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ABSTR ACT
Synthesis and Characterization of Novel Quaternary
Thioaluminogermanates
Mohammed Al-Bloushi
Metal chalcogenides form an important class of inorganic materials, which
include several technologically important applications. The design of metal
chlcogenides is of technological interest and has encouraged recent research
into moderate temperature solid-state synthetic methods for the single crystal
growth of new materials.
The aim of this project is the investigation and development of synthetic
methodology for the synthesis of novel metal chlcogenides. The new
inorganic compounds of the type “M(AlS2)(GeS2)” (M = Na and K) are new
metal-chalcogenides, synthesized by the classical solid state approach. The
characterization of these compounds was carried out by Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), Single
crystal and powder X-ray diffraction, solid state Nuclear Magnetic Resonance
(NMR), Ultraviolet-visible (UV-VIS), Infrared (IR) and Raman spectroscopy.
These theses study the synthesis of metal chalcogenides through the use of
standard chemical techniques. The systematic studies demonstrate the effect
of the reactants ratio and reaction temperature on the synthesis and growth of
the single crystals. Metal chalcogenides have several potential applications in
gas separation, ion exchange, environmental remediation, and energy
storage. Especially, the ion exchange materials have found possible
applications in waste-water treatment, water softening, metal separation, and
production of high purity water.
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CHAPTER 1
1.1

Introduction

The recent research of the solid-state chalcogenide compounds of the heavier
Group Fourteen and Fifteen elements has attracted a lot of interest in the
technological potential containing regularly spaced pores and cavities for
various applications. The extensive zeolite class of minerals is provided as a
natural prototypes,1,2,3 together corner-shared tetrahedral silicate SiO4 and
aluminate AlO4 building blocks. The synthetic schemes of the novel design
nonporous materials have managed to focus on the structure-direction of the
size and channels in aluminosilicates or on the exchange of the Silicone and
Aluminum atoms, in these oxide-based frameworks via main group elements.
The importance of the metal chalcogenides in optoelectronic systems has a
increasing significance for the compounds of this class. In the metal
chalcogenides, systematically design novel materials by replacing framework
oxygen atoms with S or Se and Si by Ge or Al. The solubilization of group
fourteen and fifteen metals and their chalcogenides in highly polar reaction
media e.g. molten salts (T = 200-600°C),4 or organic solvents (T = 200600°C),5,6 has confirmed that moderate reaction temperatures can easily be
used to synthesize a good variety of new chalcogenidometalates with open
framework structures.
Pioneer studied the synthesis of sulfur and selenium containing germinates
and stannates by the reacting binary metal chalcogenides ME2 (M = Ge, Sn)
(E = S, Se) and Krebs and co-workers were successful to get some new
metal chalcogenides in aqueous solution between 1970 and 1987 and
highlighted in a promising review article about Thirteen and Fourteen group

14
chalcogenidometalates which appeared in 1983.7 Eisenmann and Schäfer,
who used both solid state and soft hydrothermal methods, started the
fundamental structural philosophies for the similar group fifteen anions. The
important applications of zeotype group fourteen thio- and selenidometalates
have been mentioned in detail the article of Bedard et al. in 1989,7 and has
attracted an increase interest in this field.8 Nevertheless, the structural
chemistry of molecular metal chalcogenides was reviewed by Drake and Kolis
in 1994,9 and some selected points of the solid-state structures of the group
fourteen and fifteen chalcogenidometalates have been reviewed in other
articles.10

