2] (6), [Cd(S2COnBu)2.(3-ClC5H4N)2 (7) [Mn(S2COnBu)2.(C5H5N)2] (8) and [Ni/Cd(S2COnBu)2.(C5H5N)2] (9), have been
synthesized by simple chemical reaction. All the complexes were characterized by their
melting points, elemental analyses, proton NMR, thermo gravimetric analyses and their
structures were determined by single crystal X-ray analyses. Thermogravimetric analyses
show that all precursors undergo facile thermal decomposition at moderate temperature to
give NiS, CdS, Ni-CdS and MnS. These precursors were used for deposition of thin films of
metal sulphides by Aerosole Assisted Chemical Vapour Deposition (AACVD). All the films
deposited from these precursors were crystalline in nature and displayed substrate dependent
morphology. Phase purity, particle size, thickness and elemental composition of thin films
were determined by X-ray powder diffraction (XRPD), scanning electron microscopy (SEM),
energy dispersive X-ray (EDX) and atomic force microscopy (AFM). The size of the
nanoparticles deposited from these precursors was in the range of 43-58 nm2 which was
dependent on thermal behaviour of each of the complex.
Thin films of MnS could not be deposited from precursor (8) as it was non volatile and
unsuitable for AACVD. High purity Ni-Cd mixed metal sulphide thin films were successfully
grown from single source precursor (9) for various technological applications.
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CHAPTER – 1

Introduction
Sulphur occurs widely in nature in the elemental state, as H2S and SO2, in various sulphide ores,
and in the form of numerous sulphates. Its average abundance in the biosphere has been
estimated to be around 600 ppm. Sulphur is essential to life and growth of all organisms, from
microbes to man. Sulphur is one of the most interesting and important of all the chemical
elements. Sulphur and its compounds, both inorganic and organic, play a significant role in wide
ranging areas of current research activity, such as inorganic synthesis; biochemistry and
bioinorganic

chemistry;

agricultural

chemistry;

natural

products

chemistry;

reactive

intermediates; new conducting, polymeric and structural materials; and pollution control
associated with the use of fossil fuels for energy generation1. More than one hundred elements
are known and almost all elements react with sulphur forming sulphides and polysulphides. In
case of transition metal elements, the 4s and 4p orbitals of transition metals combine with the 3p
and 3s orbital of sulphur forming conductors and semiconductors transition metal sulphides2.
Rational design and synthesis of inorganic metal sulphide materials with controlled architecture
for specific applications has attracted a lot of efforts recently3.

1.1

Transition metal sulphides

Conventionally, transition metal sulphides have been prepared by numerous techniques,
including chemical vapour transport, solid state reaction, and solution precipitation in aqueous 4
and organic solutions5. Transition metal sulphides show a variety of unusual structural and
electronic properties which lead to important technical applications.
Almost all transition metals starting from first group react with sulphur to form sulphides. In
case of titanium, a trisulphide TiS3 is known which is stable up to 625oC. A range of
composition exists as TiS2 – TiS. Some sulphides of titanium as TiS3, TiS2, and Ti2S3 are
semiconductors while TiS is metallic6,7. TiS3 is diamagnetic8 and other sulphides in the range of
TiS2-TiS show nearly temperature independent paramegnetism9,10.
The sulphides of zirconium and hafnium are less studied than those of titanium. However ZrS3
and HfS3 are semiconductors6,11. Vanadium forms many sulphides with compositions ranging
from VS4 to V3S. The vanadium ions also form pairs which explain the diamagnetism of the
compound12. Many phases of vanadium sulphides exists in different ranges with structures of the
Cd(OH)2-NiAs type, hexagonal13 and monoclinic14.
The niobium sulphides also cover a very broad range of compositions. Monoclinic, diamagnetic
NbS3 is a partial polysulphide with a structure closely related to that of TiS3. Niobium
disulphide and lower sulphides are metallic15. Two polymorphic forms are known, one with
1

hexagonal and other with rhombohedral stacking of NbS2 slabs16. It is also super conductor with
a transition point of 6.2 K for the hexagonal and 5.0 K for the rhombohedral form17.
Tantalum forms a subsulphide Ta2S and probably another one with still higher metal content18.
TaS2 has also been reported19 as polymorphic and all forms have hexagonal or rhombohedral
layer lattices.
Chromium forms a series of sulphides in the composition range of CrS to Cr2S3. CrS2 and some
other chromium polysulphides have also been reported20. In chromium monosulphide, the Cr2+
ion is surrounded by four and two sulphide ions at 2.43 Å.and at 2.88 Å respectively completing
an elongated octahedron21. The crystal structure of monoclinic CrS may be described as
intermediate between the NiAs and the PtS structures. Stability of chromium sulphide is
depicted only up to 600oC and at higher temperature it disintegrates into chromium metal and a
non-stochiometric high temperature phase. However, in spite of all this, different forms of
chromium sulphides as Cr7S8, Cr5S6, Cr3S4 and Cr2S3 are stable at room temperature. The
structures and the chemical properties of various chromium sulphides are closely related to each
other as Cr2S3 is semiconductor, Cr5S6 is metallic and Cr7S8 is again semiconductor22,23..
The existence of Mo2S3, MoS2 and MoS3 as distinct compounds is well established but some
other molybdenum sulphides, such as Mo2S5, MoS4 have also been reported. Both hexagonal
and rhombohedral24 forms of molybdenum possess layer lattices with trigonal-prismatic
coordination of the metal16,25. Tungsten sulphide analogous to Mo2S3 does not exist26, but WS2,
WS3 and tetrathiotungstates27-29 are quite similar to the corresponding molybdenum compounds.
Sulphides of manganese are quite different from those of the other transition elements; their
structures and phase relations in the system Mn-S resemble those of the sulphides of zinc and
cadmium at elevated pressures and exist in both monosulphide MnS and disulphide MnS2 forms.
Both

manganese

monosulphide

and

disulphide

are

semiconductors

and

are

also

antiferromagnetic.
The sulphides of technetium and rhenium are quite different from those of manganese and much
more similar to those of molybdenum and tungsten. The rhenium sulphides are said to be even
more powerful catalysts than the Mo and W compounds. Rhenium disulphide has a layer lattice,
but its structure is much more complicated as compared to that of MoS2 and WS2.
In case of iron although the system iron-sulphur has been studied more extensively than any
other sulphide system, it has not been completely explored. In particular, the range FeS-Fe0.85S
where several phases with structures related to the NiAs type are found is extremely
complicated. Iron disulphide, FeS2, occurs in two forms, pyrite and marcasite. Both pyrite and
marcasite are diamagnetic semiconductors while Fe3S4 that is prepared by hydrothermal
2

methods has a cubic spinal type structure30,31 and is ferromegnetic32 with a curie point of about
310oC. Iron monosulphide, FeS is antiferromegnetic with a neel point of 325oC. At 140oC it
adopts NiAs structure and below this temperature again a distortion occurs33,34.
The system of cobalt and nickel with sulphur resemble each other. In both systems a pyrite-type
disulphide MS2 occurs, a phase M3S4 with a spinal-type structure, and another phase M1-xS
which is stable at elevated temperature only, has a structure of the NiAs type. In addition, cobalt
forms the subsulphides Co9S8 and Co4S3. Cobalt disulphide, a metallic conductor, is
ferromagnetic with a curie temperature of about 120 K35. Nickel forms a monosulphide and
several sub sulphides. Nickel monosulphide has a very complex phase diagram36-38 while
disulphide of nickel is antiferromegnetic39 semiconductor40, 41. There are many other forms of
nickel sulphide such as Ni3S4, Ni7S6, Ni6S5, Ni9S8 and Ni3S2. NiS is dimorphic, a rhombohedral
low temperature form (millerite) and a high temperature form having NiAs structure with
octahedral coordination of the metal. Ni3S4 (polydymite) has a spinal structure. The phase Ni7S6
(also known as Ni6S5 or Ni9S8) is also dimorphic, a high temperature form is orthorhombic42,36
and the low temperature form is hexagonal43 . Ni3S2 is rhombohederal at room temperature with
distorted body-centered cubic structure44. At 556oC, rhombohedral Ni3S2 is converted to the
cubic face-centred high temperature form which has a broad range of homogeneity36,

45

. In

contrast to the sulphides of iron, cobalt and nickel, sulphides of platinum metals have received
very little attention.
In case of ruthenium and osmium, disulphides of these elements are the only stable ones. Both
RuS2 and OsS2 have pyrite structure46 and are diamagnetic semiconductors. The chemistry and
the crystal structures of the sulphides of rhodium and iridium reflect the preference of these
elements for the trivalent state. Rh2S3 and Ir2S3 have orthorhombic structures with octahedral
coordination of the metals47. Disulphide of iridium with pyrite structure exists but in case of
rhodium, different phases are Rh3S8, RhS3, Rh2S3, Rh3S4 and Rh17S15. The compounds Rh3S8
48,49

and Ir3S850 have pyrite structure with ordered metal vacancies51,47. The highest forms of both

rhodium and iridium RhS352 and IrS349 have rhombohedrally distorted pyrite structure52.
Several platinum sulphides have been reported, but only PtS2 and PtS are thermally stable
compounds53. The disulphide has Cd(OH)2-type structure54 and monosulphide has tetragonal
structure55. Palladium also forms sulphides PdS and PdS256 which are diamagnetic
semiconductors57. PdS2 has pyrite58 while PdS has tetragonal structure59. In contrast to platinum,
palladium forms several metal rich sulphides as Pd2.2S60, Pd4S and Pd3S. Pd2.2S and Pd4S61 are
metallic conductors while Pd3S is only stable between 554oC and 635oC and it can be retained
by quenching60.
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In sulphides, copper has a preference for the monovalent rather than the divalent state. Mostly
copper exists as CuS and CuS2. The monosulphide of copper CuS is metallic diamagnetic62
conductor and it becomes superconductive below 1.62 K63. Copper disulphide, Cu2S is p-type
metallic

conductor

with

temperature

independent

paramegnetism

and

it

becomes

superconductive below 1.5 K40,64.
In case of silver only one binary silver sulphide is known, Ag2S, but this compound exists in
several modifications65. From the melting point 840oC to about 600oC the structure is facecentered cubic and between 600 and 180oC the sulphide ion forms a body centered cubic lattice.
At 180oC the structure becomes tetragonally distorted and at 170oC symmetry is lowered again.
66,67

The room temperature form of silver sulphide is monoclinic.

Gold is the only metal that does not react with sulphur. The preparation of gold sulphide by low
temperature reactions has, however been reported. Reaction of dry chloroaurates(III) with H2S
gives a black product of composition Au2S3, which is decomposed by water or on heating.
Reactions of gold(I) solutions with H2S gives dark precipitate of Au2S.

1.2

Synthetic procedures

Controlled synthesis of monodispersed inorganic nanocrystals with different sizes and shapes
has attracted a great deal of attention in both fundamental research and technical application in
recent years68-71. Especially, metal sulphide nanocrystals have been intensively pursued because
of their unique size-dependent optical and electronic properties that are different from their bulk
counterparts72-73 as well as their promising applications in solar cells, catalyses, light-emitting
diodes, and biological detection devices74-78. Metal sulphide nanocrystals with various shapes
have been synthesized by different methods, such as, microwave irradiation, hydrothermal
synthesis and ultrasonic irradiation. These methods are convenient and may lead to nanocrystals
with controlled morphology. However, as prepared nanocrystals can grow continuously at a low
temperature via coarsening or epitaxial attachment because of the absence of strong repelling
interactions between the particles resulting in the poor stability of the colloidal solution and thus
affecting the optical and other physical properties of the nanocrystals79. In general, it is still a
challenge to explore robust pathway and purification principles towards the systematic
manipulation of their size and shape.
A hot organic surfactants-based route is widely accepted because such prepared samples have
good size control, narrow size distribution and good crystallinity. In this method, the organic
surfactants such as tri-n-octyl phosphane oxide and oleylamine, coated on the surface of the
particles, play important role in determining not only the size but also the shape of the products
during the synthetic procedures. The synthesized particles are relatively stable and can be
redispersed in nonpolar solvents easily.
4

Some metal sulphides are prepared using metal acetates and sulphur powder as sources of metal
and sulphur, respectively. But to prepare metal sulphide using these precursors we need some
other medium as a promoter. Toshihiro reported this method for copper sulphide at nearly
ambient temperature using alkane thiol and amphiphilic amine mixture (ligand mixture) 80.
Heat released in chemical reactions can be used not only to detect separate processes and phases
as it is involved in thermal analysis but also to conduct reactions themselves, for example to
obtain inorganic compounds by means of combustion. Combustion of the complexes of nickel,
copper, cobalt, iron, cadmium and zinc with thiosemicarbazide as well as of the complexes of
zinc, cadmium, lead, bismuth and indium with thiocarbamide was investigated. It was found that
all of them burn giving the sulphides of the corresponding metals. A specific feature of
combustion of these compounds lie in the fact that the evolution of energy needed to sustain the
combustion process is provided not by the sulphide formation reaction which is in fact the target
of the process, but in the interaction of nitrate ions with hydrazine and amine groups of ligands.
So, the formation of sulphides in combustion regime becomes possible due to the accompanying
reaction between the oxidizer (nitrate ion) and the fuel (ligand) 81.
Biomolecule-assisted hydrothermal process is used for the synthesis of cobalt sulphide.
Different nanostructured cobalt sulphides can be produced simply by altering the polarity of the
precursor solution through addition of ethanol. CoCl2 and l-cysteine solution in deionized water
or ethanol have been used as a precursor82.
Some transition metal sulphides can also be prepared by a straight forward synthetic route to
nanocrystallites metal sulphide such as zinc, cadmium, cobalt and nickel sulphides through
metal salts and sulphur sources under the hydrothermal treatment in the ethylenediamine
solution. Diammonium sulphide and thiourea have been used as sulphur sources and ZnCl2,
CdCl2·2.5H2O, CoCl2·6H2O and NiCl2·6H2O for respective metals83. Denga etal also reported
the preparation of zinc, cadmium, nickel, cobalt and copper

sulphide microspheres by

84

hydrothermal methods . The method involves the precipitation of M2+ (M = Zn, Cd, Ni, Co,
Cu) and S2O32− with consequent hydrothermal treatment at 180oC for 10 h. A typical process
involves the formation of equimolar solution of Na2S2O3 and corresponding metal nitrate in
distilled water. It is then mixed together in a 50 mL Teflon-lined autoclave and maintained at
180oC for 10 h. After the reaction was completed, the insoluble products were filtered, washed
with water, ethanol and dried at 50oC for several hours84.
Hence, for the nanoparticle processing of the metal sulphide the hydrothermal technique is
becoming one of the most important tools, particularly owing to its advantages in the processing
of nanostructural materials for a wide variety of technological applications such as electronics,
optoelectronics, catalysis, ceramics, magnetic data storage, biomedical and biophotonics. The
5

hydrothermal technique not only helps in processing monodispersed and highly homogeneous
nanoparticles, but also acts as one of the most attractive techniques for processing nano-hybrid
and nanocomposite materials.
The term ‘hydrothermal’ is purely of geological origin. It was first used by the British geologist,
Sir Roderick Murchison to describe the action of water at elevated temperature and pressure in
bringing about changes in the earth’s crust leading to the formation of various rocks and
minerals. It is well known that the largest single crystal formed in nature (beryl crystal of >1000
g) and some of the large quantity of single crystals created by man in one experimental run
(quartz crystals of several 1000s of g) are both of hydrothermal origin.
Hydrothermal processing can be defined as any heterogeneous reaction in the presence of
aqueous solvents or mineralizers under high pressure and temperature conditions to dissolve and
recrystallize (recover) materials that are relatively insoluble under ordinary conditions.
Definition for the word hydrothermal has undergone several changes from the original Greek
meaning of the words ‘hydros’ meaning water and ‘thermos’ meaning heat. Recently, Byrappa
and Yoshimura have defined hydrothermal as any heterogeneous chemical reaction in the
presence of a solvent (whether aqueous or non-aqueous) above the room temperature and at
pressure greater than 1 atm in a closed system85. However, there is still some confusion with
regard to the very usage of the term hydrothermal. For example, chemists prefer to use a term,
solvothermal, meaning any chemical reaction in the presence of a non-aqueous solvent or
solvent in supercritical or near supercritical conditions. Similarly there are several other terms
like glycothermal, alcothermal and ammonothermal. Further, the chemists working in the
supercritical region dealing with the materials synthesis, extraction, degradation, treatment,
alteration and phase equilibria study prefer to use the term supercritical fluid technology.
However, if we look into the history of hydrothermal research, the supercritical fluids were used
to synthesize a variety of crystals and mineral species in the late 19th century and the early 20th
century.85 So, a majority of researchers now firmly believe that supercritical fluid technology is
nothing but an extension of the hydrothermal technique.
Hence, the general term hydrothermal is used to describe all the heterogeneous chemical
reactions taking place in a closed system in the presence of a solvent, whether it is aqueous or
non-aqueous. Among various technologies available today in advanced materials processing, the
hydrothermal technique occupies a unique place owing to its advantages over conventional
technologies. It covers processes like hydrothermal synthesis, hydrothermal crystal growth
leading to the preparation of fine to ultra fine crystals, bulk single crystals, hydrothermal
transformation, hydrothermal sintering, hydrothermal decomposition, hydrothermal stabilization
of structures, hydrothermal dehydration, hydrothermal extraction, hydrothermal treatment,
6

hydrothermal phase equilibria, hydrothermal electrochemical reactions, hydrothermal recycling,
hydrothermal microwave supported reactions, hydrothermal mechanochemical, hydrothermal
sonochemical, hydrothermal electrochemical processes, hydrothermal fabrication, hot pressing,
hydrothermal metal reduction, hydrothermal leaching and hydrothermal corrosion.