1.2

The metal chalcogenides

The structural chemistry of group sixteen elements is diverse either in
molecular compounds or in the solid state. The dissolvable metal
chalcogenide complexes in chemistry either having chalcogen–metal or
chalcogen–chalcogen bonds only, has been considered widely and mostly for
sulfur. This is so given the description of the capability to catenate and to bind
to several metal centers. This was exact for Se and Te after the mid-1970s,
All features of Metal–sulfur structures have a long chemical history, the
importance related complexes was improved from the 1960s, due to the
significance in to hydrodesulphurization, bioinorganic chemistry and other
catalytic methods. There is a large variety of molecular transition metal
complexes through either terminal or bridging sulfide ligands which have been
studied and their catalytic activities has been investigated. 11,12 The soluble
metal tellurides and selenides synthesized in the solid state or in solution,
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have been sorted and explained in an inspiring review.13 Vahrenkamp have
demonstrated elegantly several important coordination methods available for
sulfide ligands.14 An overview of the structural and synthetic coordination
chemistry of inorganic Se and Te ligands, highlighting up to 1993, can be
found in the review of Roof and Kolis.15 The metal–polychalcogenide
chemistry in solid state and solution has developed tremendously in the past
two decades.16 Several modes of metal polychalcogenide anionic clusters
have been discovered which can be worked as chelating ligands to transition
metals and keeping the characteristic bridging or terminal coordination
species of the chalcogenide ions and increasing their bonding flexibility by
sharing from three to eight membered chelate rings.17 Especially, the
compounds of selenium and tellurium illustrated the structural modes, some of
which are new in sulfur chemistry and in particular, tellurium, with its larger
size, diffused orbitals, and augmented metallic character. Kanatzidis has
demonstrated that inorganic chemistry of Te with respect to its structure and
composition is unpredictable.18 For example, the mode of S–S bonding and
the transition metal sulfides can be categorized as sulfur-rich phases,
normally in K2S2O8 units (S2)2– (as represented primarily by pyrite or
compounds like TaS3 and TiS3 including both per- and monosulfido units.
Concentrations, metal to non-metal, atom sizes, and valence electron,
obviously play main function in the definition of structural types and features.17
Metal chalcogenides have demonstrated their key role in the field of lowdimensional solids through the covalent bonding.19 The metal clusters are
occupying a position with the so-called inorganic or high-valence clusters,
which arranged by chalcogenide or polychalcogenide ligands. Mostly among
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them are the 4d- and 5d-metals of groups five and seven.16 The studies of
the covalently bonded metals (such as Zn, Cd, Hg, Cu, and Ag) introduced
numerous metal chalcogenide cluster compounds.20 Ionic lanthanides have
been found to system relatively unstable compounds with Sulfur, Selenium,
and Tellurium.21

1.2.1 Solid state structures of metal chalcogenides
Binary metal chalcogenides are found in a great diversity and they have
complex structures, which are usually based on the fundamental structural
principles. The three dimensional common structures such as the cubic NaCl
and zinc blende or the hexagonal NiAs and wurtzite types are the main forms
shown in Figure 1.1.

22

The four to eight coordinated anti-fluorite types of first

group chalcogenides, find the second group compounds and couple of other
monochalcogenides (e.g., the monosulfides of Lead, manganese, lanthanum,
cerium, praseodymium, neodymium, samarium, europium, terbium, holmium,
thorium, uranium, plutonium) acquired the rock-salt structure type.17 When the
interaction becomes more metallic, the NiAs structure is found, and the metal
occupies an octahedral site. Metal Chalcogenides are also made easily from
hydrides; especially the more electropositive elements (e.g., groups first and
second) can be studied to provide chalcogenide “salts” of the subsequent
hydrides. This can be designated as a transition towards more highly
coordinated forms typical of the metals. The first row transition metal
monochalcogenides, generally come under this case MX (M= Titanium,
Vanadium, chromium, Iron, Cobalt and Nickel). These compounds frequently
consist of vacancies in the metal position, and then the crystal becomes

17

deformed due to vacancy collection, which varies through temperature and
composition. Two-third of the MX2-type compounds adopt layered structures,
found specifically for all primary transition metals from groups four to seven in
the periodic table as in Figure 1.2.23 The MX2 non-layered complexes assume
a quite different structure design and occur exclusively in group eighteen and
beyond. These materials mostly are composed of infinite three dimension
networks of metal atoms and discrete X2 units and the distance of X–X
roughly equal to the expected single bond for an X–X. In fact, the importance
of this class of compounds has been found with unusual electronic
phenomena for example quantum size, superconductivity and charge density
waves. Therefore, their two-dimension nature is connected with their
intercalation

chemistry showing several

possible

applications.

For a

comprehensive explanation of the different modes and polytypes in the
layered MX2 compounds reviews of Whittingham,23 and Rouxel,24 can be
suggested Noteworthy, Wilson and Yoffe has a broad collection of early data
about layered MX2.25
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Figure 1.1 Crystal structures of the sulfides (metal atoms as black spheres
ans sulfue as white spheres): (A) (PbS) galena; (B) (ZnS) sphalerite; (C)
(ZnS) wurtzite; (D) (i) (FeS2) pyrite and (ii) (FeS2) marcasite; (E) (NiAs)
niccolite; (F) (CuS) covellite.

1.2.2 Ternary compounds
Chalcogens form many ternary compounds and two different metal or
metalloid elements cover some families and classes of materials. Ternary
chalcogenides has a major family and exciting applications and properties,
those having the AB2X4 stoichiometry (A, B = metal cations, X = Sulfur,
Selenium and Tellurium), of which many structural kinds have been known,
i.e. Ag2 HgI4, Yb3 S4, monoclinic types, MnY2S4,Th3P4, CaFe2O4, K2SO4,
olivine, spinel, Cr3Se4, etc.26
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Figure 1.2 Elements founding sulfides or selenides with the metal in
octahedral or trigonal prismatic.

Chalcogenide spinels (AB2X4), like the chalcochromites MCr2X4 (M = Barium,
Cadmium, Cobalt, Zinc, Iron, Cupper and Mercury; as well CuCr2S3Se,
CuCr2S2.5Se1.5); thiocobaltites MCo2S4 (M = cupper and Cobalt); thiorhodites
MxRh3–xS4

(M= Cu, Co, Fe); thioaluminates MAl2S4

(M = Zink and

Chromium)27, very frequently feature rare combinations of semiconducting,
magnetic and optical properties. Table 1.1 is shown some examples of ternary
and quaternary) chalcogenide compounds and categorized according to a
formal valence combination system. These compounds were collected from a
compilation of Madelung,28 regarding semiconducting materials and many
other schemes exist. Solid state solutions are very common among
structurally compounds.

1.3

Material synthesis

The synthesis methods available for solid-state chemistry are hightemperature techniques, using fluxes, melts, hydrothermal synthesis and
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synthesis from solutions.

Table 1.1 Some ternary (and quaternary) semiconducting chalcogenides
Formal
valence
combination
Ix–IIIy–VIz

Ix–IVy–VIz

Ix–Vy–VIz
IIx–IIIy–VIz

IIx–Vy–VIz
IIIx–Vy–VIz
IVx–Vy–VIz
IVx–Vy–VIz
I2–II–IV–VI4
I–III–IV–VI4

Examples
ABX2 chalcopyrites (A = Cu, Ag; B = Al, Ga, In, Tl; X = S, Se,
Te); Cu2In4Te7, , Cu5TlSe3 Cu3In5Se9, AgIn9Te14, Cu3Ga5Se9, ,
Cu2Ga4Te7Ag3In5Se9, AgIn3Te5, AgIn5Se8, AgIn5Se8, CuIn3Te5
I8–IV–VI6: Ag8GeS6, Ag8SnS6, Ag8SiSe6, Ag8GeSe6, Ag8SnSe6,
Ag8GeTe6, Cu8GeS6; I4–IV3–VI5: Cu4Ge3S5, Cu4Ge3Se5,
Cu4Sn3Se5; Cu4SnS4, Ag3Ge8Se9
A3BX3, ABX and ABX2 (A = Ag, Cu; B = Sb,As, Bi; X = Se or S)
II–III2–VI4: CdGa2X4, CdTl2X4CdIn2X4, , HgGa2X4, ZnIn2X4
(ordered vacancy compounds); II–III–VI2: CdInX2, ZnTlX2,
CdTlX2, HgTlX2; Zn2In2S5, , Hg5Ga2Te8 , Zn3In2S6, Hg3In2Te6
(ordered vacancy compounds)
Hg3PS4, Hg3PS3
In7SbTe6, TlBiX2, TlAsX2, Ga6Sb5Te, In6Sb5Te,
PbSb2S4, GeBi2Te4,GeSb2Te4, GeSb4Te7, GeBi4Te7, PbBi4Te7,
Sn2P2S6
PbNb2S5, SnVSe3,SnNb2Se5,PbNb2Se5, PbNbS3
Cu2ZnGeS4, Cu2ZnSiS4, Cu2ZnGeSe4,Cu2ZnSiSe4
CuAlGeSe4, AgInSnSe4, AgInGeSe4, CuAlSnSe4, ,
CuGaSnSe4, CuGaGeSe4, CuInGeSe4, CuInSnSe4;
AgAlGeSe4, AgAlSnSe4, AgGaGeSe4, AgGaSnSe4