Figure 1: Difference in particle processing by hydrothermal and conventional techniques

The hydrothermal processing of advanced materials has lots of advantages and can be used to
give high product purity and homogeneity, crystal symmetry, metastable compounds with
unique properties, narrow particle size distributions, a lower sintering temperature, a wide range
of chemical compositions, single-step processes, dense sintered powders, sub-micron to
nanoparticles with a narrow size distribution using simple equipment, lower energy
requirements, fast reaction times, lowest residence time, growth of crystals with polymorphic
modifications, the growth of crystals with low to ultra low solubility, and a lot of other allied
applications.
Sulphides of various divalent, trivalent and pentavalent metals form an important group of
materials for a variety of technological applications. Several groups of semiconductors are being
studied extensively with respect to their different morphologies and particle size, which in turn,
greatly influence their properties. There are several hundreds of reports on sulphides such as
CdS, PbS, ZnS, CuS, NiS, NiS2, NiS7, Bi2S3, AgIn5S8, MoS, FeS2, InS and Ag2S, prepared
through

hydrothermal

or

solvothermal

routes

with

or

without

capping

agents/surfactants/additives. Similarly, the rapid expansion of supercritical solutions has been
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used by Sun et al. to prepare nanoparticles of CdS and PbS86-87 and by Zhang et al88-89. ZnS
nanoparticles in reverse micelles processes have been prepared.
Among semiconductor nanomaterials of different metals such as cadmium, lead, and zinc, CdS
is an important one. These nanocrystals have important applications in solar cells, light emitting
diodes, nonlinear optical materials, optoelectronic and electronic devices, biological labeling,
thermoelectric coolers, thermoelectronic and optical recording materials. Further, these
compounds can exhibit varying structures such as zincblende, wurtzite and halite90-93. On the
whole for sulphides crystallization and also in bringing down the conditions of crystallization,
non-aqueous solvents are found to be more favourable. Qian’s group has reported the
hydrothermal synthesis (using non-aqueous solvents) of nanocrystalline CdS in some
coordinating solvents such as ethylenediamine and pyridine94-96. Li et al. have used
thioacetamide as the sulphide source, as it easily releases sulphide ions, a process which is
beneficial in lowering the reaction temperature and shortening the reaction period97. The
hydrothermal route is more popular than all the other methods reported in the literature because
of the lower temperature, shorter experimental duration and control over the size and
morphology. The experiments are usually carried out in the temperature range 150-200oC. Yao
et al. have obtained nanowires of CdS through hydrothermal reactions using ethylenediamine as
the reaction medium98 with experimental temperature of 140 oC. Chu et al. have reported the
shape controlled synthesis of CdS nanocrystals in mixed solvents99. They could obtain CdS
nanotetrahedron, pencil-shaped nanorods, tetrapod, prickly spheres, high aspect ratio hexagonal
nanoprisms, by adjusting the ratio of two solvents, ethylenediamine and ethylene glycol under
solvothermal conditions, and optimising the experimental time and temperature. They did not
use surfactants or other templates in the preparation of CdS nanoparticles. The experiments were
carried out at 180oC for 5 h. Li et al. pointed out that the morphology of the resultant CdS
nanoparticles could be determined by shifting the reactions between thermodynamically
controlled and kinetically controlled conditions100. Nie et al. have prepared ZnxCd1_xS nanorods
under hydrothermal conditions using ZnCl2, CdCl2.2.5H2O and (NH4)2S with ethylenediamine
aqueous solutions, at 180oC for 48 h101. By changing the molar ratio of Zn-Cd in the reactants,
different compositions of ZnxCd1-xS nanorods have been prepared. Gorai et al. have synthesized
InS through hydrothermal route within a temperature range 120-230oC using indium metal and
thioacetamide102. Chen and Gao have prepared Ag2S nanosheets using water-alcohol
homogeneous medium under hydrothermal conditions103. They have used silver nitrate with
water and ammonia solution at 160oC for 10 h. Li et al. have prepared monodispersed MoS2
particles of 70 nm size at 180oC for 16 h104. These particles have applications as
hydrodesulfurization catalyst, solid state lubricant, electrode in high-energy density batteries and
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intercalation host to form new materials. The synthesis of MoS2 was carried out using
(NH4)2Mo3S13 and hydrazine monohydrate (N2H4.H2O) at 180oC for 16 h. Zhou et al. have
reported the synthesis of ZnS nanoplates under mild hydrothermal conditions using non-aqueous
solvent in a temperature range 160-200oC for 24 h105. They have used sulphur powder and ZnCl2
in the presence of ethylenediamine. Wei et al. have synthesized ZnS hollow nanostructures
under hydrothermal conditions using a single surfactant emulsion template at 120oC for 24 h106.
A mixture of 0.5M Zn(NO3)2 and 0.5M thiourea solutions was mixed into an emulsion that was
treated hydrothermally to obtain hollow nanostructures. Zhang et al. have prepared ZnS
nanocrystallites through mild hydrothermal decomposition107. The use of zinc acetate and
sodium diethyldithiocarbamite with an experimental temperature of 150-200oC for 12-72 h
produced ZnS nanocrystallites with a different morphology. Zhang et al. have developed the
hydrothermal growth of PbS from nanocubes to dendrites using Pb(NO3)2 and dithizone as
reagents and ethylenediamine as solvent at about 140oC for 5 h. They obtained monodispersed
PbS cubic phase particles of 70 nm108. Gautam and Seshadri have successfully prepared PbS
nanocrystals under hydrothermal conditions using non-aqueous solvents109. Biswas et al. have
reported the hydrothermal synthesis of MnS nanocrystallites with rock salt structure using a nonaqueous solvent having pyramid- like single crystals of MnS110. The experimental temperature
was varied from 100 to 250oC to get the optimum condition for the formation of MnS crystals
with a defined morphology. Manganese acetate and thiourea were used as precursors with
benzene as the solvent. Liu et al. have reported the synthesis of CdSxSe1-x (0 < x < 1) nanorods
by hydrothermal method using non-aqueous solvents111. The nanorods with diameters of 10-20
nm and length up to 100-150 nm were successfully synthesized at 140oC in about 10 h. An
inorganic surfactant (BiCl4-CTA+) with a lamellar structure was mixed with thioacetamide
solution and heated at 140oC for 48 h under hydrothermal conditions to obtain Bi2S3 nanowires.
112

Zhang et al. have used pure Bi (NO3)3 and water along with thiourea and Na2S to obtain long

Bi2S3 nanowires at 200oC in 16 h113. Xie et al. have prepared nanorods of Bi2S3 and Sb2S3 using
precursor M(S2CNEt2)3 (M = Bi, Sb) in the presence of water at 115-170oC in 10 h114.
Hydrothermal synthesis of NiS, NiS2, NiS7, CuS has been carried out by several authors using
some surfactants, which assisted in controlling their size and shape115-117. Thus sulphides occupy
a prominent place in both hydrothermal technology and nanotechnology owing to their unique
properties.
Mechnaochemical processes for the preparation of metal sulphides are also used which enables
direct synthesis of sulphide nanoparticles without the need for high temperatures. The average
particle size can be controlled by changing milling conditions and status of starting materials.
This novel synthesis method is applicable for the synthesis of a wide range of sulphide and other
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chalcogenide nanoparticles. This technique has potential for the large-scale production of
nanopowders of metal sulphides. Tsuzuki and McCormick reported zinc and cadmium sulphide
synthesis by this method using chlorides of respective metals118. Godocikova etal also reported
the synthesis of nanocrystalline semiconductor particles of zinc, cadmium, copper and lead
sulphides by the mechanochemical route from the corresponding metal acetates and sodium
sulphide in an industrial eccentric vibratory mill119.
The metal sulphides could be produced from reactions of layered clay aqueous suspensions and
water-soluble metal–thiourea complexes. The clay could be saponite, montmorillonite, hectorite
and laponite, while the metal sulphide could be cobalt sulphide, nickel sulphide, zinc sulphide,
cadmium sulphide, and lead sulphide120.
Metal oxides are often used as precursors to sulphides, for example the use of tungsten trioxide
and molybdenum trioxide as precursors to the tungsten disulphide and molybdenum bisulphide
via reaction with hydrogen sulphide (H2S)121-123. H2S has been used as a sulphur source for a
number of other reactions, including the formation of sulphides via solvothermal, sonochemical,
electrochemical, or direct chemical methods followed by heating in the presence of H2S124-129.
In some cases, the oxide is reacted with different sulphur sources such as thioglycolic acid,
thiourea, or elemental sulphur to produce the corresponding sulphide. For example, ZnO/ZnS,
SnO2/SnS2, MnO2/MnS2 core–shell nanostructures, and nanotubes of ZnS and SnS2 were formed
when the corresponding oxide was reacted with Na2S and thioglycolic acid130. Similarly, zinc
oxide nanorods were used to synthesize zinc sulphide nanotubes and nanotube arrays using
thioglycolic acid131-132. Thiourea was used as the sulphur source to produce hollow zinc sulphide
from polymer-stabilized zinc oxide nanoparticles,133 and also for 18-faceted Cu7S4 hollow
nanoparticles from copper oxide134. Copper sulphide nanoparticles were synthesized
hydrothermally from copper oxide and Na2S2O3.5H2O135. Commercially available rare earth
oxides Pr6O11, Eu2O3, and Gd2O3 were also converted to the corresponding monothiooxides
using a solvothermal method and sulphur powder136. Molybdenum trioxide was converted to
molybdenum disulphide using elemental sulphur and heating to 850oC. Other unconventional
sources of sulphur have also been used to convert oxides to sulphides, including the use of boron
sulphides to covert Nd2O3 to NdS2 nanoparticles137. This strategy has been shown to be
extremely general for the low-temperature conversion of oxides to sulphides138.
Ultrasonic chemical solution procedures have also been employed to convert oxides to sulphides
with appropriate sulphur sources. For example, zinc nitrate was reacted with sodium hydroxide
and ultrasonically irradiated to produce zinc oxide nanocables and nanorods that were converted
to zinc sulphide nanocables and nanotubes in the presence of thiourea139. Geng et al140 showed
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that zinc oxide could be converted to hollow particles of zinc sulphide nanostructures using
ultrasonic irradiation.
Dong et al reported a synthetic method for lead sulphide by the use of surfactant and lead acetate
with carbon disulphide as a sulphur source141. Mixing of N-cetyl-N,N,N-trimethyl-ammonium
bromide with carbon disulfide in distilled water and its reaction with aqueous lead acetate
solution followed by incubation at 40oC resulted in the formation of lead suphide nanorods,
nanobelts, nanovelvet flowers and nanodendrites141. Interlanthanide sulfides PrLnYb2S6 were
prepared through the reaction of sulphur and antimony sulphide Sb2S3 with respective metals in
ampoules sealed under vacuum with continuous flow of argon in glove box followed by heating
in a programmed furnace142.
A one-step, corrosion-assisted reaction was developed by Tezuka et al to synthesize copper
sulphide (CuS) from elemental copper and sulphur in water at 60oC143.Some time pure metal is
used in molten state and it is allowed to react with H2S directly and as a result we get metal
sulphides. Rao et al reported the synthesis of gallium sulphide nanowires by direct reaction of
H2S at the metal surface144.
Using metal and sulphur as the starting materials, metal sulphide has also been synthesized with
a temperature gradient technique. With the one-temperature method for sulphide synthesis, the
pressure of sulphur increases rapidly and explosion frequently occurs in the synthesis. This
method limits the amount of sulphide synthesis and takes a long time for synthesis. To solve this
problem, metal is placed in the hot zone (1000 oC) and sublimed sulphur in the zone with
temperature gradient. Under these conditions the sulphur vapours are transported to the colder
part of the quartz tube gradually and sulphide is formed in the synthesis system. With the
process of the reaction and the decreasing of the sulphide, the cold zone temperature is raised
gradually. Finally, the temperature gradient disappeared and a large quantity of sulphide is
synthesized safely and rapidly by using metal and sublimed sulphur. Sulphides synthesized by
this method are MgS, TiS2, ZrS2 and WS2145.
Silver and copper sulphides have also been synthesized by Liang et al using electrochemical
technique146. With ethylene glycol and thioglycerol used as organic solvent and surface capping
agent, respectively, CdS, PbS and CuS nanoparticles were prepared through the reaction
between metal salts as cadmium sulphate, lead nitrate or copper sulphate and elemental sulphur
by Yang147.
In the process of sulphide nanocrystals synthesis, mostly organometallic complexes are used as
metal precursor, for example, Cd(CH3)2 and Zn(CH3)2 are commonly used as the metal
precursors for cadmium and zinc,148-149 which are extremely toxic, pyrophoric, expensive, and
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unstable at room temperature. Peng et al. have improved this reaction using cadmium oxide at
300oC.149
Joo et al. synthesized monodispersed sulphide nanocrystals with various sizes and shapes using
cadmium chloride by following an injection method, which enhances the difficulty in controlling
the reaction temperature,150 and the method is difficult to obtain those sulphide nanocrystals
with uniform component when the metals have different chemical valences in their sulphides, as
the amount of elemental sulphur used in the reaction is restrictive. Another example is the
synthesis of bimetallic zinc cadmium complex. The conventional technique for synthesizing
hexagonal Cd(1−x)ZnxS powders was based on the high temperature reactions of compositional
elements or binary metal sulphides under an inert gas or in vacuum, which usually yielded the
coarse and aggregated particles with some unwanted characteristics, such as large particle size
with broad size distribution, and even inhomogeneous compositions with minor impurities. In
addition, group II–VI elements often form defects and interdiffuse at temperatures above 500
°C154. Thus, low temperature growth of group II–VI semiconductors has gained wide
acceptance151-156 .
Recently, the single-source molecular precursor route has opened a fruitful way for the
controllable synthesis of metal chalcogenide materials156-164. First of all, it offers the distinct
advantages of mildness, safety and simplified fabrication procedure and equipment, as compared
with the use of multiple sources requiring exact control over stoichiometry; and it is especially
compatible with the metallorganic chemical vapor deposition156-158. Another important
motivation for utilizing single-source molecular precursors may be found in the observation of
unusual crystal growth selectivity or metastable phase formation of the resultant products, which
are sometimes unattainable via the conventional synthesis techniques159-164. For these reasons,
single-source molecular precursor method, which is precisely defined and can thus enable a
much higher degree of synthetic control during the reaction, has proven to be a useful route to
synthesize high quality, crystalline monodispersed nanocrystals. Since the initial report by
Trindade and O’Brien,165 this method has developed quickly. For example, transition metal
sulphides, transition metal oxides, and transition metal selenides have been synthesized
successfully in recent years166-168. Thus for transition metal sulphides single source precursors
have many advantages such as:



Single source routes avoid the need for toxic and/or pyrophoric precursors.



Some nanoparticles are air sensitive. All precursor synthesis is carried out under
anaerobic conditions, with the resulting precursors being air and moisture stable.
12



One precursor is involved, purification of which is easier than that of two or more
precursors, and hence there is less chance of the incorporation of impurities into the
nanoparticles.



Low temperature deposition routes are possible.



Although there are theoretical models predicting the optical properties of semiconductor
nanoparticles, the properties of nanoparticles obtained by new synthetic routes are some
times hard to anticipate and may lead to particles with unique and unanticipated, but
useful, properties.

The use of single-source precursors is an extension of these methods, which has proved to be a
reproducible method in many cases. Single-source precursors have the advantages of being less
toxic, insensitive to air and moisture, and easier to purify which may prove to be a major issue
as impurities may drastically change the intended electronic properties, with preparations
generally undertaken at low temperature.169

1.3

Single Source precursors for Metal sulphides

To date, several single-source molecular precursors have been successfully synthesized and
subsequently employed in the preparation of metal sulphides. For example cadmium sulphide
and zinc sulphide fine powders and thin films are synthesized by means of pyrolysis in
MOCVD,156-158 in hot organic solvents,159-161 in vacuum and under inert gas,162-164 etc.
The large-scale production of hexagonal Cd(1−x)ZnxS nanoparticles via thermolysis using
cadmium zinc bis(N,N-diethyldithiocarbamate, as a single-source molecular precursors in air at
a temperature ≤300 °C was done by Zhang et al.
O`Brien reported the use of [Zn(Et2CNS2)2.NC5H5] as a single source precursor for zinc
sulphide (Figure 2). In general, in the solid state, these compounds have dimeric structures. Each
metal atom is five coordinate, with bridging sulphur/selenium atoms in each dimer forming a
centrosymmetric core consisting of three edge-sharing four-membered rings. By adding a Lewis
base compound, the dimeric unit can be broken into the respective monomer, such as in the case
of the pyridine adduct, zinc-bis(N,N'-diethyldithiocarbamato)·pyridine. Each central metal atom
is still five coordinate but is bound to two dithiocarbamato groups and a coordinating nitrogen of
a pyridine, in a distorted trigonal bipyramidal arrangement.169
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Figure 2: The molecular structure of [Zn(Et2CNS2)2.NC5H5]

Geng et al reported the facile synthesis of crystalline and quasi-monodisperse dispersible
nanocrystals of cadmium sulphide, copper sulphide and nickel sulphide via thermolysis of
simple metal 2-mercaptobenzothiazole, nonhydrolytic complexes as single precursors in
oleylamine at temperatures ranging from 160◦C to 230◦C.170

The synthesis of CdS nanocrystals has been carried out from the thermolysis in a dynamic
vacuum, between 150 and 300 °C, using the novel asymmetric cadmium dithiocarbamate
[Cd{S2CNMe(C18H37)}2]; a single source precursor for cadmium sulphide by Lazell and
O`Brien. 171
Heating the metal xanthate in an appropriate solvent readily yields the metal sulphide at a
relatively low temperature, Pradhan and Efrima reported a method for the production of zinc,
copper, manganese, mercury and lead sulphides using their respective alkylxanthate salts. In
addition, they also reported the use of a large variety of capping agents e.g., thiols, amines,
phosphines, etc for stabilizing these particles.172
Highly monodispersed cadmium sulphide nanoparticles have been prepared by a novel route
involving thermolysis using Cd{S2CNMe-(nHex)}2]173 and cadmium(II) complex of N,N'bis(thiocarbamoyl)- hydrazine174 as single molecule precursors in a one-pot synthesis.
Synthesis of various metal sulphide nanoparticles at relatively low temperature with use of a
single precursor under ambient conditions is described by Pradhan et al. They introduced a new
14

method for synthesizing metal sulphide particles of high quality utilizing a Lewis-base
catalyzed, low-temperature thermal decomposition of various single source precursors of metal
alkyl xanthates. Spherical and non spherical metal sulphide particles of cadmium, zinc, lead,
mercury, nickel, copper and manganese are described. 175
N-alkyldithiocarbamato complexes are also used as single source precursors for metal sulphides.
Memon and coworkers reported the synthesis of zinc and cadmium sulphide nanoparticles from
their respective dithiocarbamates.176
The sulphides of zinc, cadmium and mercury are prepared by Kedarnath et al via thermal
decomposition of their respective dithiocarboxylates as single source precursors (Figure 3). 177

Figure 3: Molecular structure of (a)[Cd(S2CTol)2(tmeda)] and (b) [Zn(S2CTol)2(py)]

Existing in a variety of compositions, including Ni3S2, Ni6S5, Ni7S6, Ni3S4 and NiS, nickel
sulphides are potentially important materials in a diverse number of technical applications178. In
heterogeneous catalysis, nickel sulphide nanoparticles have been reported as highly active
hydrodesulfurization catalysts and,179 when supported on γ-alumina, as catalysts for the autothermal reforming of methane for hydrogen production.180 Phase pure semiconducting NiS has a
narrow band gap of ca. 0.3 eV and has thus found a number of applications in IR detection,181,182
as a selective solar coating and as an electrode in photoelectrochemical storage devices.183
Although several routes to nanoparticulate NiS and the fabrication of thin film NiS by soft
solution methods have been described,184-190 there are only limited reports of the deposition of
NiS either by dual or single source chemical vapour deposition (CVD) methods. O`Brien and
associates have recently reported the growth of thin films of binary nickel sulphide by both low
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pressure (LP) and aerosol-assisted (AA) CVD methods employing single source dithiocarbamate
Ni(S2CNRR')2 (RR' = Et2, MeEt, MenBu or MenHex) precursors (Figure 4).194,195

Figure 4: X-ray crystal structure of [Ni(S2CNMenBu)2]

Under both regimes, the phases of the films deposited on glass substrates at relatively low
growth temperatures were found to be mixtures of NiS1.03, NiS2, NiS and α-Ni7S6 and displayed
a variety of morphologies that were dependent upon the alkyl substitution of the
dithiocarbamate.
Another method reported by Cheon et al of the low pressure laser-driven photo- and thermal
CVD of NiS utilising nickel(II) isopropyl xanthate, [Ni(S2COiPr)2], as a single source precursor
in which notably low deposition temperatures (350oC) resulted in high purity films with low
carbon contamination.196
Although transition metal xanthates (or dialkyldithiocarbonates) constitute a well explored class
of coordination complex,197 their use as precursors to solid state sulphide materials is rather
underexploited198-200. Xanthate complex of bismuth with dimmeric crystal structure reported by
Koh et al was used as a single source precursor for bismuth sulphide (Figure 5).198

Figure 5: View of the dimeric structure of Bi(S2COR)3, R = Me and Et.
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Xanthate complexes such as Ni(S2COiPr)2 typically decompose by the Chugaev elimination
reaction in which an alkene is formed by a concerted syn-elimination from a six-membered
cyclic transition state (Eq. 1).