Also, low-temperature method used for nanostructured metal oxides synthesis
and chalcogenides are present in a range of preparation techniques for
porous materials.29 The reactants are analyzed in a specific ratio, pressed into
a pellet, ground collected, and heated to undergo inter-diffusion and finally
compound formation.30 The classical solid-state synthesis contains direct
reaction of stoichiometric quantities of pure elements and precursors at high
temperatures (ca. 1000°C). The complexes are always in powder form and
multiphase, and long time annealing is needed to get a good quality and
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homogeneous phases. To obtain metal chalcogenide phases using direct
combination of chalcogen elements with metals and the range of the
temperatures 400–1000°C is used in the absence of oxygen. All the reagents
were mixed in a quartz-glass ampoule and sealed. The ampoule was put in a
furnace and the reaction temperature was kept close to the melting points of
the compounds. Then, the ampoules either cooled to room temperature or
quenched. These some of the examples used in this technique to get binary
chlcogenides, e.g. tellurides and selenides of Cadmium, Mercury, lead, Tin
and Germanium.17 The reaction rate depends on the reactants their atomic
ratios, the heating profile of the reaction, and other settings. In some cases
the solid state synthesis is recommended to use a low temperature, where
appropriate for some reasons like process safety, compounds stability at low
temperatures, i.e., compounds thermodynamically unstable and cost and
energy

effectiveness.31

The

technological

significance

in

industrial

applications of the metal chalcogenides has demonstrated their key role in the
development of new synthetic methods in the field of solid-state chemistry
through the covalent bonding.32, 33
1.4

Metal chalcogenides of Ge, Ti and Pb

1.4.1 The Basic Structure and Forms
The edge- and corner-bridged tetrahedral anions [Ge2S6 ]4– and [Ge2S7]6–
were together play an significant role in soft alkaline solution (7 ≤ pH ≤ 11)
were studies by Krebs and co-workers.7 Also, they have been working in the
design of porous three dimension framework anions like [MnGe4S10]2–
successfully.34,35 (ME4)4– (E = Sulfur and Selenium) of germanium and tin
Tetrahedral ortho-anions shows that, the special corner or edge bridging to
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provide oligomeric entities. Although, the similar adamantine such as
[Sn4E10]4– units are existing as isolated anions in (Et4N)4Sn4Se10 and
[K(2,2,2-crypt)]4Sn4Se1036 as well as the building blocks units in A2[MnSnS4]
(A = Potassium and Cesium) of quaternary phases
chalcogenides were prepared

18,35

The group fourteen

in solutions and under moderate

solvothermal conditions and this synthesis will depend on the number of
hydrogen (pH) and concentration. Figure 1.3, explained the semi-cubes or
broken cubes, Tin (IV) has energetic preference for advanced coordination
in thio and selenido polymeric anions give rise to the more popular
observation of Sn3E4 (E = S, Se) building blocks units. The ternary phases
of Germanium (IV) with framework anions are unknown. A2SnyE2y+1 (y = 1)
and A4SnyE2y+2 (y = 3,5) are two families of formula types and have been
established for thio and selenidostannates (IV) polymeric structures ( A =
Na, K, Rb, Tl. The three dimension framework anions of Tin (IV) have been
constructed and they have smaller interactions. The comparison between
Table 1.235 and Table 1.337 shows the identification for number of structural
like Germanium(IV) inability to cover coordination number beyond four leads
to a infrequency in the structure types and formula of layered and chainlike.
Although, the [SnTe4]4–, [Sn2Te6]2– and [Ge4Te10]4– isolated anions are
identified for the group fourteen elements. The telluridometalates(IV) with
polytelluride units have been observed, for example the square-planar
TeTe4 building in K2SnTe5,38 or Te2 dumb-bells in Cs2SnTe4.35
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Figure 1.3 Peculiar molecular building blocks units (a) M4E10 (M =
Germanium or Tin) and (b) Sn3E4 (E= Sulfur or selenium) for the Group
fourteen of the periodic table.