1.4

Properties of transition metal sulphides

Complexing agents with dithio functional group have been widely used in industry as rodent
repellents, vulcanization additives in rubber manufacturing, additives in lubricants and in
agriculture as fungicides on almond trees, stone fruits and vegetables. Interest in complexes of
both main group and transition metals with sulphur donor ligands arosen in the past because of
their varied structures and biological activity.
Sulphur containing molecules are currently under study as chemoprotectants in platinum-based
chemotherapy. In particular, thiocarbonyl and thiol donors have shown promising properties for
chemical use in modulating cisplatin nephrotoxicity.201
Transition metal sulphides supported on zeolites are active for reactions such as
hydrodesulfurization, hydrodenitrogenation, and aromatic hydrogenation. In addition, they form
an important component of the composite catalysts currently used in modern hydrocracking
processes. Knowledge of the surface and catalytic properties of the zeolite-supported transition
metal sulphide catalysts is of interest for the development of more complex commercial catalysts
which the petroleum refining industry needs for treating heavier feeds and to satisfy the recent
environmental regulations and fuel specifications.202 Metal chalcogenide such as NiS, ZnS, SrS,
CdS and PbS have attracted great interest in recent years owing to their unique physical and
chemical properties. These types of material usually show novel optical, electronic and magnetic
properties due to their peculiar quantum-size effect and large specific surface areas. Therefore,
these metal sulphides have important applications in the field of opto-electronic technology and
fabrication of photo catalysis materials.
Nickel sulphides have been used as IR detectors, solar storage devices and photoconductive
materials The electromagnetic property of the nickel sulphide is also interesting since it
transforms from a paramagnetic metal to an antiferromagnetic semiconductor upon cooling
under the transition temperature of 379oC.
Zinc sulphide is an important photonic crystal with a high-refractive index and relatively low
absorption in the visible spectrum. It is also an important semi conducting material, for other
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applications such as wave-guides, blue light emitting devices or a base material for the
phosphors.
The SrS is used to obtain an efficient blue phosphor light for the full color thin film electro
luminescent display products.203
Transition metal sulphides are very good mercury removing agents. As Mercury can have
adverse affects on the environment and human health, thus reduction of its environmental
concentration coupled with removal is of great importance. Early transition metal sulphides such
as molybdenite have multiple bonds to sulphur resulting in less ability for the sulphur to bond
with other atoms. In the case of the late transition metal sulphides that undergo gas phase
mercury removal, the mercury is removed by bonding to the sulphur on the metal sulphide.
Although capacities, rates and the mechanism of mercury vapour adsorption by the different
metal sulphides is different but these are very good adsorbents.204
Fuel cell technology has been of special interest in recent years due to its higher efficiency in
energy conversion and less harmful emissions compared with other energy conversion systems.
All fuel cells are either fed by pure hydrogen from a storage vessel or by hydrogen-rich gas
produced from widely available fuels via a reforming process. A direct supply of pure hydrogen
is desirable for fuel cell. Nevertheless, hydrogen storage still remains a challenge as the fuel has
a very low energy density under normal ambient conditions, and this makes storage difficult for
mobile applications. Therefore, a reliable method to ensure a steady supply of hydrogen for
mobile fuel cells is to use reforming techniques, which extract hydrogen from hydrocarbon fuels
such as methane. Three major thermo-chemical reforming techniques are used to produce
hydrogen from methane and other hydrocarbon fuels such as, steam reforming, partial oxidation
and autothermal reforming. Nickel sulphide catalyst on a γ-alumina support is one of the best
catalysts for autothermal reforming as it is used in the autothermal reactor of methane under
thermally neutral conditions.205
Cadmium sulphide is an important semiconducting material used for different applications in
optoelectronics such as nonlinear optics, flat panel displays, light emitting diodes, lasers, and
thin film transistors, etc.206 Semiconducting cadmium sulphide has been widely used as a yellow
pigment and, in recent years, has been actively studied for application as a photocatalyst for
generation of hydrogen from water, as a window layer material for CdS/CdTe solar cells, and for
various optoelectronic devices. This is apparently due to the fact that its band gap is appropriate
for absorption of visible light, and its detailed photochemical or photoelectrochemical activity
varies with such physical properties as crystalline phase, size, and morphology of the cadmium
sulphide particles.207
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Textile industries produce large volume of colored dye effluents which are toxic and nonbiodegradable. These dyes create severe environmental pollution problems by releasing toxic
and potential carcinogenic substances into the aqueous phase. Cadmium sulphide is very active
photo catalyst for the complete destruction of these dyes.208
Semiconductor-assisted splitting of water under solar radiation is considered as a clean,
renewable and abundant source of hydrogen fuel. Among various photo catalysts developed for
this purpose, cadmium sulphide continues to be a favoured material because of its ideal band
gap (2.3 eV) that corresponds well with the electromagnetic spectrum of solar radiation.209
Semiconductor nanocrystals of cadmium sulphide have received considerable attention because
of their intrinsic properties of a narrow band gap, good chemical stability and ready preparation,
and their technological applications, ranging from microelectronics to non-linear optics,
optoelectronics, catalysis, optical windows for solar cell and photo-electrochemistry.
Electronically conducting materials that contain sulphur as part of their chemical composition
are

excellent

electro-catalysts

for

both

anodic

and

cathodic

reactions

for

the

sulphide/polysulphide redox couple. The electrochemistry of sulphide/polysulphide couple
becomes more attractive due to the development of energy conversion and storage applications,
photo-electrochemical energy conversion, electrodes in the solar cells and Li-sulphur batteries.
Sulphide/polysulphide couple is an understood material for an aqueous electrochemical storage
device.210
Semiconductor quantum dots, because of their large ratio of surface atoms and the threedimensional quantum confinement of excitons, are of great interest for people engaged in
fundamental and applied research. Among various semiconductor materials, cadmium sulphide
has been extensively investigated and used as an important direct-band semiconductor, for the
photoelectric conversion in solar cells, and other optical devices based on its nonlinear
properties.211
Zinc sulphide nanoparticles are often used as phosphors for display devices.212 Zinc sulphide
doped with manganese gives orange red emission at around 590 nm, doped with copper gives
green emission at around 510 nm.213and if Zinc sulphide nanoparticles are doped with silver then
they give blue emission at around 440 nm214They also have a potential application in field
emission devices.215
Semiconductor nanoparticles show effective photocatalysis property, e.g. in the artificial fixation
of CO2.216It is believed that catalysis occurs on the surface of the particles. Cadmium sulphide,
zinc sulphide217and cadmium-rich cadmium selenide218 of certain sizes act as efficient
photocatalytic semiconductor nanoparticles.
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1.5

Metal sulphides and nanotechnology

Nanotechnology may be defined as design, fabrication and application of nanostructures or
nanomaterials, and the fundamental understanding of the relationships between physical
properties or phenomena and material dimensions. Nanotechnology deals with materials or
structures in nanometer scales, typically ranging from subnanometers to several hundred
nanometers. Nanotechnology has an extremely broad range of potential applications from
nanoscale electronics and optics, to nanobiological systems and nanomedicine, to new materials,
and therefore it requires formation of and contribution from multidisciplinary teams of
physicists, chemists, materials scientists, engineers, molecular biologists, pharmacologists and
others to work together on
(i)

synthesis and processing of nanomaterials and nanostructures,

(ii)

understanding the physical properties related to the nanometer scale,

(iii)

design and fabrication of nano-devices or devices with nanomaterials as building
blocks, and

(iv)

design and construction of novel tools for characterization of nanostructures and
nanomaterials.

Synthesis and processing of nanomaterials and nanostructures are the essential aspect of
nanotechnology. Studies on new physical properties and applications of nanomaterials and
nanostructures are possible only when nanostructured materials are made available with desired
size, morphology, crystal and microstructure and chemical composition. Work on the fabrication
and processing of nanomaterials and nanostructures started long time ago, far earlier than
nanotechnology emerged as a new scientific field. It is obviously impossible to summarize all
the devices and applications that have been studied and also to predict new applications and
devices. It is interesting to note that the applications of nanotechnology in different fields have
distinctly different demands, and thus face very different challenges, which require different
approaches. For example, for applications in medicine, or in nanomedicine, the major challenge
is “miniaturization”: new instruments to analyze tissues literally down to the molecular level,
sensors smaller than a cell allowing looking at ongoing functions, and small machines that
literally circulate within a human body pursuing pathogens and neutralizing chemical
toxins.218Applications of nanostructures and nanomaterials are based on:
(i)

The peculiar physical properties of nanosized materials, e.g. gold nanoparticles
used as inorganic dye to introduce colours into glass and as low temperature
catalyst.
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(ii)

The huge surface area, such as mesoporous titania for photoelectrochemical cells,
and nanoparticles for various sensors.

(iii)

The small size that offers extra possibilities for manipulation and room for
accommodating multiple functionalities.219

Nanoscience is the study of objects and systems in which at least one dimension is 1–100 nm.
Nanosystems exhibit interesting and useful physical behaviors based on quantum phenomena. In
recent years, the preparations, characterizations, and applications of the nanosized materials
have received great attention in various fields, e.g. chemistry, physics, material science, and
biology. Since the nanoparticles usually have unusual electronic, optical, magnetic, and
chemical properties, significantly different from those of the bulk materials due to their
extremely small sizes and large specific surface areas, they have various potential applications
such as catalysis, electronic, optical and mechanical devices, magnetic recording media,
superconductors,

high-performance

engineering

materials,

dyes,

pigments,

adhesives,

photographic suspensions, drug delivery, and so on. Sulphide nanoparticles are a kind of
inorganic nanoparticle which have been applied in many fields.220
Much of the impetus for nanotechnology comes from the fact that the scale of engineering is
shrinking in different fronts. This relentless miniaturization has always been most keenly felt in
information technology, which is by any means one of the most important technologies of this
century. The increase in speed of chips goes hand-in-hand with a decrease in scale of these
electronic components, so that more processing power can be packed onto a single silicon chip.
It is expected that these challenges will intensify dramatically as the transitions approach the 100
nanometer dimensions. Semiconductor nanocrystals are described as a state of matter that is
intermediate between individual molecule and bulk221. Transition from bulk to nanoparticles
lead to the display of quantum mechanical properties and an increased dominance of surface
atoms which increases the chemical reactivity of a material. Notable examples include tunable
bandgap222 and catalytic behaviour,223 respectively. The small size and high optical activity of
certain semiconductors make them interesting for applications in disciplines ranging from
optoelectronics, 225 catalysis226 to fluorescence microscopy.224 Particles in nanometric sizes show
unique physical properties, for example with the decrease of particle size, extremely high
surface area to volume ratio is obtained leading to an increase in surface specific active sites for
chemical reactions and photon absorption to enhance the reaction and absorption efficiency. The
enhanced surface area increases surface states, which changes the activity of electrons and holes,
affecting the chemical reaction dynamics. For instance, the size quantization can increase the
bandgap of photocatalysts to enhance the redox potential of conduction band electrons and
valence band holes.225Also, nanoparticles can induce the possibility of indirect electron
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transitions at the boundary of the crystals and realize the essential enhancement of light
absorption.
Nanoparticles are zero-dimensional nanostructures. The other types of nanostructures are onedimensional

nanostructures

and

two-dimensional

nanostructures.

One-dimensional

nanostructures have been called by a variety of names including: whiskers, fibers or fibrils,
nanowires and nanorods. In many cases, nanotubules and nanocables are also considered onedimensional structures.
1.5.1 Two-dimensional Nanostructures: Thin Films
Today, microelectronic devices, chemical or biological sensors, light emitting devices and
displays, molecular level lubrications and many other current technologies rely on the deposition
of uniform, thin or ultra thin films.
Deposition technology can well be regarded as the major key to the creation of devices such as
computers, since microelectronic solid-state devices are all based on material structures created
by thin-film deposition. Electronic engineers have continuously demanded films of improved
quality and sophistication for solid-state devices, requiring a rapid evolution of deposition
technology.
1.5.2 Classification of deposition technologies
There are dozens of deposition technologies for material formation. Basically, thin-film
deposition technologies are either purely physical, such as evaporative methods, or purely
chemical, such as gas- and liquid-phase chemical processes. A considerable number of processes
that are based on glow discharges and reactive sputtering combine both physical and chemical
reactions; these overlapping processes can be categorized as physical-chemical methods.

Survey and Classification of Thin-Film Deposition Technologies
EVAPORATIVE METHODS
• Vacuum Evaporation
Conventional vacuum evaporation

Molecular-beam epitaxy (MBE)

Electron-beam evaporation

Reactive evaporation

GLOW-DISCHARGE PROCESSES
• Sputtering

• Plasma Processes

Diode sputtering

Plasma-enhanced CVD

Reactive sputtering

Plasma oxidation

Bias sputtering (ion plating)

Plasma anodization
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Magnetron sputtering

Plasma polymerization

Ion beam deposition

Plasma nitridation

Ion beam sputter deposition

Plasma reduction

Reactive ion plating

Microwave ECR plasma CVD

Cluster beam deposition (CBD)

Cathodic arc deposition

GAS-PHASE CHEMICAL PROCESSES
• Chemical Vapour Deposition (CVD)

• Thermal Forming Processes

CVD epitaxy

Thermal oxidation

Atmospheric-pressure CVD (APCVD)

Thermal nitridation

Low-pressure CVD (LPCVD)

Thermal polymerization

Metal organic CVD (MOCVD)
Photo-enhanced CVD (PHCVD)
Laser-induced CVD (PCVD)
Electron-enhanced CVD
LIQUID-PHASE CHEMICAL TECHNIQUES
• Electro Processes

• Mechanical Techniques

Electroplating

Spary pyrolysis

Electroless plating

Spray-on techniques

Electrolytic anodization

Spin-on techniques

Chemical reduction plating
Chemical displacement plating
Electrophoretic deposition

1.5.2.1 Gas-Phase Chemical Processes
Methods of film formation by purely chemical processes in the gas or vapour phases include
(i) chemical vapour deposition (ii)

thermal oxidation.

1.5.3 Chemical Vapour Deposition
Chemical vapor deposition (CVD) is a chemical process used to produce high-purity, highperformance solid materials. The process is often used in the semiconductor industry to produce
thin films. In a typical CVD process, the wafer (substrate) is exposed to one or more volatile
precursors, which react and/or decompose the substrate surface to produce the desired deposit.
Frequently, volatile byproducts are also produced, which are removed by gas flow through the
reaction chamber. In chemical vapour deposition,226 constituents of the vapour phase react
chemically near or on a substrate surface to form a solid product. The deposition technology has
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become one of the most important means for creating thin films and coatings of a very large
variety of materials essential to advanced technology, particularly solid-state electronics where
some of the most sophisticated purity and composition requirements must be met.227
The main feature of CVD is its versatility for synthesizing both simple and complex compounds
with relative ease at generally low temperatures. Both chemical composition and physical
structure can be tailored by control of reaction chemistry and deposition conditions. 228-233
Fundamental principles of CVD encompass an interdisciplinary range of gas-phase reaction
chemistry, thermodynamics, kinetics, transport mechanisms, film growth phenomena, and
reactor engineering.
Chemical reaction types basic to CVD include pyrolysis (thermal decomposition), oxidation,
reduction, hydrolysis, sulphide, oxide, nitride and carbide formation, synthesis reactions,
disproportionation, and chemical transport. A sequence of several reaction types may be
involved in more complex situations to create a particular end product.
Deposition variables such as temperature, pressure, input concentrations, gas flow rates, reactor
geometry and operating principle determine the deposition rate and the properties of the film
deposited.
Most CVD processes are chosen to be heterogeneous reactions. That is, they take place at the
substrate surface rather than in the gas phase. Undesirable homogeneous reactions in the gas
phase nucleate particles that may form powdery deposits and lead to particle contamination
instead of clean and uniform coatings. The reaction feasibility of a CVD process under specified
conditions can be predicted by thermodynamic calculations. Kinetics controls the rate of
reactions and depends on temperature and factors such as substrate orientation. Since important
physical properties of a given film material are critically influenced by the structure (such as
crystallinity), control of the factors governing the nucleation and structure of a growing film.
Thin-film materials that can be prepared by CVD cover a tremendous range of elements and
compounds. Inorganic, organometallic, and organic reactants are used as starting materials.
Gases are preferred because they can be readily metered and distributed to the reactor. Liquid
and solid reactants must be vaporized without decomposition at suitable temperatures and
transported with a carrier gas through heated tubes to the reaction chamber, which complicates
processing, especially in the case of reduced-pressure systems. Materials deposited at low
temperatures are generally amorphous. Higher temperatures tend to lead to polycrystalline
phases. Very high temperatures (typically 900°C to 1100°C in the case of silicon) are necessary
for growing single crystal films. These films are oriented according to the structure of the
substrate crystal; this phenomenon, known as epitaxy, is of crucial practical importance in solid24

state device technology. CVD has become an important process technology in several industrial
fields. As noted, applications in solid-state microelectronics are of prime importance. Thin CVD
films of insulators, dielectrics (oxides, silicates, nitrides), elemental and compound
semiconductors (sulphides, selenides, arsenide, etc.), and conductors (tungsten, molybdenum,
aluminum, refractory metal silicides) are extensively utilized in the fabrication of solid-state
devices. Hard and wear-resistant coatings of materials such as boron, diamond-like carbon,
borides, carbides and nitrides have found important applications in tool technology. Corrosion
resistant coatings, especially oxides and nitrides, are used for metal protection in metallurgical
applications. Numerous other types of materials, including vitreous graphite and refractory
metals, have been deposited mainly in bulk form or as thick coatings. Many of these CVD
reactions have long been used for coating of substrates at reduced pressure, often at high
temperatures.
1.5.4 Thin-Film Applications
In considering the different applications of deposited thin films,229-230 the following generic
categories can be identified.
1.5.4.1 Electronic Components
The fabrication of electronic components, especially solid-state devices, microelectronic and
integrated circuits, have undoubtedly found the most demanding applications for thin film
depositions. These films typically consist of semiconductor materials, dielectric and insulating
materials, and metal or refractory metal silicide conductors.

1.5.4.2 Electronic Displays
Electronic displays are used for interfacing electronic equipment with human operators.
Different components and device structures are required, such as:
Liquid-crystal displays
Light-emitting diodes (LEDs)
Electroluminescent displays
Plasma and fluorescent displays
Electrochromic displays
The fabrication of these displays requires conductive films, transparent and conductive films,
luminescent or fluorescent films as well as dielectric and insulating layers.
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1.5.4.3 Optical Coatings
Optical coatings are applied for antireflection purposes, as interference filters on solar panels, as
plate glass infrared solar reflectors and for laser optics. In the fabrication of filter optics, thin
films with refractive index gradients are deposited on substrates, from which the optical fibres
are drawn. These coatings require dielectric materials with precisely define indices of refraction
and absorption coefficients. Laser optics requires metal reflective coatings which can withstand
high radiation intensities without degradation. Infrared reflecting coatings are applied to
filament lamps to increase the luminous flux intensity.
1.5.4.4 Magnetic Films for Data Storage
Thin films of magnetic materials have found wide commercial applications for data storage in
computers and control systems. The substrates can be metal, glass or plastic polymeric
materials. Thin film deposition processes for magnetic materials and for materials with a high
degree of hardness are required.
1.5.4.5 Optical Data Storage Devices
Thin films are finding increasing commercial use for optical data storage devices in compact
disks and computer memory applications. Processes for the deposition of organic polymer
materials as storage media and as protective overcoats are required for this technology.
1.5.4.6 Antistatic Coatings
Thin films of conductive or semi conductive materials are deposited to provide protection from
electrostatic discharges.
1.5.4.7 Hard Surface Coatings
Thin film coatings of carbides, silicides, nitrides, and borides are finding increased uses to
improve the wear characteristics of metal surfaces for tools, bearings, and machine parts. Of
particularly great current interest are films of diamond-like carbon because of this material’s
heat dissipation properties, electrical insulation, hardness, and resistance to high-temperature
and high-energy radiation.

1.6

Fabrication of metal sulphide thin films

Much of the effort of the last few years has been centred on improving the quality of materials
that can be grown by CVD.
Materials are deposited from the gaseous state during CVD. Thus precursors for CVD processes
must be volatile, but at the same time stable enough to be able to be delivered to the reactor.
Generally precursor compounds will only provide a single element to the deposited material,
with others being volatilised during the CVD process. However some times precursors may
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provide more than one element. Such materials simplify the delivery system, as they reduce the
number of reactants required to produce a given compound.
The most common possibility for the CVD synthesis of metal sulphide based layers is to employ
two separate precursors for metal and sulphur such as metal alkyls for the metal and H2S, Et2S
for sulphur. The main disadvantage of this approach is the occurrence of undesired gas-phase
side reactions, 234 that prevent an accurate control of the process.
A more favourable possibility relies on controlling film properties by the use of suitable
synthetic approaches starting from a single-source molecular precursor, with core architecture
very similar to the building blocks of the desired material. The advantages of single source
precursor with respect to multiple source reagents include an easier control of the stoichiometry
and a limitation of unwanted side reactions.235-236 Single source molecules must be carefully
designed and synthesized because of the frequent occurrence of polymeric structures that might
result in reduced volatility.
The other method is injecting a metal and S precursor separately into a hot organic solvent in the
presence of surfactants. In this method (alkylsilyl) sulphur237-238 or elemental sulphur powder
dissolved in a carrier solvent239-244 have been used as the S precursor. The (alkylsilyl) sulphur is
a highly reactive precursor because of the easily cleavable S–Si bond. However, it is too reactive
to control the uniformity of crystal growth and difficult to handle due to the sensitivity to air.
The sulphur powder dissolved in organic solvents, such as trioctylphosphine239-241 and
oleylamine,242 could make a more stable S–P coordinating complex or S-coordinating complex
than (alkylsilyl) sulfur. However, trioctylphosphine and oleylamine are very sensitive to oxygen
so that the synthetic process might not be reliable depending on exposure to air as well as the
purity of the compounds. A non-coordinating solvent such as octadecene could be a more stable
carrier solvent for sulphur, but sulphur has quite limited solubility.243-244 Hence there are a
number of procedures available for preparing metal sulphide thin films.
TiS2 thin films have been prepared via dual245 and single source chemical vapour deposition
(CVD),246 radiofrequency sputtering247 and activated reactive evaporation.248 NbS2 films have
been prepared using physical deposition processes.249 A number of techniques for the
preparation of MoS2 thin films have been reported including dual250 and single source CVD,
chemical vapour transport251 and pulsed laser evaporation.252 Metal sulphides are synthesized
using atmospheric pressure chemical vapour deposition on silicon wafers from metal chlorides
and sulphur precursors. Bi2S3, Fe7S8 and Cu7.2S4, are prepared on bare Si wafers, and the
interactions between the silica sheath and the sulphides cores are fairly clear. MnS, ZnS and CdS
are prepared according to the vapour–liquid–solid (VLS) strategy by employing Au
nanoparticles as the catalyst. Cr2S3, CoS, NiS and PbS are prepared on Au-coated Si wafers and
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are covered by silica sheathes, typical layered crystals of SnS2, MoS2, WS2 and FeTa3S6 were
also deposited.253 However Germanium-sulphide glass has been fabricated directly by chemical
vapour deposition in the form of thin films on semiconductor substrates and as a bulk glass.254
Films of nanocrystals such as Au, Ag and Pd, semiconducting sulphides such as CdS, ZnS and
CoS, have been prepared by employing reactions at liquid–liquid (organic–aqueous) interfaces
by Rao et al.255 A chemical vapor deposition route to nanosized zinc sulphide and cadmium
sulphide thin films was developed by Barreca et al. The layers were deposited on SiO2 substrates
in a nitrogen atmosphere at temperatures between 473 and 723 K using zinc and cadmium
isopropyl xantahtes as single-source precursors (Figure 6).256

Figure 6: Schematic drawing of the precursor solid state structure: (a) Zn(O-iPrXan)2 ;

(b) Cd(O-iPrXan)2.

A novel single source precursor, zinc bis (O-ethylxanthate), was employed for the CVD of zinc
sulphide films by Barreca et al. The coatings were deposited on silica substrates in a nitrogen
atmosphere in a cold wall reactor in the temperature range of 250-400oC.257 A series of tin
unsymmetric dithiocarbamate complexes have been made for deposition of sulphides of tin.
Atmospheric pressure chemical vapour deposition using these complexes with H2S at 350–
550°C produced SnS and Sn2S3 films on glass substrates.258
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CHAPTER – 2

Experimental

2.1

Materials and Methods

All reactions were carried out at room temperature. Reagent grade solvents were used without
further purification. All starting materials were purchased from Sigma Aldrich and used without
further purification. The O-n-butylxanthate ligand was generated by the reaction between nbutanol and CS2 in the presence of KOH in acetone and crystallized from the same solvent.
Elemental analyses were carried out on a Carlo Erba Strumentazione elemental analyzer. NMR
spectra were recorded on Bruker 300 MHz spectrometer. SEM/EDX and AFM characterization
was carried out on a JEOL JSM-6310 microscope, a JEOL JXA-8600 electron probe
microanalyzer and a Veeco Digital Instruments atomic force microscope respectively. XRD was
performed using a Bruker D8 diffractometer. Crystallographic data were collected either on a
Bruker AXS SMART APEX CCD (1 – 4, 6 – 10,12 – 18) at 100 K or a Nonius KappaCCD (5 &
11) diffractometer at 150K. TGA studies were performed on a Perkin-Elmer TGA7 analyzer
under a flow of dry N2 gas..

2.2 Syntheses
The potassium salt of n-butyl xanthate was prepared according to the reported procedures.
Unless otherwise noted, all the reactions and manipulations were carried out under an inert
atmosphere with a positive argon gas flow using standard Schlenk techniques. n-Butanol (B.P
177.7oC) was distilled under argon atmosphere and dried over molecular sieves prior to use.
Acetone and pyridine were used as purchased from Aldrich chemical Co.
Pyridine adducts of metal xanthates were prepared by reaction of potassium butyl xanthate with
metal salts such as nitrates, acetates, iodide and chlorides. Pyridine and some other derivatives
of pyridine were used which include 3–methyl pyridine, 3–bromo Pyridine, 3–chloro pyridine
and 4–cyano pyridine. Acetone was used as a solvent. Potassium butyl xanthate was allowed to
react with respective metal salt in 1:2 ratio and stirring was continued for 30 min. Precipitates
were formed which were dissolved readily on addition of pyridine or some derivative of
pyridine and as a result a clear solution was obtained. The solution was filtered and the filterate
was kept for crystallization. The crystalline product was collected after 2-3 days and was stored
under inert conditions. In case of manganese sodium butyl xantahte was used because potassium
derivative of xanthate did not give the required product.
The crystals were analysed for melting point, elemental analysis, Fourier transform infrared
spectroscopy (FTIR), nuclear magnetic resonance spectroscopy (NMR), thermo gravimetric
analysis (TGA), mass spectrometry (MS) and finally subjected to single crystal X-ray analysis.
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The crystals were pyrolysed and the resultant products were charecterized by XRD and
SEM/EDX analysis. Nanoparticles of metal sulphides were deposited in the form of thin films
on different substrates by aerosole assisted chemical vapour deposition using these precursors
employing a self designed CVD apparatus. Single source precursors were dissolved in
appropriate solvents and films were grown on soda glass, SnO2 coated glass, TiO2 coated glass
and both iron and tin oxide coated glasses used as substrates. Temperature was raised to 300oC
for application of CVD and films were then charecterized by SEM/EDX and AFM analysis.

2.3 Synthesis of Potassium O-n-Butyl Xanthate
Potassium hydroxide (5.6 g, 0.1 mol) was dissolved in n-butanol (250 ml) placed in a 500 ml
oven dried round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Carbon disulfide (7.6 ml, 0.1 mol) was added dropwise to the saturated solution of potassium
hydroxide over a period of 90 minutes. After addition of about half of carbon disulfide the
colour of solution became light yellow which turned cloudy towards the end of complete
addition of carbon disulfide. The cloudy yellow solution was stirred for one hour to give yellow
precipitates. Further stirring of the mixture for additional one hour followed by filteration gave
3.88 g (79% Yield) of crude product which was washed several times with n-butanol and placed
in a dessicator containing KOH for overnight. The product was dissolved in acetone, filtered and
left at room temperature for few hours to give yellow crystals of potassium O-n-butyl xanthate.
The product turns from yellow to orange at 232 °C and decomposes completely at 250 °C to a
black material. Elemental analyses: Found (Calc.) for C5H9OS2K: C 31.12 (31.9); H 4.35
(4.78).1H NMR (300 MHz, CDCl3, ppm): 4.63 (t, O-CH2), 1.81 (p, OCH2CH2), 1.48 (m,
CH3CH2), 0.91 (t, CH3).

2.4 General procedure for the Synthesis of Bis(O-n-butyldithiocarbonato-

2-S,S')-bis(pyridine)nickel(II) derivatives (1 – 5)
Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in 20 ml acetone was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Ni(NO3)2.3H2O (0.77 g, 0.27 mmole) was added directly into the reaction flask. The contents
were stirred to dissolve the salt completely. About 30 ml of appropriate pyridine was added to
give dark green solution and stirring was continued for further an hour. Any insoluble matter
was removed by filteration and slow evaporation of the reaction mixture at room temperature
yielded 80% of target compounds as either green (1 2, 4, 5) or yellow (3) crystals.
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2.4.1 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(pyridine)nickel(II) complex
[Ni(S2COnBu)2.(C5H5N)2] (1)
The quantities used were: Potassium butyl xanthate (1.0 g, 0.53 mmole), Ni(NO3)2.3H2O,
(0.77g, 0.27 mmole), acetone (20 ml), pyridine (30 ml). Yield 80%, M.P = 100oC. Elemental
analyses: Found (Calc.) for C20H28N2NiO2S4: C 46.61 (46.60); H 5.47 (5.60); N 5.43 (5.66).
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2.4.2 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(3-bromopyridine) nickel(II)
complex [Ni(S2COnBu)2.(3-Br-C5H4N)2] (2)
The quantities used were: Potassium butyl xanthate (1.0 g, 0.53 mmole), Ni(NO3)2.3H2O,
(0.77g, 0.27 mmole), acetone (20 ml), 3-bromopyridine (30 ml). Yield 80%, M.P = 100oC.
Elemental analyses: Found (Calc.) for C20H26Br2N2NiO2S4: C 35.68 (35.40); H 3.90 (3.84); N
4.16 (4.30).
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2.4.3 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(4-cyanopyridine) nickel(II)
complex [Ni(S2COnBu)2.(4-CN-C5H4N)2]: (3)
The quantities used were: Potassium butyl xanthate (1.0 g, 0.53 mmole), Ni(NO3)2.3H2O,
(0.77g, 0.27 mmole), acetone (20 ml), 4-cyanopyridine (30 ml). Yield 80%, M.P = 100oC.
Elemental analyses: Found (Calc.) for C22H26N4NiO2S4: C 46.73 (46.0); H 4.64 (4.54); N 9.91
(9.80).

43

CN

S
KS

C

O

R + Ni(NO

R

CH

2

4-Cyanopyridine
Acetone

3 ) 2 .3H 2 O

CH

2

CH

2

CH

S

R

O

C

S
Ni

S

C

O

R

S

3

CN

2.4.4 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(3-methylpyridine) nickel(II)
complex [Ni(S2COnBu)2.(3-Me-C5H4N)2] (4)
The quantities used were: Potassium butyl xanthate (1.0 g, 0.53 mmole), Ni(NO3)2.3H2O,
(0.77g, 0.27 mmole), acetone (20 ml), 3-methylpyridine (30 ml). Yield 80%, M.P = 100oC.
Elemental analyses: Found (Calc.) for C22H32N2NiO2S4: C 48.62 (48.60); H 5.95 (5.95); N 5.16
(5.19).
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2.4.5 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(3-chloropyridine) nickel(II)
complex [Ni(S2COnBu)2.(3-Cl-C5H4N)2 (5)
The quantities used were: Potassium butyl xanthate (1.0 g, 0.53 mmole), Ni(NO3)2.3H2O,
(0.77g, 0.27 mmole), acetone (20 ml), 3-chloropyridine (30 ml). Yield 80%, M.P = 100oC.
Elemental analyses: Found (Calc.) for C20H26Cl2N2NiO2S4: C 41.00 (41.11); H 4.52 (4.49); N
4.70 (4.79).
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2.5 General procedure for the Synthesis of Bis(O-n-butyldithiocarbonato-

2-S,S')-bis (pyridine)cadmium(II) derivatives (6 – 7)

Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in acetone (20 ml) was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
CdI2 (0.97 g, 0.27 mmole) was added directly into the reaction flask. The contents were stirred to
dissolve the salt completely. About 30 ml of appropriate pyridine was added to give light yellow
solution and stirring was continued for further an hour. Any insoluble matter was removed by
filteration and slow evaporation of the reaction mixture at room temperature yielded 80% of (6)
and (7) as yellow crystals.
2.5.1 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(pyridine)cadmium(II)
complex [Cd(S2COnBu)2.(C5H5N)2] (6)
The quantities used were: Potassium butyl xanthate (1.0g, 0.53 mmole), CdI2 (0.97 g, 0.27
mmole), acetone (20 ml), pyridine (30 ml). Yield 80%, M.P = 90oC. Elemental analyses: Found
(Calc.) for C20H28CdN2O2S4: C 42.08 (42.20); H 5.01 (4.95); N 4.96 (4.92).
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2.5.2 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(3-chloropyridine)
cadmium(II) complex [Cd(S2COnBu)2.(3-ClC5H4N)2] (7)
The quantities used were: Potassium butyl xanthate (1.0g, 0.53 mmole), CdI2 (0.97g, 0.27
mmole), acetone (20 ml), 3-chloropyridine (30 ml). Yield 80%, M.P = 90oC. Elemental
analyses: Found (Calc.) for C20H26CdCl2N2O2S4: C 37.48 (37.60); H 4.01 (4.04); N 4.27 (4.39).
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2.6 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(pyridine)manganese(II)
complex [Mn(S2COnBu)2.(C5H5N)2] (8)
Sodium hydroxide (3.99 g, 0.1 mol) was dissolved in 250 ml n-butanol placed in a 500 ml oven
dried round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line. Carbon
disulfide (7.6 ml, 0.1 mol) was added dropwise to the saturated solution of sodium hydroxide
over a period of 90 minutes. After stirring for one hour a clear yellow solution was formed.
Mn(NO3)2.3H2O (11.64 g, 0.05 mole) was added directly into the reaction flask. The contents
were stirred to dissolve the salt completely. About 30 ml of pyridine was added to give light
yellow solution and stirring was continued for further an hour. Any insoluble matter was
removed by filteration and slow evaporation of the reaction mixture at room temperature yielded
70% of (8) as yellow crystals. M.P = 95oC. Elemental analyses: Found (Calc.) for
C20H28MnN2O2S4: C 46.02 (46.99); H 5.33 (5.51); N 4.58 (5.47).
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2.7 Synthesis of Bis(O-n-butyldithiocarbonato-2-S,S')-bis(pyridine)

nickel(II)/cadmium(II) [Ni/Cd(S2COnBu)2.(C5H5N)2] (9)
Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in 40 ml acetone was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Ni(NO3)2.3H2O (0.38 g, 0.13 mmole) and CdI2, (0.49g, 0.14mmole) were added directly into the
reaction flask. The contents were stirred to dissolve the salt completely. About 50 ml of pyridine
was added to give yellowish green solution and stirring was continued for further an hour. Any
insoluble matter was removed by filteration and slow evaporation of the reaction mixture at
room temperature yielded 70% of (9) as green crystals. M.P = 95oC. Elemental analyses: Found
(Calc.) for C20H28Ni0.27Cd0.73N2O2S4: C 42.73 (43.30); H 4.64 (5.08); N 4.81 (5.05).
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2.8 Attempted reactions:
2.8.1 Synthesis of Nickel (II) complex with 3 – Methyl pyridine (10)
Potassium O-n-butyl xanthaten (1.0 g, 0.53 mmole) dissolved in acetone (20 ml) was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Ni(CH3COO)2.4H2O (0.66 g, 0.27 mmole) was added directly into the reaction flask. The
contents were stirred to dissolve the salt completely. About 30 ml of 3-methylpyridine was
added and stirring was continued for further an hour. Any insoluble matter was removed by
filteration and slow evaporation of reaction mixture at room temperature yielded 60% of (10) as
blue crystals. M.P = 100oC.
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2.8.2 Synthesis of Nickel (II) complex with Hexamethyleneamine (11)
Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in 20 ml acetone was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Ni(NO3)2.3H2O (0.77 g, 0.27 mmole) was added directly into the reaction flask. The contents
were stirred to dissolve the salt completely. About 30 ml of hexamethyleneamine was added and
stirring was continued for further an hour. Any insoluble matter was removed by filteration and
slow evaporation of the reaction mixture at room temperature yielded 80% of (11) as green
crystals. M.P = 100oC.
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2.8.3 Synthesis of Manganese (II) complex with Pyridine (12)
Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in 20 ml acetone was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Mn(NO3)2.3H2O (0.47 g, 0.27 mmole) was added directly into the reaction flask. The contents
were stirred to dissolve the salt completely. About 30 ml of appropriate pyridine was added and
stirring was continued for further an hour. Any insoluble matter was removed by filteration and
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slow evaporation of the reaction mixture at room temperature yielded 60% of (12) as colourless
crystals. M.P = 100oC. Elemental analyses: Found (Calc.) for C10H14N4MnO8: C 31.78 (32.18);
H 3.35 (3.78); N 15.35 (15.01).
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2.8.4 Synthesis of Copper (II) complex with Pyridine (13)
Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in 20 ml acetone was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Cu(NO3)2.3H2O (0.64 g, 0.27 mmol) was added directly into the reaction flask. The contents
were stirred to dissolve the salt completely. About 30 ml of pyridine was added and stirring was
continued for further an hour. Any insoluble matter was removed by filteration and slow
evaporation of the reaction mixture at room temperature yielded 60% of (13) as blue crystals.
M.P = 100oC. Elemental analyses: Found (Calc.) for C20H22N4CuO5S: C 46.88 (48.62); H 4.11
(4.48); N 10.52 (11.34).
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2.8.5 Synthesis of Copper (II) complex with 3 – Methyl pyridine (14)
Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in 20 ml acetone was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Cu(NO3)2.3H2O (0.64 g, 0.27 mmol) was added directly into the reaction flask. The contents
were stirred to dissolve the salt completely. About 30 ml of 3-methylpyridine was added and
stirring was continued for further an hour. Any insoluble matter was removed by filteration and
slow evaporation of the reaction mixture at room temperature yielded 60% of (14) as green
crystals. M.P = 100oC. Elemental analyses: Found (Calc.) for C12H18N2CuO6S: C 39.67 (37.73);
H 4.74 (4.75); N 7.76 (7.33).
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2.8.6 Synthesis of Copper (II) complex with 3–Bromo pyridine (15)
Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in 20 ml acetone was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Cu(NO3)2.3H2O (0.64 g, 0.27 mmol) was added directly into the reaction flask. The contents
were stirred to dissolve the salt completely. About 30 ml of 3-bromopyridine was added and
stirring was continued for further an hour. Any insoluble matter was removed by filteration and
slow evaporation of the reaction mixture at room temperature yielded 60% of (15) as purple
crystals. M.P = 100oC. Elemental analyses: Found (Calc.) for C20H16N6CuBr4O6: C 29.03
(29.30); H 2.09 (1.97); N 10.19 (10.25).
O