Table 1.2 Formula types AmGeyEz (E = S, Se) and their dimensionalities (d)
for thio- and selenidogermanates(IV) with monovalent counter cations A.
d

E=S

A

E = Se

A

A4GeS4

Na, Tl

A4GeSe4

Na
Na, K, Tl,

A4Ge2S6

Na, Tl

A4Ge2Se6
(Et4N)2(enH)2

0

A6Ge2S7

Na

A6Ge2Se7

Na
Na, K, Rb, Cs,

A4Ge4S10

Na, Cs, Tl (Me4N)

A4Ge4Se10
Tl

A6Ge8S19

Cs

A2GeS3

Na

A2GeSe3

Na

A2Ge2Se5

Na

[Prn2NH2] (Prn)

1
A6Ge8S19

(Et)NH2]
2
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Table 1.3 Formula types AmSnyEz (E= S, Se) and their dimensionalities d for
thio- and selenidostannates(IV) with monovalent counter cations A.39
d

E=S

A

E = Se

A

A4SnS4

Na, Rb, Cs, Tl

A4SnSe4

Na, K, Rb, Cs, Tl
Na, K, Rb,Cs, Tl

A4Sn2S6

Na,
C12H25NH3

A4Sn2Se6

(enH)[K(2,2,2crypt)]2 ,
K(Me4N)3

0
A6Sn2S7

A2SnS3

Na

Na, K, Tl

1
A2Sn3S7

K, Rb

A6Sn2Se7

Na, K

A4Sn3Se8

K

A4Sn4Se10

Et4N [K(2,2,2-crypt)

A6Sn4Se11

Rb

A2SnSe3

Na

A2Sn2Se5

[MeC(NH2)2

A2Sn3Se7

Et4N

A2Sn3Se7

Cs, Me4N, Me2NH2

A2Sn4Se9

Rb, Cs

Me4N,
A2Sn3S7

Me3NH, Et4N,
Cs, dabcoH
Prn4N, Bun4N

2
A2 Sn4 S9

(Prn4N)(Me3
NH)

3

A4Sn5S12

Cs

A4Sn4Se10

K, Rb, Cs

A2Sn2S5

K, Tl

A2Sn2Se5

K, Rb

A4Sn3S8

Na

A4Sn5S12

Tl

1.5 Group IA Li, Na, K, Rb and Cs
The first group of the periodic table (A) are reacting with the sulfur at
sensible temperatures in open atmosphere to obtain compounds of A2Sn (n
= 1, 2, 3, 4, 5, or 6) and the bonding of these complex with sulfides and the
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polysulfide ions are existing in the crystal lattice as zigzag chains. 17 The
syntheses of the compounds with higher sulfides are prepared in liquid
ammonia through the reacting elemental. Also, the A2Sen polyselenides
synthesize in liquid ammonia or by dissolving Se in aqueous alkali metal
selenide. 17

The compounds of dialkali with the formula A2X (A = Li, Na, K, Rb; X = Sulfur,
Selenium and tellurium) synthesized and the anti-fluorite form four to eight
coordination, while the first group ions capture fluoride positions and complex
of Cs2X synthesized in the anti-PbCl2 form. There is an exception among the
dialkali monochalcogenide synthesis for the Rb2Te which exists in two
structural types at room temperature: a stable anti-cotunnite type and a
metastable is a anti-CaF2 type, also, there are more existence of polymorphic
form at high-temperature.40 The complex of the dialkali monosulfides are
hydrolyze and suspended in water to produced alkaline solutions as well as
the tellurides are dissolved in water and reacting immediately with air. The
tellurides are more interesting with significant structural properties, while the
Tellurium is a rich alkali metal.41 The most alkali metal chalcogenides are
commonly available such as lithium sulfide, sodium selenide, potassium
sulfide, sodium sulfide, potassium selenide, rubidium sulfide, potassium
sulfide, rubidium selenide and sodium sulfide.17