O
N

Br

Br

O
S
KS

C

O

R + Cu(NO 3 ) 2 .3H 2 O

Cu

3-Bromopyridine
Acetone

O
R

CH 2

CH 2

CH 2

CH 3

Br

Br

N
O

O

2.8.7 Synthesis of Copper (II) complex with 3 – Methyl pyridine (16)
Pyrolidine (0.5 g, 2.43 mmole) dissolved in 20 ml acetone was taken in a three necked round
bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line. Cu(NO3)2.3H2O
(0.29 g, 1.21 mmol) was added directly into the reaction flask. The contents were stirred to
dissolve the salt completely. About 30 ml of 3-methylpyridine was added and stirring was
continued for further an hour. Any insoluble matter was removed by filteration and slow
evaporation of the reaction mixture at room temperature yielded 60% of (16) as purple crystals.
M.P = 100oC.
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2.8.8 Synthesis of Copper (II) complex with 4 – Methyl pyridine (17)
Pyrolidine (0.5 g, 2.43 mmole) dissolved in 20 ml acetone was taken in a three necked round
bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line. Cu(NO3)2.3H2O
(0.29 g, 1.21 mmol) was added directly into the reaction flask. The contents were stirred to
dissolve the salt completely. About 30 ml of 4-methylpyridine was added and stirring was
continued for further an hour. Any insoluble matter was removed by filteration and slow
evaporation of the reaction mixture at room temperature yielded 60% of (17) as blue crystals.
M.P = 100oC.
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2.8.9 Synthesis of Cobalt (II) complex with 3 – Methyl pyridine (18)
Potassium O-n-butyl xanthate (1.0 g, 0.53 mmole) dissolved in 20 ml acetone was taken in a
three necked round bottom flask fitted with reflux condenser, magnetic stirrer and vaccum line.
Co(NO3)2.6H2O (0.78 g, 0.27 mmol) was added directly into the reaction flask. The contents
were stirred to dissolve the salt completely. About 30 ml of 3-methylpyridine was added and
stirring was continued for further an hour. Any insoluble matter was removed by filteration and
slow evaporation of the reaction mixture at room temperature yielded 60% of (18) as colourless
crystals. M.P = 100oC. Elemental analyses: Found (Calc.) for C12H18N2CoO6S: C 38.64 (38.20);
H 4.66 (4.80); N 7.51 (7.42).
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2.9 Pyrolysis of Precursors
General procedure
Pyrolysis was carried out at 450oC following two methods. In case of complexes (8) and (13)
decomposition was followed in a self designed assembly having a two necked flask fitted with
inlet and outlet tubes used for a continuous flow of argon. The flask was kept in a cube furnace
and temperature was allowed to rise till 450oC at the rate of 10oC /min. The temperature was
kept constant at 450oC for two hours and then furnace was allowed to cool to room temperature.
The residue left was analysed and weight of the product compared well with the stochiometric
calculated amount. Other precursors were pyrolysed in a silica boat placed in a tube furnace, by
heating 0.3 g of each precursor to 450oC for 1 hour under a nitrogen atmosphere. Upon cooling,
the samples were manipulated and transferred for powder XRD and SEM/EDX analyses without
any further protection from the ambient atmosphere. Thus pyrolysis of all the precursors gave
the required stochiometeric amount of the end product and were stable enough for further use.

2.9.1 Pyrolysis of [Ni(S2COnBu)2.(C5H5N)2] (1)
Following the procedure for pyrolysis, mentioned in section 2.9, Bis(O-n-butyldithiocarbonato-

2-S,S')-bis(pyridine)nickel(II) (0.3 g) was pyrolysed in silica boat and the residue was
characterized by scanning electron microscopy, energy dispersive X-ray analysis and powder Xray diffraction method.
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2.9.2 Pyrolysis of [Ni(S2COnBu)2.(3-Br-C5H5N)2] (2)
Following the procedure for pyrolysis, mentioned in section 2.9, Bis(O-n-butyldithiocarbonato-

2-S,S')-bis(3-brpmopyridine)nickel(II) (0.3 g) was pyrolysed in silica boat and the residue was
characterized by scanning electron microscopy, energy dispersive X-ray analysis and powder Xray diffraction method.

2.9.3 Pyrolysis of [Ni(S2COnBu)2.(3-Me-C5H5N)2] (3)
Following the procedure for pyrolysis, mentioned in section 2.9, Bis(O-n-butyldithiocarbonato-

2-S,S')-bis(3-methylpyridine)nickel(II) (0.3 g) was pyrolysed in silica boat and the residue was
characterized by scanning electron microscopy, energy dispersive X-ray analysis and powder Xray diffraction method.

2.9.4 Pyrolysis of [Ni(S2COnBu)2.(4-CN-C5H5N)2 (4)
Following the procedure for pyrolysis, mentioned in section 2.9, Bis(O-n-butyldithiocarbonato-

2-S,S')-bis(4-cyanopyridine)nickel(II) (0.3 g) was pyrolysed in silica boat and the residue was
characterized by scanning electron microscopy, energy dispersive X-ray analysis and powder Xray diffraction method.
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2.9.5 Pyrolysis of [Mn(S2COnBu)2.(C5H5N)2] (8)
Following the procedure for pyrolysis, mentioned in section 2.9, Bis(O-n-butyldithiocarbonato-

2-S,S')-bis(pyridine)manganese(II) (0.3 g) was pyrolysed in silica boat and the residue was
characterized by scanning electron microscopy, energy dispersive X-ray analysis and powder Xray diffraction method.

2.9.6 Pyrolysis of C20H22N4CuO5S (13)
Following the procedure for pyrolysis, mentioned in section 2.9, copper complex (0.3 g) was
pyrolysed in silica boat and the residue was characterized by only powder X-ray diffraction
method.
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2.10 Aerosol assisted Chemical Vapour Deposition
AACVD
General Procedure
Aerosole assisted chemical vapour deposition was carried out in a self designed assembly which
consisted of a tube furnace containing a silica reaction tube (1.5 cm diameter). The substrates
were placed in this tube prior to starting of each deposition run. For the generation of the mist,
an ultrasonic humidifier was used. The solution was kept in a round bottom flask and the
ultrasonic transducer, transmitted ultrasound through a water reservior into the solution to be
nebulized as shown in Fig.7. The procedure was followed by placing the substrates in the silica
tube before each deposition. The system was purged with nitrogen gas and then tube furnace
was switched on to raise the temperature upto 300oC. After attaining the required temperature,
the nebulizer was switched on and the mist generated was carried into the reaction tube by a
flow of nitrogen gas (4.0 ml sec-1). In this way the aerosol was transported to the substrates
placed in the silica tube inside the tube furnace. In a typical experiment, 0.2 g of the precursor
was dissolved in 40 ml of solvent and generated mist was delivered to the heated substrate for 2
hours. Different types of substrates were used for the deposition of thin films. First of all quartz
glass was used and then different types of glasses were employed followed by use of ceramic
material. The result obtained showed that morphology of the film was dependent on the
substrate composition as the morphology of film was different on different substrates. Further
SnO deposited glass and TiO2 deposited glass were used and in some cases SnO and Fe2O3 both
were deposited on the glass substrate to check the properties of the deposited material. Different
solvents were used in different cases. In the case of nickel complexes both toluene and
chloroform were used as solvents and some times a mixture was used to dissolve the precursor.
The cadmium precursors were dissolved in toluene alone. The manganese precursors were
dissolved in acetone and toluene. The morphology of the films varied with temperature being
different at different temperatures. Increasing the temperature beyond the selected value did not
result in film formation and the same was true at lower temperature with film morphology as
judged to be not good. So an appropriate temperature of 300oC was selected to grow uniform
and good quality films.
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Figure 7: Self-designed assembly for the aerosol generation, carrying aerosol to the substrate and deposition of thin
film in the hot walled reactor.

2.11 Fabrication of metal sulphide thin films
The precursor (0.2 g) was dissolved in appropriate solvent. Mostly 40 ml of solvent was used to
form a dilute solution so that a uniform thin film may be formed. All the assembly was fixed and
nitrogen was purged through the system half an hour before the start of film formation. Then
temperature was raised to 350oC. The system was allowed to stay at this temperature for 30
minutes so that furnace and substrate may attain the same temperature. Ultrasonic
humidifier/nebulizer was switched on for 20 min before start of nitrogen supply. At this stage
flow of nitrogen was adjusted at 4ml/sec. Position of substrate in the furnace was adjusted to
ensure the drop of mist directly on the substrate. In initial runs metal sulphide in the form of
black powder was deposited on the substrate instead of uniform thin film as the precursor
decomposed at an earlier stage followed by the deposition on the substrate. Lowring the
temperature to 300oC generated a uniform thin film well adherent to the substrate surface. Thus
temperature of the furnace played a very critical role in the deposition of shiny thin films. It
should be adjusted in such a way that the precursor involved must decompose on or near to the
surface of the substrate. Different types of substrates were used. First of all soda glass was used
as a substrate. Then subsequently tin oxide coated, titanium oxide coated and both iron oxide
and tin oxide coated glasses were used as substrates. Characterization of the films on different
substrates depicted the substrate dependent morphology of the metal sulphides. Film
morphology was studied by scanning electron microscopy, composition was determined by
energy dispersive X-ray analysis and for the film thickness and particle size measurement
atomic force microscopy was used.

Table 1:

Parameters for thin film growth from different precursors and on different
substartaes
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Complex Formula

Precursor

Carrier-

Reactor

Substrate

Deposition

conc.

gas flow

temp.

time

(g/40ml)

rate

(°C)

(min).

(ml/sec)
[Ni(S2COnBu)2.
0.3

4.0

300

[Ni(S2COnBu)2.
(3-Br-C5H5N)2]
(2)

0.2

4.0

300

[Ni(S2COnBu)2.
(3-Me-C5H5N)2]
(3)

0.2

4.0

300

(C5H5N)2]
(1)

[Ni(S2COnBu)2.
(4-CN-C5H5N)2]
(4)

0.2

4.0

300

[Ni(S2COnBu)2.
(3-Cl-C5H5N)2]
(5)

0.2

4.0

300

[Cd(S2COnBu)2.
(C5H5N)2]
(6)

0.3

4.0

300

[Cd(S2COnBu)2.
(3-Cl-C5H5N)2]
(7)

0.2

4.0

300

[NiCd(S2COnBu)2.
(C5H5N)2]
(9)

0.2

4.0

300
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Soda glass
SnO2 glass
TiO2 glass
Fe/Sn glass
Soda glass
SnO2 glass
TiO2 glass
Fe/Sn glass
Soda glass
SnO2 glass
TiO2 glass
Fe/Sn glass
Soda glass
SnO2 glass
TiO2 glass
Fe/Sn glass
Soda glass
SnO2 glass
TiO2 glass
Fe/Sn glass
Soda glass
SnO2 glass
TiO2 glass
Fe/Sn glass
Soda glass
SnO2 glass
TiO2 glass
Fe/Sn glass
Soda glass

120

120

120

120

120

150

100

150

CHAPTER – 3

Results and Discussion
Single source crystalline precursors for the synthesis of phase pure nickel sulphide, cadmium
sulphide, manganese sulphide and mixed metal nickel/cadmium sulphides have been synthesized
using butyl xanthates of potassium and sodium. Metal nitrates react with sodium or potassium
xanthates to yield polymeric structures such as shown in Fig. 8. These polymeric structures are
not suitable for aerosole assisted chemical vapour deposition because of their low solubility and
volatility therefore pyridine and some derivatives of pyridine are used to break the polymeric
structure1 and to bring it in molecular regime as shown in Fig 9. These molecular species are
crystalline solids and have properties suitable for aerosol assisted chemical vapour deposition.
S
Na/K S

C

O

S

CH2

CH2

OC4 H 9

OC4 H 9

OC4 H9

OC4 H 9

C

C

C

C

S

S

M
S

CH3+ MX

CH2

S

S

M
S

S

S

S

M
S

S

S

S

M
S

S

S
M

S

S

C

C

C

C

OC4 H 9

OC4 H9

OC4 H9

OC4 H 9

S

Figure 8: Schematic representation of polymeric units formed by the reaction of metal salts with xanthates. M =
Nickel, Cadmium, Manganese. X = Nitrate, Iodide

Figure 9: Monomeric units formed after breaking the polymeric entity

It was observed that different metals behave differently with xanthates and not all derivatives of
pyridine are effective to break the polymeric bonding. Different metal salts tested for making
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xanthates of required nature with appropriate solubility and volatility were, Ni(NO3)2.3H2O,
NiCl2, Ni(CH3COO)2.4H2O, Cd(NO3)2.6H2O, CdI2, CdCl2, Mn(NO3)2.3H2O, Ba(NO3)2.H2O,
Zn(NO3)2.6H2O, Co(NO3)2.6H2O, Cu(NO3)2.3H2O, Fe(NO3)3.9H2O, La(NO3)3.6H2O, Ag(NO3)2,
Sr(NO3)2, LaCl3.7H2O, Gd(NO3)2.6H2O, Y(NO3)3.5H2O, Dy(NO3)3, Lu(NO3)3, Pr(NO3)3.6H2O,
Sm(NO3)3.6H2O, Th(NO3)4.6H2O, Eu(Cl2)3.6H2O, ErCl3.6H2O, CeCl3, PdCl2, ZnBr2, CoCl2,
SnBr2, SnCl2, PbI2, HgBr2, HgI2, CuI2, In(C2H3O2)3, Ga(NO3)3.xH2O, CH3COOAg, SmI2 and
CeCl2,.
Pyridine derivatives or other organic solvents used to break the polymeric unit formed by the
reaction of xanthate with above mentioned salts are, pyridine, 3-methypyridine, 3chloropyridine, 3-bromopyridine, 3-cyanopyridine, 4-cyanopyridine, 2-methylpyridine, 2chloropyridine, 4-ethylpyridine, 2-aminopyridine, 4-methylpyridine, hexamethylineamine, 2,6lutidine, phthalimide, thionine, quinidine, 2-4 lutidine, 8-hydroxyquinoline, pyrrolidine,
piperidine, chloronaphthaline, thiophenol, dicyclohexylamine, nitrobenzene, triethanolamine and
2-chloroaniline. The behaviour of different pyridine derivatives and organic solvents was
different and only few crystalline monomeric entities were obtained that were suitable for
growth of respective metal sulphide thin films.

3.1 Synthesis and characterization of pyridine adducts of nickel (II)
xanthates
The five representative bis(O-n-butyldithiocarbonato-2S,S')bis(pyridine)nickel(II) precursor
complexes for millerite NiS, [Ni(S2COnBu)2.(C5H5N)2] (1), [Ni(S2COnBu)2.(3-Br-C5H4N)2] (2),
[Ni(S2COnBu)2.(4-CN-C5H4N)2] (3), [Ni(S2COnBu)2.(3-Me-C5H4N)2] (4) and [Ni(S2COnBu)2.(3Cl-C5H4N)2 (5) were readily synthesized by metathesis of the potassium O-n-butylxanthate with
nickel(II) nitrate in acetone by addition of appropriately substituted pyridine as green (1, 2, 4
and 5) or yellow (3) compounds after crystallization from the same solvent. All five compounds
have been characterized by elemental analysis, single crystal X-ray diffraction analysis and by
thermogravimetric analysis (TGA). In elemental analysis the found values are in close
agreement with the calculated values. In single crystal X-ray analysis, data were collected either
on a Bruker AXS SMART APEX CCD (1 – 4) at 100 K or a Nonius Kappa CCD (5)
diffractometer at 150 K. All non-hydrogen atoms were refined anisotropically. Refinement was
based on F2 against all reflections. All hydrogen atoms were placed in calculated positions and
refined isotropically with a displacement parameter 1.5 (methyl) or 1.2 (all others) times those
of the adjacent carbon atoms. In compound 4 the sulphur-containing ligand was disordered over
two positions in a 1:1 ratio due to an interaction of one of the sulphur atoms with the methylene
moiety of C10, resulting in an alteration of the orientation of CH2 groups in neighbouring
molecules. Such disorder was also observed in many other compounds. Details of the X-ray
analyses are provided in Table 2. While selected bond length and angle data for all five
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compounds are provided in Table 3, only the representative structure of compound 1 is
illustrated in Figure 10. Although 1 – 5 are not isostructural, in all five compounds the Ni atom
is located on a center of inversion and exists within a six-coordinate trans-N2S4 donor set. Any
deviations from an octahedral geometry are necessarily enforced by the bite angle of the
bidentate 2-S2COnBu ligands (ca. 74o), which are somewhat narrower than those typically
observed in nickel(II) dithiocarbamates such as [Ni(S2CNMenBu)2] (79.2o).2 The remaining
bond lengths and angles are entirely typical of those observed in previous structurally
characterized nickel xanthate complexes,3-5 such as similarly six-coordinate bis(Obenzylxanthate) complex [Ni(S2COCH2Ph)2(NC5H3-Me-3)2],3 with essentially invariant Ni-S
bond distances.

Figure 10:

ORTEP representation of C20H28N2NiO2S4

TGA performed on compounds 1 – 5 up to 500oC demonstrated the onset of very rapid mass loss
at temperatures above 100oC for all five compounds. In all cases the thermal decomposition
appears to be a two stage process (Fig. 11). For compounds 1, 2 and 4 the first stage was
essentially complete by 170oC and resulted in mass losses of 69%, 78% and 66%, respectively.
The 4-cyanopyridine adduct, compound 3, although displaying a similar two stage
decomposition, was more thermally stable and required heating to 200o before the cessation of
the initial rapid 76% weight loss and 3-chloropyridine adduct, compound 5, was less thermally
stable with initial rapid weight loss of 74% at 150oC.
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Figure 11:

TGA trace for the thermal decomposition of C20H28N2NiO2S4

Irrespective of any variability in the thermal stability of the complexes, it is notable that the
percentage mass loss in this low temperature step is, in all the five cases, effectively
commensurate with the formation of a common nickel dithiocarbonate intermediate, [NiCS2O],
consistent with a decomposition reaction driven by the aforementioned Chugaev elimination
(Eq. 1). In all five cases, further heating to temperatures in excess of 500oC accounted for a
more gradual weight loss of carbonyl sulphide, leaving residues of 1; 19% (NiS requires 17.6%),

2; 13% (NiS requires 13.5%), 3; 18% (NiS requires 17.6%) 4; 17% (NiS requires 16.7%) and 5;
16.2% (NiS requires 15.5%). It is notable that these temperatures are generally lower than those
required by related dithiocarbamate-based chemistries.6,2 Prompted by these results, pyrolysis of
each precursor was carried out at 450oC in a static tube furnace under a flow of nitrogen. In each
case, XRD analysis (Fig. 12) of the resultant black powders identified the presence of
rhombohedral NiS (Millerite, JCPDS 75-0612) as the only crystalline phase present in each of
the black residues, which, despite their high crystallinity displayed a featureless granular texture
down to the sub-micron level. (Fig. 13)
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Figure 12: (a) XRD pattern of NiS obtained by pyrolysis of C20H28N2NiO2S4; (b) Reference pattern for Millerite
NiS (JPCDS 75-0612)

Figure 13: SEM image of rhombohedral NiS obtained by pyrolysis of C20H28N2NiO2S4

Examination by energy dispersive X-ray (EDX) analysis of these residues also provided
evidence for the purity of the samples and revealed emission due exclusively to nickel and
sulphur atoms within the detection limits of the experiment.
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3.2 Characterization of thin films of Nickel Sulphide
The relatively low decomposition temperatures of compounds 1 – 5 mitigated against their use
as precursors to thin film NiS by conventional low pressure chemical vapour deposition. As a
consequence of their good solubility in common organic solvents, however, AACVD was
identified as a viable option for vapor-phase transport. Compounds 1 – 5 were dissolved in
toluene (typically 0.40g in 50 ml), nebulized and delivered to the substrates by a nitrogen carrier
gas flow (0.3 L min-1) over a period of 2.0 hours. Deposition under these conditions at 300oC
typically produced black metallic films that adhered well with good coverage of the substrate
surface. Although several different substrates (bare glass, SnO2-coated glass and TiO2-coated
glass and porous ceramic) were studied, the exact nature of the surface appeared to have little
effect upon the deposited films, both in terms of visual appearance and coverage. Although films
deposited under these conditions were too thin for definitive analysis by glancing angle XRD
analysis, extension of the deposition period to 6 hours allowed for the growth of suitably thick,
but still adherent films, which were again identified as effectively phase-pure rhombohedral
(Millerite) NiS (Fig. 14).
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Figure 14: XRD pattern of film deposited by the AACVD of C20H28N2NiO2S4 onto bare glass at 300oC

Interestingly, repetition of these conditions employing chloroform rather than toluene as solvent
resulted in the co-deposition of an additional NiCl2 phase. Although this line of enquiry has not
been further explored in this study, this observation indicates that the current methodology may
also provide a potential route to alternative materials compositions via judicious selection of an
appropriately reactive solvent medium. SEM analysis of the thin films grown directly onto soda
lime glass revealed a densely-packed florette-like morphology with individual formations of the
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order of 1 – 4 μm across. Fig. 15 illustrates typical films deposited from compounds 3 and 4
respectively.

I
Figure 15: SEM images of films deposited on bare glass by the AACVD of (a) C22H26N4NiO2S4 (b)
C22H32N2NiO2S4.

In contrast, films deposited onto crystalline metal oxide-coated surfaces (TiO2 or SnO2)
displayed a more regular appearance as densely packed plate-like crystallites which were
oriented perpendicular to (TiO2, Fig. 16a) or coplanar with the substrate surface (SnO2). The
microscopic appearance of films deposited onto ceramic substrates displayed a similarly
contiguous and finely grained consistency (Fig. 16b) for all five precursors. These observations
contrast quite markedly from previous studies of NiS deposition (LPCVD or AACVD
conditions) employing nickel dithiocarbamato precursors, [Ni(S2CNRR')2], which were
observed to be composed of either nano-wires or heaped globular formations depending upon
the precise identity of the precursor and the deposition temperature.6,2

Figure 16: SEM images of films deposited by the AACVD of C20H28N2NiO2S4 onto (a) TiO2 and (b) ceramic
substrates
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Despite this substrate-dependent variation in morphology, qualitative EDX analysis detected
nickel and sulphur as the only elements present other than the constituent elements present in the
substrates. A typical EDX spectrum for the nickel sulphide film deposited on glass substrate is
given in Fig. 17.

Figure 17: EDX spectrum of film deposited by the AACVD of C20H28N2NiO2S4 onto bare glass at 300oC

Further information about film particle size, surface roughness and morphology were obtained
from atomic force microscopy (AFM) measurements performed upon selected films deposited
onto each of the representative substrates. Fig. 18 illustrates a typical output provided by this
analysis obtained from a representative film employing deposition of compound 1 onto a glass
substrate.

Figure 18: Typical AFM image of film deposited on bare glass by the AACVD of C20H28N2NiO2S4

This analysis provided an average particle size of 58 – 60 nm2 (Fig. 19) and rms surface
roughness of 300 – 350 Å irrespective of the identity of the NiS precursor employed and, by

64

means of a section analysis (Fig. 20) of a deliberately applied scratch, an estimation of a typical
growth rate achieved under the conditions of the deposition.

Figure 19: Particle size of film deposited on glass by the AACVD of C20H28N2NiO2S4

Figure 20: Section analysis of film deposited on bare glass by the AACVD of C20H28N2NiO2S4.

This latter analysis indicted that the pure NiS films were of the order of 3000 Å thick, providing
a growth rate of some 1500 Å h-1.
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Figure 21: 3-D view of deliberately applied scratch on film deposited on bare glass by the AACVD of
C20H28N2NiO2S4

3-D view of scrached surface also gave the same value of film thickness (Fig. 21) as Z-axis is
153.021 nm /div and further confirmation of the growth rate was done by calculations of
thickness of film in terms of height by the instrument itself. (Fig. 22)

Figure 22:

Thickness of film deposited on glass by the AACVD of C20H28N2NiO2S4
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Table 2: Selected bond lengths (Å) and angles (o) for compounds 1 - 5
1a

2b

3c

4d,e

5b

Ni-N(1)

2.0887(11)

2.1021(13)

2.1095(13)

2.1052(10)

2.1085(16)

Ni-S(1)

2.4319(3)

2.4426(4)

2.4401(3)

2.456(5)

2.4377(4)

Ni-S(2)

2.5004(3)

2.4628(4)

2.4264(4)

2.445(3)

2.4593(5)

N(1)-Ni-N(1)'

180.00(3)

180.0

180.0

180.0

180.0

N(1)-Ni-S(1)

90.59(3)

89.50(4)

90.00(3)

91.00(11)

90.37(4)

N(1)-Ni-S(2)

90.05(3)

89.66(4)

91.02(3)

88.69(9)

90.56(4)

S(1)-Ni-S(2)

73.188(10)

73.722(12)

74.557(11)

73.71(9)

73.886(15)

S(1)-Ni-S(2) ' 106.812(10)

106.280(12)

105.444(11)

106.29(9)

106.114(15)

Symmetry transformations to generate equivalent atoms:

a,

1 –x+2,-y,-z;

c,

1 –x+2,-y,-z+2; –x+1/2,-y+5/2,-z;

e

Measurements refer to S(1A) and S(2A) of disordered ligands.

b,

1 –x+1, -y+1, -z+1;

d,

3.3 Synthesis and characterization of pyridine adducts of cadmium (II)
xanthates
In case of cadmium bis(O-n-butyldithiocarbonato-2S,S')bis(pyridine)cadmium(II) precursor
complexes for Greenockite CdS , [Cd(S2COnBu)2.(C5H5N)2] (6), and [Cd(S2COnBu)2.(3-ClC5H4N)2 (7) were synthesized by metathesis of the potassium O-n-butylxanthate with
cadmium(II) iodide in acetone by addition of the respective substituted pyridine as yellow
compounds (6 and 7) after crystallization from the same solvent. Both pyridine and
chloropyridine adducts of cadmium have been characterized by elemental analysis, nuclear
magnetic resonance spectroscopy (NMR) single crystal X-ray diffraction analysis and by
thermogravimetric analysis (TGA). In elemental analysis found values are in close agreement
with the calculated values. In nuclear magnetic resonance spectroscopy, spectra were recorded
on a Bruker spectrometer at 300 MHz. Both pyridine and 3-chloropyridine derivatives are
soluble in chloroform. In the 1H-NMR spectra of the complexes in CDCl3, the corresponding
pyridine hydrogen resonances are shifted to lower field compared to those of the free pyridine
(δ=7.16,7.55, 8.52 ppm), thus indicating that the pyridines take part in coordination to the metal
ion. In single crystal X-ray studies, complex 6 & 7 were analysed on a Bruker AXS SMART
APEX CCD at 100 K and a Nonius KappaCCD diffractometer at 150 K respectively. In pyridine
adduct of cadmium the last carbon atoms of the butyl chain are disordered over two positions
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with an occupancy ratio of 0.611(3) to 0.389(3). Equivalent carbon atoms from the disordered
moieties were set to have identical ADPs. All hydrogen atoms were placed in calculated
positions and were refined with an isotropic displacement parameter 1.2 times that of the
adjacent carbon atoms. Details of the X-ray analyses are provided in Table 4. While selected
bond length and angle data for both compounds are provided in Table 5, only the representative
structure of compound 6 is illustrated in Figure 23. Irrespective of the attachment of metal with
pyridine, Cd—S bond lengths (2.62 – 2.72 Ǻ) are similar to the previously characterized
cadmium complexes (2.509 – 2.975 Ǻ) with S2CO or S2CN moieties.7-14 Although 6 and 7 are
not isostructural, in both compounds the Cd atom is located on a center of inversion and exists
within a six-coordinate trans-N2S4 donor set. Geometry around metal center is not octahederal
and this deviation is due to bite angle of the bidentate 2-S2COnBu ligands (74o), which are
somewhat larger than those typically observed in cadmium dithiocarbamates such as
[Cd2{S2CN(CH2)5}4] (65.43o).15 The remaining bond lengths and angles are entirely typical of
those observed in previous structurally characterized cadmium xanthate complexes, such as the
similarly

cadmium(II)

complexes

of

polydentate

dithiocarbamates

with

benzyl

or

methylferrocene as substituents.16

Figure 23: ORTEP representation of C20H28N2CdO2S4

In thermogravimetric analysis both complexes show similar behaviour upto 500oC. In both cases
thermal decomposition appears to be a two stage process (Fig. 24) but complex 7 seems to be
thermally less stable because initial rapid mass loss step ends with 70% weight loss at 160oC
while in complex 6 the first stage was essentially complete by 180oC with 68% weight loss.
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Figure 24: TGA trace for the thermal decomposition of C20H28N2CdO2S4.

Although thermal stability is different but initial rapid mass loss is initiated by 60oC in both
cases and also the formation of common cadmium dithiocarbonate intermediate, [CdCS2O],
proportionate well with the remaining mass of 32 and 30% in complexes 6 & 7, respectively. As
already mentioned in case of nickel complexes, cadmium complexes also decompose following
the Chugaev elimination. Increasing the temperature upto 500oC eliminated the carbonyl
sulphide moity leaving residue of 6; 26.5% (CdS requires 25.38%), and 7; 25% (CdS requires
24.5%). It is worth noting that decomposition temperatures in case of complexes 6 and 7 are
lower then related dithiocarbamate complexes.

6,2

Thus in thermal decomposition both

complexes showed similar behaviour, however, only representative thermogram of complex 6 is
shown in Fig. 24.

3.4 Characterization of thin films of Cadmium Sulphide
The low decomposition temperatures of complex 6 and 7 as compared to other complexes of
similar nature favoured the use of conventional low pressure chemical vapour deposition
technique for the deposition of cadmium sulphide thin films. As both pyridine and
chloropyridine adducts of cadmium are soluble in many common organic solvents so deposition
of thin film in different mediums gave different results however finally toluene was used as
solvent. Very dilute solution of the precursor (typically 0.40 g in 50 mL), gave thin shiny film
that adhared well to the substrate surface. Solution was taken in a round bottom flask and mist
was generated by an ultrasonic neublizer that was carried to the substrate surface using nitrogen
as as carrier gas. Temperature of the furnace was raised to 300oC where the substrates were
placed half an hour before the start of thin film growth. At this point nebulizer was turned on
and flow of carrier gas was adjusted at the rate of 4 ml/sec.
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Deposition under these conditions for 2.0 hours typically produced yellowish metallic films that
were charecterized by scanning electron microscopy (SEM) and energy dispersive X-ray
analysis (EDX). Different substrates were used for the deposition of cadmium sulphide thin
films such as bare glass, SnO2-coated glass and TiO2-coated glass and porous ceramic, the
nature of the substrate surface appeared to have little effect upon the nature of deposited films.
Although films were characterized by SEM/EDX, they were too thin for definitive analysis by
glancing angle XRD analysis so deposition time period was increased upto 6 hours that allowed
the growth of suitably thick films which were again identified as phase-pure hexagonal
(Greenockite) cadmium sulphide (Fig. 25) by X-ray diffraction studies.

Figure 25: (a) XRD powder pattern of film deposited by the AACVD of C20H28N2CdO2S4 onto bare glass at 300oC.
(b) Reference powder pattern for Greenockite CdS (JPCDS 70-2553).

Early reports on the synthesis of cadmium sulphide from the decomposition of cadmium
xanthate by Pradhan et al17 also proposed the mechanism how sulphide particles are generated
from xanthate precursors that coinsides with the well known Chugaev Reaction.
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Scheme: 1.

Proposed mechanism for decomposition of Cd-Xanthate.

The use of chloroform as a solvent, instead of toluene resulted in the co-deposition of CdCl2 as
an additional phase with cadmium sulphide which indicated that cadmium complexes may also
be used as precursors for the composition of other materials. It was also concluded that choice of
solvent is very critical in terms of purity of product. EDX spectrum of cadmium sulphide thin
film deposited on bare glass using pyridine adduct of cadmium xanthate in chloroform is shown
in Fig. 26.

Figure 26: EDX spectrum of films deposited on bare glass by the AACVD of C20H28N2CdO2S4 in chloroform

Finally toluene was used as a solvent and thin films were grown on different substrates and
morphology of the film was different on each substrate. Scanning electron microscopic image of
the film deposited from pyridine adduct of cadmium xanthate on glass and ceramic substrates is
shown in Fig. 27. On ceramic substrate it revealed a densely-packed block-like morphology
while on glass substrate it was triangular prismatic.

Figure 27: SEM images of films deposited by the AACVD of C20H28N2CdO2S4 (a) on ceramics (b) on bare glass
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The film morphology was markedly different when deposited onto crystalline metal oxidecoated surfaces. On tin oxide coated surface (Fig. 28a) film appeared as round particle like
crystallites which were oriented coplanar with the substrate surface while on both iron and tin
oxide coated substrate surface, the microscopic appearance of adjacent particles was granular as
shown in Fig. 28b. Related to this work, cadmium sulphide thin films have also been grown by
O`Brien and Davide using Cd(SOCCH3)TMEDA, dialkyldithiocarbamates and cadmium
isopropyl xanthate as a single source precursor respectively. 18-21

Figure 28: SEM images of films deposited on bare glass by the AACVD of C20H28N2CdO2S4 onto (a) SnO2 and (b)
Fe2O3 + SnO2

Although morphology of film was different on different substrates, when films were
charecterized by qualitative energy dispersive X-ray analysis, only cadmium and sulphur were
detected other than constituent elements present in the substrates (Fig. 29).

Figure 29: EDX spectrum of films deposited on bare glass by the AACVD of C20H28N2CdO2S4
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The result from powder X-ray diffraction anlysis supported that cadmium and sulphur are
present in the form of cadmium sulphide (CdS) which have size dependent properties.
Especially particle size plays a critical role in catalytic properties of cadmium sulphide. The
calculations based on the results obtained from atomic force microscopy gave particle size of 43
nm2. (Fig. 30)

Figure 30: Particle size of film deposited on glass by the AACVD of C20H28N2CdO2S4

Further studies of the film grown on glass substrate by atomic force microscopy (AFM) gave the
surface roughness of 400 – 500 Å. Deposition of cadmium sulphide was uniform throughout the
substrate surface and it was well adherent to the substrate which was confirmed by scotch tape
test. A 3-dimentional view of the film is shown in Fig. 31 wherein one division is equal to
470.77 nm along vertical axis and it is 1-5 μm across horizontally. Direct measurement of film
thickness was also done using this technique which is shown in Fig.32 and by calculating the
time of deposition, film growth rate was also estimated.
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Figure 31: Typical AFM image of film deposited on bare glass by the AACVD of C20H28N2CdO2S4

As film was allowed to grow for two hours, it was not thick enough to be analysed by X-ray
diffraction method. However analysis by atomic force microscopy provided the film thickness of
4700 Å with growth rate of 2350 Å h-1 under these conditions of deposition.

Figure 32: Thickness of film deposited on glass by the AACVD of C20H28N2CdO2S4
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Table 3: Selected bond lengths (Å) and angles (o) for compounds 6 & 7
6

7

Cd-N(1)

2.3765(18)

2.4345(15)

Cd-S(1)

2.6449(6)

2.6279(4))

Cd-S(2)

2.7270(7)

2.6782(4)

N(1)-Cd-N(1)

180.00

180.00

N(1)-Cd-S(1)

89.77(5)

90.92(4)

N(1)-Cd-S(2)

88.69(5)

89.08(4)

S(1)-Cd-S(2)

67.928(18)

68.613(14)

S(1)-Cd-S(2)

112.072(18)

111.387(12)

Symmetry transformations to generate equivalent atoms: 6, 1 –x+1,-y+1,-z; 7, 1 –x+1, -y+1, -z+1;

3.5 Synthesis and characterization of pyridine adduct of manganese (II)
xanthate
Pyridine adduct of manganese (II) xanthate served as a single source precursor for pure
manganese sulphide. Bis(O-n-butyldithiocarbonato-2S,S')bis(pyridine)manganese (II) precursor
complex for Alabandite, MnS, [Mn(S2COnBu)2.(C5H5N)2] (8) was synthesized by the reaction of
sodium O-n-butylxanthate with manganese(II) nitrate in acetone. Pyridine was used to break the
polymeric unit and the product was crystallized as yellow compound from the same solvent.
The complex has been characterized by elemental analysis, single crystal X-ray diffraction
analysis and by thermogravimetric analysis (TGA). In elemental analysis found values are in
close agreement with calculated values. In single crystal X-ray analysis, data were collected on a
Bruker AXS SMART APEX CCD diffractometer at 100 K. All non-hydrogen atoms were
refined anisotropically. The O(CH2)3(CH3) group is disordered over two positions with
occupancy factors 0.589(2) and 0.411(2). The C-O bond distance was restrained to be the same
within a standard deviation of 0.02, and the ADPs of equivalent atoms were set to be identical.
Selected bond length and angle data for compounds is provided in Table 4, the structure of
compound 8 is illustrated in Fig. 33. In manganese compound, like nickel and cadmium, the
metal is also located on a centre of inversion and exists within a six-coordinate trans-N2S4 donor
set. Any deviations observed from an octahedral geometry are necessarily enforced by the bite
angle of the bidentate 2-S2COnBu ligands (ca. 69.48o).
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Figure 33: ORTEP representation of C20H28N2MnO2S4

Thermogravimetric analysis was done under nitrogen atmosphere and thermogram upto 500oC
displayed the same trend as those of nickel and cadmium. Initially there was very slow
decomposition upto 100oC and mass loss (5%) during that time period commensurate with the
formation of methyl group. In the next stage rapid mass loss ends with the formation of
dithiocarbonate intermediate (MnS2CO) and resulted in mass loss of 68% at 150oC, following
the same aforementioned Chugaev elimination pathway. When temperature was increased to
500oC, thermogram became stable after loss of carbonyl sulphide showing the resultant mass of
25% as shown in Fig. 34 (MnS requires 23.02%). Elucidating the results from thermogravimetry
directed us to further thermolysis of the compound 7 that was carried out at 450oC in a static
tube furnace under a flow of dinitrogen. XRD analysis (Fig. 35) of the resultant brown powder
identified the presence of cubic MnS (Alabandite (JPCDS 06-0518)) as the only crystalline
phase present in the brown residue.

Figure 34: TGA trace for the thermal decomposition of C20H28N2MnO2S4
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In previous studies, manganese sulphide produced consisted of nanocrystalline domains with
mixed cubic and hexagonal phases.22 Thermal evaporation techniques have been used to produce
tetrahedral and octahedrally coordinated polycrystalline MnS samples. Metastable MnS
polycrystallites were also synthesized by gas source molecular beam epitaxy.

23-24

However, in

the MBE technique the gas source used is highly toxic. Nanocrystalline MnS has recently been
prepared by a colloidal synthesis route through the reaction of MnCl2 and S[Si(CH3)3]2 in
trioctylphosphineoxide

25

. In addition, solvothermal and hydrothermal processes were also

applied for the synthesis of stable and metastable MnS crystallites.26-27 MnS crystals with
different morphologies such as octahedrons, cubes, sheets, spheres and nanotubes have also been
synthesized by a low temperature based solvothermal process by Biswas et al.28 In spite of all
this, single source precursor for the synthesis of manganese sulphide has worth in the sense that
it produced phase pure cubic crystals which, despite its high crystallinity displayed a featureless
granular texture down to the sub-micron level. (Fig. 36)

Figure 35: (a) XRD powder pattern of MnS obtained by pyrolysis of C20H28N2MnO2S4; (b) Reference powder
pattern for Alabandite MnS (JPCDS 06-0518).
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Figure 36: SEM image of cubic MnS obtained by pyrolysis of C20H28N2MnO2S4

Table 4: Selected bond lengths (Å) and angles (o) for C20H28N2MnO2S4 (8)
8

8

Mn-N(1)

2.2555(12)

N(1)-Mn-N(1)'

180.0

Mn-S(1)

2.5862(4)

N(1)-Mn-S(1)

90.85(3)

Mn-S(2)

2.6556(5)

N(1)-Mn-S(2)

89.85(3)

S(1)-Mn-S(2)

69.480(13)

S(1)-Mn-S(2) '

110.520(13)

Symmetry transformations to generate equivalent atoms: 1 –x+1,-y+1,-z+2

3.6 Synthesis and characterization of pyridine adducts of mixed metal
nickel(II)/cadmium (II) xanthate
Metal chalcogenide-based mixed conductors can be specifically architected for application in
nanoelectronic devices. A template-assisted electrochemical approach has been developed for
fabricating metal chalcogenide-based mixed conductor nanostructures.29 In the field of
heterogeneous catalysis, a promising class of catalysts is constituted by bimetallic particles,
which are found to exhibit superior properties, compared to pure metals, in terms of activity,
selectivity, stability and resistance to poisoning

30

so mixed metal sulphides are prepared by

different methods. Li et al reported the preparation of AgMoS by vapour depositing Ag on a Mo
crystal covered with a multilayer of sulphur.31 The sulphide Co4Mo6S was prepared by AlMegrena and coworkers through passing a flow of H2S and hydrogen at a combined flow rate of
200 cm3/min over Co4Mo6Ox.

32

. Ramos et al reported ultrasound assisted synthesis of NiMoS

and CoMoS by the use of ammonium heptamolybdate together with the salts of respective
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metals. 33 However, there is no such report for the synthesis of single source precursor for mixed
metal sulphide thin film of nickel and cadmium. Precursor for mixed metal sulphide (Ni/CdS),
has similar crystal structure as that of single metal (Ni & Cd) but the metal centre is occupied by
both metals in different ratios. For the synthesis of the said precursor, bis(O-nbutyldithiocarbonato-2S,S')bis(pyridine)nickel/cadmium(II)complex,
[Ni/Cd(S2COnBu)2.(C5H5N)2] (9), both nickel (II) nitrate and cadmium(II) iodide were allowed
to react collectively with potassium O-n-butylxanthate in acetone. Pyridine was used to break
the polymeric unit and the resultant product was crystallized as greenish yellow compound (9)
from the same solvent. The product has been characterized by elemental analysis, single crystal
X-ray diffraction analysis and by thermogravimetric analysis (TGA). In elemental analysis
found values are in close agreement with the calculated values. In single crystal X-ray analysis,
data were collected on a Bruker AXS SMART APEX CCD diffractometer at 100 K. The metal
site is shared among Ni and Cd with a 0.731(9) and 0.269(9) site occupancy factors,
respectively. The outer three carbon atoms of the butyl chain are disordered over two positions
with occupancy factors 0.603(7) and 0.397(7). Equivalent carbon atoms were set to have
identical ADPs. The data were corrected for absorption using twinabs, and the structure was
solved using direct methods with only the non-overlapping reflections of component 1. The
structure was refined using the hklf 5 routine with all reflections of component 1 (including the
overlapping ones) below a d-spacing threshold of 0.75, resulting in a BASF value of 0.324(3).
All hydrogen atoms were placed in calculated positions and were refined with isotropic
displacement parameters 1.2 times those of the adjacent carbon atoms. All non-hydrogen atoms
were refined anisotropically. Refinement was based on F2 against all reflections. Selected bond
length and angle data is provided in Table 5 and structure of compound 9 is illustrated in Fig.
37. Having both nickel and cadmium on the same metal centre, the compound 9 is displaying the
geometries around metal centre in terms of bond length and bond angle in between the nickel
and cadmium complex. Ni/Cd—S bond length (Ni/Cd—S(1) 2.602Ǻ, Ni/Cd—S(2) 2.687 Ǻ) is
in between the single metal nickel and cadmium complexes described in sections 3.1 and 3.3,
respectively (Ni—S(1) 2.43 Ǻ, Ni—S (2) 2.50 Ǻ, Cd—S(1) 2.64 Ǻ, Cd—S(2) 2.72 Ǻ. ) and
slightly similar to cadmium complex because in the metal centre cadmium is 73%. Metal atoms
are located on a center of inversion within a six-coordinate trans-N2S4 donor set and deviations
from an octahedral geometry which are necessarily enforced by the bite angle of the bidentate
2-S2COnBu ligands (ca. 69o) is slightly similar to cadmium compound rather than nickel.
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Figure 37: ORTEP representation of C20H28N2Cd0.73Ni0.27O2S4

TGA performed on compound 9 up to 500oC demonstrated the totally different behaviour of
mass loss than nickel and cadmium compounds. Although thermal decomposition appears to be
a two stage process (Fig. 38) the mass loss in second step is also rapid as in first step. Ending of
the first step at 170oC with 48% mass loss and second step at 375oC with 63% mass loss is
clearly demonstrates that the two intermediates are involved with different characteristic
stability. However, the residual mass effectively commensurate with the formation of mixed
metal sulphide as the found value (37%) is in close agreement with the calculated one (36.79%).

Figure 38: GA trace for the thermal decomposition of C20H28N2Cd0.73Ni0.27O2S4
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3.7 Characterization of thin films of nickel/cadmium sulfide
Thin films of nickel/cadmium sulphides were grown using complex 9 as a single source
precursor through ultrasonic aerosol assisted chemical vapour deposition technique. Although it
was soluble in many common organic solvents but toluene was used as a medium for film
deposition. Typically 0.4 g of precursor was dissolved in 50 ml of the solvent and transported
through carrier gas flowing at the rate of 4 ml/sec to the substrate for 2.0 hours at 300oC to give
yellowish metallic films that adhered well with good coverage of the substrate (bare glass)
surface. Film could not be charecterized by X-ray diffraction analysis because of less thickness
however, informations about the composition, particle size, film thickness and growth rate were
collected through scanning electron microscope, qualitative energy dispersive X-ray analysis
and atomic force microscopy. Deposition period was extended upto 6 hours for the growth of
suitably thick adherent films which were then identified as effectively phase-pure Ni/CdS by
glancing angle XRD analysis as shown in Fig. 39. Similar results were obtained using mixture of
already discussed single metal precursors for nickel and cadmium sulphide (compounds 6 & 1)
but not in a single attempt. Both precursors were dissolved in toluene separately and then mixed
together in different proportion, this mixture was used to grow thin film on glass substrate.

Figure 39: XRD powder pattern of film deposited by the AACVD of C20H28N2Cd0.73Ni0.27O2S4 onto bare glass at
300oC

X-ray powder diffraction studies revealed the crystalline nature and purity of the film grown by
aerosol assisted chemical vapour deposition of compound 9. There was no reference pattern
available for mixed metal sulphide however, comparison of pattern obtained from powder X-ray
diffraction studies of film with that of cadmium sulphide and nickel sulphide revealed that it
contains both metals in its composition (Fig. 40).
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Figure 40: Comparison of XRD powder patterns of films (a) deposited by the AACVD of C20H28N2Cd0.73Ni0.27O2S4
onto bare glass at 300oC, (b) Reference pattern for Greenockite CdS (JPCDS 70-2553), (c). Reference pattern for
Millerite NiS (JPCDS 75-0612).

Morphology of thin films was also studied by scanning electron microscopy which exposed that
deposited mixed metal sulphide is like densely packed heaps. Fig. 41 (a & b) illustrates typical
films deposited from compound 9 and from mixture of compounds 6 & 1 on glass substrate
respectively. Although growth of film from two different solutions gave similar results but
control of stochiometery and preparation of precursor in second case is easy and time saving.
The film grown by single compound was slightly thin and shinier in appearance as compared to
thick and dull film from mixture of compounds.

Figure 41: SEM images of films deposited by the AACVD of single C20H28N2Cd0.73Ni0.27O2S4 (a) and a mixture of
compounds 6 and 1 (b) on bare glass

Purity of film was further established by energy dispersive X-ray analysis (EDX) which detected
the presence of only nickel, cadmium and sulphur other than the constituent elements present in
the substrates. (Fig. 42)
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Figure 42: EDX spectrum of films deposited on bare glass by the AACVD of C20H28N2Cd0.73Ni0.27O2S4

Film particle size, surface roughness and morphology were studied by atomic force microscopy
(AFM), which revealed the particle size of 43.04nm2 as shown in Fig.43. Figs. 44 and 45 give
the details that a specific area from the film was selected for all studies, for particle size a
boundary line was drawn around one particle and then instrument itself give the dimensions of
covered area which is comparable to particle size.

Figure 43: Particle size of film deposited on glass by the AACVD of C20H28N2Cd0.73Ni0.27O2S4

For surface roughness, 3-dimentional view of selected area from the film was observed which is
shown in Fig. 44. X-axis and Y-axis are of 1 μm across and along Z-axis, one division is
depicting 342.95 nm. Mixed metal sulphide thin film was smooth in appearance as well as it was
adherent to the substrate surface that was determined by scotch tape test.

83

Figure 44: Typical AFM image of film deposited on bare glass by the AACVD of C20H28N2Cd0.73Ni0.27O2S4

Further information about the film thicikness was collected from atomic force microscopy which
is done by instrument itself. Substrtate and deposited particles are given different colours and by
comparing the colours, thickness is measured in terms of height. This analysis indicated that
pure Ni/CdS films were of the order of 3429 Å thick as shown in Fig.45. As time period for film
growth was two hours which provided the growth rate of 1710 Å h-1.

Figure 45: Thickness of film deposited on glass by the AACVD of C20H28N2Cd0.73Ni0.27O2S4
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Table 5: Selected bond lengths (Å) and angles (o) for C20H28N2Cd0.73Ni0.27O2S4 (9)
9

9

Ni/Cd-N(1)

2.319(4)

N(1)-Cd-N(1)'

180.0

Ni/Cd-S(1)

2.6028(11)

N(1)-Cd-S(1)

91.06(9)

Ni/Cd-S(2)

2.6878(13)

N(1)-Cd-S(2)

89.74(10)

S(1)-Cd-S(2)

68.90(4)

S(1)-Cd-S(2)

111.10(4)

Symmetry transformations to generate equivalent atoms: 1 –x+2,-y+1,-z.

3.8 Attempted Reactions:
As a part of our research into the rational designing of new precursors for CVD of metal
sulphides, some contrdictory results were observed. In some reactions, different types of
products suggested variedt conclusions. In case of nickel, choosing nickel acetate instead of
nickel nitrate yielded blue coloured block like crystals which were analysed by single crystal Xray analysis. It was observed that in this complex nickel has different kind of ligands around
metal centre. Nickel atom is directly attached with four oxygen atoms (two from water
molecules and two from sulphates) and two nitrogen atoms from 3-methylpyridine as shown in
Fig. 46.

Figure 46: ORTEP representation of C12H18N2NiO6S (10)

Bond lengths Ni—N and Ni—O are the same as that of nickel xanthate (2.07 Ǻ). However Ni–O
bond distances with water molecules are slightly shorter (Ni(1)–O(2) 2.0772(13) Ǻ) than those
of sulphate oxygen (Ni(1)–O(1) 2.0909(13) Ǻ).
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Such behaviour was already observed and a mechanism also proposed by O`Brien

34

that when

cadmium di thiocarbamate was allowed to react with pyridine, the resultant product obtained
was of two types. In one, four pyridine molecules were attached with the metal center while in
the second type, metel centre was surrounded by two pyridine molecules and two water
molecules. The oxidation of hydrogen sulphide and other sulphur compounds by atmospheric
oxygen has been reported in the literature35. The products formed by oxidation are sulphuric acid
(H2SO4) and/or sulphate ion (SO42−). Detailed schematic diagram of the proposed mechanism
has been shown below. (Scheme 2)

Scheme 2:

Decomposition products of cadmium N-alkyldithiocarbamates under different
conditions.

Similar behaviour was observed with nickel, when we added nickel acetate in the solution of
potassium butyl xanthate in acetone, nickel xanthate was formed and on addition of pyridine
followed by crystallization in the same solvent, we obtained the reported product. Oxidation
takes place and oxidised sulphur in the form of sulphate ions is directly attached with metal
center along with two water molecules. Irrespective of all this the geometry around nickel is
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octahedral as all bond angles around nickel are in the range of 90-180o. Typical bond lengths
and bond angles are given in Tables 6.
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Table 6: Selected bond lengths (Å) and angles (o) for C12H18N2NiO6S (10)
10

10

Ni(1)-O(1)

2.0909(13)

O(1)-Ni(1)-O(1)

180.0(6)

Ni(1)-O(2)

2.0772(13)

N(1)-Ni(1)-O(1)

90.34(5)

Ni(1)-N(1)

2.0780(15)

O(2)-Ni(1)-O(1)

88.44(5)

O(2)-Ni(1)-N(1)

88.58(6)

N(1)-Ni(1)-N(1)

90.0(8)

Symmetry transformations to generate equivalent atoms: #1 –x+1,y,-z +1/2.
As we used pyridine to break the polymeric unit, the resultant product has pyridine with
xanthate ligand. Instead of pyridine, addition of hexamethylineamine gave green coloured block
like crystals which were then analysed by melting point and single crystal X-ray diffraction
analysis. Melting point was in the range of other synthesized compounds but in single crystal Xray diffraction analysis the result is totally different. Nickel atom is directly attached with four
sulphur atoms (Fig. 47) formimg tetrahederal geometry and all bond lengths and bond angles are
in the range of previously reported compounds. Typical bond lengths and bond angles are given
in table 7.

Figure 47: ORTEP representation of C14H24N2NiS4 (11)

Table 7: Selected bond lengths (Å) and angles (o) for C14H24N2NiS4 (11)
11

11

Ni-S(1)

2.1909(8)

S(1)-Ni-S(3)

99.19(3)

Ni-S(3)

2.2000(8)

S(1)-Ni-S(2)

79.53(3)

Ni-S(2)

2.2062(9)

S(3)-Ni-S(2)

175.01(4)
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Ni-S(4)

2.2065(8)

S(1)-Ni-S(4)

175.95(4)

S(1)-C(1)

1.716(3)

S(3)-Ni-S(4)

79.69(3)

S(4)-C(2)

1.727(3)

S(2)-Ni-S(4)

101.26(3)

Manganese provided the required result with sodium butyl xanthate. Using potassium derivative
instead of sodium changed the colour of the resultant crystalline product from yellow to
colorless. However, the crystals were analysed by elemental analysis and single crystal X-ray
analysis. Results from elemental analysis were in close agreement with the calculated values. In
comparison to the product obtained from manganese with that of nickel, there are two nitrates
instead of sulphates. The manganese is bounded to two oxygen atoms of nitrates, two nitrogen
atoms of pyridine and two oxygen atoms of water molecules (Fig. 48). Mn—O bonds of water
molecules are (Mn(1)-O(1) 2.1513(8) Ǻ) smaller than nitrate oxygen (Mn(1)-O(2) 2.2189(7) Ǻ).
Geometry around six coordinated manganese atom is almost octahederal because all the bond
angles around metal atom are in the range of 90-180o. Typical bond lengths and bond angles are
given in table 8.

Figure 48: ORTEP representation of C10H14N4MnO8 (12)

Table 8: Selected bond lengths (Å) and angles (o) for C10H14N4MnO8 (12)
12

12

Mn(1)-O(1)

2.1513(8)

O(1)-Mn(1)-O(1)#1

180.0

Mn(1)-O(2)

2.2189(7)

O(1)-Mn(1)-O(2)#1

80.61(3)

Mn(1)-N(1)

2.2646(9)

O(1)#1-Mn(1)-O(2)#1

99.39(3)

O(2)#1-Mn(1)-N(1)#1

93.06(3)

O(2)-Mn(1)-N(1)#1

86.94(3)
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O(1)-Mn(1)-N(1)

92.42(3)

O(1)#1-Mn(1)-N(1)

87.58(3)

Symmetry transformations to generate equivalent atoms: #1 x,-y+1/2,z.
Several reactions with copper salts gave different kinds of products.Despite that fact that
different ways were adopted, the resultant crystalline product was not Lewis base adduct of
metal xanthate. Reaction of copper nitrate with potassium O-butyl xanthate in acetone using
pyridine as a solvent gave blue coloured plate like crystals. The product was analysed by
elemental analysis, thermo gravimetric analysis (TGA) and single crystal X-ray analysis. In
elemental analysis the found values were in close agreement with the calculated values.
Thermogravimetric analysis was done under nitrogen with increase in temperature rate of
10oC/min. Thermogram gave initial rapid four step decomposition, with 37.27, 7.61, 8.43 and
9.42% weight loss, respectively (Fig. 49) till 400oC.

Figure 49: TGA trace for the thermal decomposition of C20H22N4CuO5S (13) with step wise decomposition pattern

Increase in temperature to 1229.14oC gave the residual mass of 12.55% (Cu metal requires
11.88%) after further three but slow step decomposition with mass loss of 5.26, 3.13 and 3.18%,
respectively. Futher increase in temperature to 1500oC decomposed the product completely. It is
clear from the results obtained in thermogravimetric analysis that most of the compound is
decomposed till 400oC and after that only few moities are left with.
In connection with the results abtained from TGA, 2g of precursor was allowed to decompose in
a cube furnace fitted with three necked flask having continuous flow of nitrogen at 450oC.
However the resultant brownish residue was carried without any further protection from the
ambient atmosphere. Although blue crystals were having unpredictable structure but analysis of
the pyrolysed product under inert atmosphere by powder X-ray diffraction method gave
surprising results. XRD analysis (Fig. 50) of the resultant brownish residue identified the
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presence of pure Cu (JCPDS 085-1326) with cubic crystal system.

.
Figure 50: Comparison of XRD pattern of residue (a) obtained by pyrolysis of C20H22N4CuO5S (13) at 450oC, (b)
Reference pattern for Cubic Cu (JPCDS 085-1326)

Repeated experiments on the product proved that it is only soluble in dimethylsulfoxide, but the
resultant solution showed no volatility for the growth of copper thin film.
After the synthesis of pyridine adduct of copper, copper nitrate was allowed to react with
potassium butyl xanthate using 3-methylpyridine as a crystallization solvent and the resultant
green needle like crystals were then analysed by elemental analysis, thermogravimetric analysis
and single crystal X-ray crystallographic studies. In elemental analysis the found values were in
close agreement with the calculated ones. Thermogram of copper complex with 3methylpyridine gave the similar four step decomposition with mass loss of 7.59, 11.63, 22.50
and 6.73%, respectively (Fig. 51).
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Figure 51: TGA trace for the thermal decomposition of C12H18N2CuO6S (14) with step wise decomposition pattern

The whole molecule is disordered around a mirror plane with the copper and sulphur atoms
located in this plane (Fig. 52). Using 3-methylpyridine as a solvent, oxidise the product and as a
result we get sulphate molecules in the vicinity of copper metal. Copper is six coordinated and is
directly attached with two sulphur atoms from sulphate, two nitrogen atoms from 3methylpyridine and two oxygen atoms from water molecules. Typical bond lengths and bond
angles are given in table 9.
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Figure 52: ORTEP representation of C12H18N2CuO6S (14)

Table 9: Selected bond lengths (Å) and angles (o) for C12H18N2CuO6S (14)
14

14

Cu(1)-O(3)

1.991(2)

O(3)#2-Cu(1)-O(3)

18.14(11)

Cu(1)-O(1)

2.389(2)

O(3)#1-Cu(1)-N(1)

178.94(9)

Cu(1)-N(1)

2.014(3)

O(3)#3-Cu(1)-N(1)#3

88.25(10)

N(1)-Cu(1)-O(1)#2

92.33(9)

O(3)-Cu(1)-O(1)#1

106.15(7)

O(3)#1-Cu(1)-O(1)#2

88.33(7)

N(1)-Cu(1)-N(1)#2

19.14(13)

O(3)#1-Cu(1)-O(1)

106.15(7)

O(3)#2-Cu(1)-N(1)

91.25(10)

N(1)#1-Cu(1)-O(1)#2

91.11(9)

N(1)#2-Cu(1)-N(1)#3

90.91(14)

O(3)-Cu(1)-O(1)

70.28(8)

N(1)-Cu(1)-O(1)#1

110.09(8)

O(3)#2-Cu(1)-O(1)

88.27(8)

O(3)-Cu(1)-N(1)#3

161.34(9)

O(1)#2-Cu(1)-O(1)

154.27(11)

O(1)#1-Cu(1)-O(1)

175.09(9)

O(1)-Cu(1)-O(1)#3

25.24(11)

N(1)#3-Cu(1)-O(1)#3

73.53(8)

N(1)#2-Cu(1)-N(1)#1

87.75(14)

O(3)#3-Cu(1)-O(1)#1

88.28(8)

O(3)#1-Cu(1)-O(1)#1

70.28(8)

Symmetry transformations to generate equivalent atoms: #1 –x+2,-y+1,-z.
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Following the same procedure copper complex was allowed to crystallize in the presence of 3bromopyridine as a solvent but the results were dramatically different. 3-Bromopyridine cannot
even break the nitrate unit from the metal nitrate moiety. Purple coloured block like crystals
were

obtained

after

crystallization

which

were

analysed

by

elemental

analysis,

thermogravimetric analysis and single crystal X-ray crystallographic studies. In elemental
analysis the found values were in close agreement with the calculated ones.
Thermogravimetric analysis was done under nitrogen atmosphere with rate of increase in
temperature of 10o/min. TGA is a two step process with initial rapid mass loss step following
with the slow weight loss step and in the first step decomposition is done in two steps. First step
commensurate with the mass loss of 39.44% while in second step 36.70% weight is lost and at
the end slow decomposition step, we get pure copper in residue (Fig. 53).

Figure 53: TGA trace for the thermal decomposition of C20H16N6CuBr4O6 (15) with step wise decomposition
pattern

Copper is six coordinated with two nitrates and four 3-bromopyridine units. Two oxygen atoms
from nitrates and four nitrogen atoms from 3-bromopyridine molecules are directly attached
with copper metal (Fig. 54). Bond lengths of Cu—N are the same as reported in some molecules
containing nitrogen bonded with copper.36-38
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Figure 54: ORTEP representation of C20H16N6CuBr4O6 (15)

Geometry around copper is almost octahederal as all bond angles around copper are in the range
of 90-180o. Typical bond lengths and bond angles are given in table 10.

Table 10: Selected bond lengths (Å) and angles (o) for C20H16N6CuBr4O6 (15)
15
Cu(3)-N(1)

2.0465(15)

Cu(3)-O(1A) 2.4384(14)
Cu(3)-N(2)

2.0269(16)

15
N(2)-Cu(3)-N(2)#1

180.0

N(2)-Cu(3)-N(1)

87.87(6)

N(2)-Cu(3)-N(1)#1

92.13(6)

N(1)#1-Cu(3)-O(1A)

86.70(6)

N(1)-Cu(3)-O(1A)

93.30(6)

Symmetry transformations to generate equivalent atoms: #1 –x+1/2,-y+1,-z.
After a long struggle for the synthesis of precursor for copper sulphide following the same
procedure using potassium O-n-butyl xanthate as legend but to no avail, a different legend was
used. Sodium derivative of pyrollidne was allowed to react with copper nitrate in acetone and 3methylpyridine was used as a crystallization mediator. Purple coloured block like crystals of
(16) were obtained which were characterized by melting point and single crystal X-ray
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diffraction studies. Copper is six coordinated which is directly attached with two nitrogen and
four oxygen atoms. (Fig. 55) Typical bond lengths and bond angles are given in Table 11.

Figure 55: ORTEP representation of C12H18N2CuO6S (16)

Table 11: Selected bond lengths (Å) and angles (o) for C12H18N2CuO6S (16)
16

16

Cu(1)-O(1)

1.9982(17)

O(1)-Cu(1)-N(1)

178.83(7)

Cu(1)-N(1)

2.0203(19)

N(1)-Cu(1)-O(2)

92.35(7)

Cu(1)-O(2)

2.3885(17)

O(1)-Cu(1)-N(1)

88.25(8)

O(1)-Cu(1)-O(2)

88.22(6)

N(1)#1-Cu(1)-N(1)

90.93(11)

Symmetry transformations to generate equivalent atoms: #1 –x+2,-y+1,-z.
Following the same procedure but using 4-methylpyridine as crystallization solvent gave similar
results. However, resultant plate like blue coloured crystals were analysed by melting point and
single crystal X-ray diffraction analysis. Copper is six coordinated forming polymeric structure
through oxygen of sulphate molecules (Fig. 56). Typical bond lengths and bond angles are given
in table 12.
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Figure 56: ORTEP representation of C24H36.79CuN4O8.40S (17)

Table 12: Selected bond lengths (Å) and angles (o) for C24H36.79CuN4O8.40S (17)
17

17

Cu(1)-N(1)

2.0400(18)

O(1)-Cu(1)-N(1)

178.83(7)

Cu(1)-N(2)

2.0464(17)

N(1)-Cu(1)-O(2)

92.35(7)

Cu(1)-O(1)

2.3936(14)

O(1)-Cu(1)-N(1)

88.25(8)

O(1)-Cu(1)-O(2)

88.22(6)

N(1)-Cu(1)-N(1)

90.93(11)

Symmetry transformations to generate equivalent atoms: #1 –x+2,-y+1,-z.
After struggling for copper we tried for the synthesis of cobalt sulphide precursor following the
same procedure. Cobalt nitrate was allowed to react with potassium butyl xanthate in acetone
and the product was crystallized in the presence of 3-methylpyridine. Colourless block like
crystals were then characterized by melting point, elemental analysis, thermogravimetric
analysis and single crystal X-ray crystallographic studies. In elemental analysis, the found
values were in close agreement with the calculated values. Thermogravimetric analysis was
carried out under nitrogen atmosphere with increase in temperature at a rate of 10o/min.
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Figure 57: TGA trace for the thermal decomposition of C12H18N2CoO6S (18) with step wise decomposition pattern

Cobalt is six coordinated with metal centre directly attached with two water molecules, 3methylpyridine and two sulphate anions (Fig. 58). The geometry around cobalt is almost
octahederal as all bond lengths and bond angles are in the range of 90-180o. Selected bond
lengths and bond angles are given in table 13.

Figure 58: ORTEP representation of C12H18N2CoO6S (18)
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Table 13: Selected bond lengths (Å) and angles (o) for C12H18N2CoO6S (18)
18

18

Co(1)-O(1)

2.1115(10)

O(2)-Co(1)-O(2)

179.93(5)

Co(1)-O(2)

2.1124(10)

O(1)-Co(1)-O(2)

89.22(4)

Co(1)-N(1)

2.1308(12)

O(1)-Co(1)-N(1)

89.05(5)

O(2)-Co(1)-N(1)

90.82(4)

N(1)-Co(1)-N(1)

89.44(6)

Symmetry transformations to generate equivalent atoms: #1 –x+2,-y+1,-z.
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3.9 Conclusions:
This contribution reports the use of an easily synthesized series of nickel, cadmium, and mixed
metal nickel/cadmium O-n-butylxanthate bis(pyridine) adducts as clean precursors to crystalline
NiS, CdS, and Ni/CdS thin films under very mild AACVD conditions. Although minor
variations in the precise morphology of the films has been noted to display a dependence upon
the precise nature of the substrate surface, the composition of the as-deposited films was
consistent across all of the precursors studied, despite some minor variations in compound
thermal stability. Manganese adduct of similar composition having same structure gave pure
crystalline MnS by thermolysis, but did not show enough volatility to be deposited on substrate.
Some undesirable products were obtained mentioned under the title of attempted reactions
which concluded that these reactions are very critical in terms of choice for reactants. We are
continuing to study this chemistry and related applications of all synthesized compounds in
nanoparticle synthesis where such simply introduced variability in precursor stability may be
best suited to provide a means of subtle control over particle size and structure.
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Appendices
Appendix 1: Crystallographic data for compounds 1 – 5
1
2
3

4

5

Molecular. C20H28N2NiO2S4 C20H26Br2N2NiO2S4 C22H26N4NiO2S4 C22H32N2NiO2S4 C20H26Cl2N2NiO2S4
formula
Formula.
515.39
763.20
565.42
543.45
584.28
weight
(g mol-1)
Crystal
monoclinic
monoclinic
monoclinic
monoclinic
monoclinic
system
Space group
P21/c
P21/c
P21/c
C2/c
P21/a
a (Å)

11.0733(7)

11.7324(13)

12.4133(6)

16.2821(18)

8.9699(2)

b (Å)

6.0829(4)

12.2907(13)

11.4248(5)

8.8273(10)

12.1472(3)

c (Å)

16.9492(10)

8.9485(10)

9.2350(4)

18.138(2)

11.7178(3)

 (deg)

94.1970(10)

91.866(2)

102.6400(10)

103.902(2)

92.3680(10)

V (Å3)

1138.60(12)

1289.7(2)

1277.96(10)

2530.6(5)

1275.67(5)

Z

2

2

2

4

2

μ (mm-1)

1.238

4.195

1.113

1.118

1.318

 (g cm-3)

1.503

1.734

1.469

1.426

1.521

θ range (o)

1.84 to 30.63

1.74 to 28.28

1.68 to 28.27

2.31 to 28.28

3.27 to 27.48

R1, wR2[I > 0.0289, 0.0749
2σ(I)]
R1, wR2
0.0293, 0.0752
(all data)
Measured/ 12872 / 2984 /
independent
0.0206
reflections/
Rint

0.0229, 0.0601

0.0308, 0.0779 0.0257, 0.0677

0.0315, 0.0708

0.0244, 0.0610

0.0328, 0.0799 0.0274, 0.0694

0.0442, 0.0761

13097 / 3204 /

10673 / 3165 / 12771 / 3143 /

16557 / 2921 /

0.0365

0.0381

I

0.0199

0.0535

Appendix 2: Crystallographic data for compounds 6 & 7
6
Molecular formula
Formula weight

7

C20H28N2CdO2S4 C20H26Cl2N2CdO2S4
569.087

637.97

Crystal system

monoclinic

monoclinic

Space group

P21/c

P21/a

a (Å)

10.9477(16)

9.1843(10)

b (Å)

6.0695 (9)

12.6282(13)

c (Å)

17.914(3)

11.4977(2)

 (deg)

97.762(2)

92.0240(10)

V (Å3)

1179.4(3)

1332.68(3)

Z

2

2

μ (mm-1)

1.299

1.353

 (g cm-3)

1.602

1.590

θ range (o)

1.88 to 30.70

3.22 to 30.27

R1, wR2[ I > 2σ(I)]

0.0281, 0.0712

0.0310, 0.0695

R1, wR2 (all data)

0.0288, 0.0714

0.0439, 0.0745

Measured/independent

13397 / 3621 /

21775 / 3865 /

reflections/ Rint

0.0195

0.0556

(g mol-1)

II

Appendix 3: Crystallographic data for C20H28N2MnO2S4 (8)
8

8

Molecular formula

C20H28N2MnO2S4

Z

2

Formula weight (g mol-1)

511.62

μ (mm-1)

0.946

Crystal system

monoclinic

 (g cm-3)

1.461

Space group

P21/n

θ range (o)

1.88 to 28.27

a (Å)

10.9189(17)

R1, wR2[I > 2σ(I)]

0.0281, 0.0837

b (Å)

6.0853 (9)

R1, wR2 (all data)

0.0286, 0.0840

c (Å)

17.650(3)

Measured reflections

11358

 (deg)

97.536(3)

Independent reflections / 2875 / 0.0275
Rint

V (Å3)

1162.6(3)

III

Appendix 4: Crystallographic data for C20H28N2Cd0.73Ni0.27O2S4 (9)
9

9

Molecular formula

C20H28N2Cd0.73Ni0.27O2S4

Z

2

Formula weight (g mol-1)

554.68

μ (mm-1)

1.273

Crystal system

monoclinic

 (g cm-3)

1.565

Space group

P21/c

θ range (o)

1.88 to 28.28

a (Å)

10.9472(12)

R1, wR2[I > 2σ(I)]

0.0532, 0.1400

b (Å)

6.0905 (7)

R1, wR2 (all data)

0.0549, 0.1407

c (Å)

17.813(2)

Measured reflections

9609

 (deg)

97.558(2)

Independent reflections / 2909 / 0.0272
Rint

V (Å3)

1177.3(2)

IV

Appendix 5: Crystallographic data for C12H18N2NiO6S (10)
10
Molecular formula

10

C12H18N2NiO6S
-1

Z

4
-1

Formula weight(g mol )

377.04

μ (mm )

1.368

Crystal system

Orthorhombic

 (g cm-3)

1.561

Space group

Pbcn

θ range (o)

1.88 to 28.27

a (Å)

15.095(5)

R1, wR2[I > 2σ(I)]

0.0367, 0.0929

b (Å)

16.588(6)

R1, wR2 (all data)

0.0391, 0.0951

c (Å)

6.407(2)

Measured reflections

15247

 =  =  (deg)

90

Independent reflections / 1998 / 0.0322
Rint

V (Å3)

1604.2(9)

V

Appendix 6: Crystallographic data for compound C14H24N2NiS4 (11)
11

11

Molecular formula

C14H24N2NiS4

Z

4

Formula weight (g mol-1)

407.30

μ (mm-1)

1.515

Crystal system

Monoclinic

 (g cm-3)

1.482

Space group

P21/c

θ range (o)

3.84 to 28.07

a (Å)

9.7872(2)

R1, wR2[I > 2σ(I)]

0.0437, 0.1014

b (Å)

16.6831(4)

R1, wR2 (all data)

0.0679, 0.1132

c (Å)

12.0366(3)

Measured reflections

21902

 (deg)

111.7520

Independent reflections / 4269 / 0.0622
Rint

V (Å3)

1825.41(7)

VI

Appendix 7: Crystallographic data for C10H14N4MnO8 (12)
12

12

Molecular formula

C10H14N4MnO8

Z

2

Formula weight (g mol-1)

373.19

μ (mm-1)

0.910

Crystal system

monoclinic

 (g cm-3)

1.620

Space group

P21/c

θ range (o)

2.40 to 28.28

a (Å)

8.8988(7)

R1, wR2[I > 2σ(I)]

0.0227, 0.0627

b (Å)

11.8668(10)

R1, wR2 (all data)

0.0236, 0.0635

c (Å)

7.5950(6)

Measured reflections

6644

 (deg)

107.5000(10) Independent reflections / 1897 / 0.0156
Rint

V (Å3)

764.91(11)

VII

Appendix 8: Crystallographic data for compound C20H22N4CuO5S (13)
13

13

Molecular formula

C20H22N4CuO5S

Z

4

Formula weight (g mol-1)

494.02

μ (mm-1)

1.199

Crystal system

monoclinic

 (g cm-3)

1.588

Space group

P21/m

θ range (o)

1.55 to 28.28

a (Å)

9.2982(8)

R1, wR2[I > 2σ(I)]

0.0730, 0.1610

b (Å)

16.8915(14)

R1, wR2 (all data)

0.0777, 0.1628

c (Å)

13.7175(11)

Measured reflections

37084

 (deg)

106.402(2)

Independent reflections /

5311 / not

Rint

define

V (Å3)

2066.8(3)

VIII

Appendix 9: Crystallographic data for C12H18N2CuO6S (14)
14

14

Molecular formula

C12H18N2CuO6S

Z

4

Formula weight (g mol-1)

381.90

μ (mm-1)

1.515

Crystal system

Orthorhombic

 (g cm-3)

1.576

Space group

Cmcm

θ range (o)

1.88 to 28.28

a (Å)

14.660(3)

R1, wR2[I > 2σ(I)]

0.0310, 0.0744

b (Å)

16.053(4)

R1, wR2 (all data)

0.0355, 0.0770

c (Å)

6.8395(15)

Measured reflections

5891

 =  =  (deg)

90

Independent reflections / 1126 / 0.0432
Rint

V (Å3)

1609.6(6)

IX

Appendix 10: Crystallographic data for C20H16N6CuBr4O6 (15)
15

15

Molecular formula

C20H16N6CuBr4O6

Z

4

Formula weight (g mol-1)

819.57

μ (mm-1)

7.228

Crystal system

monoclinic

 (g cm-3)

2.152

Space group

C2/c

θ range (o)

2.31 to 28.28

a (Å)

13.0705(9)

R1, wR2[I > 2σ(I)]

0.0213, 0.0526

b (Å)

12.2254(9)

R1, wR2 (all data)

0.0243, 0.0539

c (Å)

16.2055(12)

Measured reflections

12741

 (deg)

102.2120(10)

Independent reflections / 3136 / 0.0304
Rint

V (Å3)

2530.9(3)

X

Appendix 11: Crystallographic data for C12H18N2CuO6S (16)
16

16

Molecular formula

C12H18N2CuO6S

Z

4

Formula weight (g mol-1)

381.88

μ (mm-1)

1.505

Crystal system

Orthorhombic

 (g cm-3)

1.566

Space group

Pbcn

θ range (o)

1.88 to 28.28

a (Å)

14.715(3)

R1, wR2[I > 2σ(I)]

0.0394, 0.0965

b (Å)

16.095(3)

R1, wR2 (all data)

0.0529, 0.1045

c (Å)

6.8412(12)

Measured reflections

7655

 =  =  (deg)

90

Independent reflections / 1999 / 0.0551
Rint

V (Å3)

1620.3(5)

XI

Appendix 12: Crystallographic data for C24H36.79CuN4O8.40S (17)
17

17

Molecular formula

C24H36.79CuN4O8.40S

V (Å3)

1415.7(3)

Formula weight (g mol-1)

611.32

Z

2

Crystal system

triclinic

μ (mm-1)

0.899

Space group

P-1

 (g cm-3)

1.434

a (Å)

10.4675(12)

θ range (o)

1.62 to 28.28

b (Å)

11.6350(14)

R1, wR2[I > 2σ(I)]

c (Å)

12.8311(15)

R1, wR2 (all data)

 (deg)

78.665(3)

Measured reflections

24574

 (deg)

87.579(3)

Independent reflections

8022

 (deg)

67.600(3)

Rint

Not defined

XII

0.0442,
0.1122
0.0552,
0.1167

Appendix 13: Crystallographic data for C12H18N2CoO6S (18)
18

18

Molecular formula

C12H18N2CoO6S

Z

4

Formula weight (g mol-1)

377.27

μ (mm-1)

1.210

Crystal system

orthorhombic

 (g cm-3)

1.539

Space group

Pbcn

θ range (o)

1.82 to 28.27

a (Å)

15.132 (2)

R1, wR2[I > 2σ(I)]

0.0269, 0.0730

b (Å)

16.687 (2)

R1, wR2 (all data)

0.0291, 0.0749

c (Å)

6.4503(9)

Measured reflections

15656

 (deg)

90

Independent reflections / 2028 / 0.0341
Rint

V (Å3)

1628.7(4)
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