1.6

Applications

Since the last two decades, research concerning chalcogenide materials has
attracted great consideration, because of diversity and potential applications.
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The applications of metal chalcogenides have played an important part in the
filed of solid state-chemistry to improve new synthetic procedures. Many
applications were studied and developed in different fields such as gas
separation, ion exchange, environmental remediation, and energy storage. 42
The improvement of ion exchange applications of resins and characterization
of naturally occurring materials for the ion exchange has determined a diverse
range of probable applications in wastewater treatment.43 Synthetic ion
exchange resins are generally used in pharmaceuticals production, water
softening, metal separation, and production of high purity water. All ion
exchange resins will demonstrate ion selectivity based on the type of resin
and structure, removing either cations or anions.43 The advantage is that
many anionic exchange resins have the ability to separate out perchlorate
amongst other common anions. The most common and widely used ion
exchangers are natural zeolites and contain an aluminosilicate molecular
structure.44
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CHAPTER 2
2.1

Experimental

2.2

General procedures and starting materials

All procedures were carried out under dry argon (99.999 %) environment due
to the air and moisture sensitivity of starting materials (K2S, Na2S). The
purities and suppliers of the starting materials and the regents used to isolate
the crystals are summarized in Table 2.1 such as potassium sulfide and
sodium sulfide were synthesized from the elements.45 Dried organic reagents
were used.

Table 2.1 The Starting materials and the regents used for the synthesis
Substance

Purity, Supplier

Aluminum

99.5 %, Alfa Aesar

Potassium

98 %, Alfa Aesar

Sodium

99 %, Alfa Aesar

Germanium

99.99 %, Aldrich

Sulfur

99.99 % Alfa Aesar

Ammonia

99.998 %, AHG

Diethyl ether

99.9 % , Sigma Aldrich

N,N-Dimethylformamide

99.9 %, Fisher

2.3 Optical microscopy
The optical microscope used in this work is a Leica M60 modular
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stereomicroscope with 6.3:1 zoom. The scale bar was calibrated using a
caliper. After samples washed by using Dimethyl formamide and Diethyl ether
the crystals were ready for capturing Images.

2.4

Powder X-ray diffraction (PXRD)

The powder X-ray diffraction patterns measurements were performed with
powder diffractometer Bruker D8 Advance, coupled with a sensitive position
detector and using Cu-Kα1 radiation. The 2θ ranged from 10 to 90 degree
with a step-size of 0.019 degree and acquisition time of 5 s for every step.
The samples were sealed in 0.5 mm quartz-glass ampoules and held spinning
through the data analysis.

2.5 Scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS)
Scanning electron microscopy (SEM) investigations were carried out in a FEI
Quanta 3D scanning electron microscope operating at a 5 kV accelerating
voltage. The Energy Dispersive Spectroscopy (EDS) (EDS Inc., N.J, USA) is
a 40 mm2 Silicon Drift detector with 135.0 eV resolutions on MnKα. EDS
Genesis software is used to collect signals for the analysis. The single
crystals were washed with DMF and then with diethyl ether to dry them. They
were grounded in an agate mortar and used for SEM/EDS analysis. A 10 mm
diameter aluminum pin (SEM holder) was used as a sample holder, and then
a piece of double-side carbon tape was fixed to the aluminum SEM holder.
The powder was fixed to the carbon tape using a spatula and excess powder
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was removed. The sample was transferred to a vacuum chamber of the
electron microscope for measurement.

2.6

Single crystal X-ray diffraction

The X-ray diffraction data of the single-crystals were recorded on an X-ray
diffraction Super Nova system from Agilent Technologies. The Mo-Kα
radiation was used at 200 K. The single crystals were selected under optical
microscope. The single crystals were mounted on the tip of a thin glass fiber
using perfluorinated oil. The fiber was attached to a brass-mounted pin and
fixed onto the goniometer head. Next, centering of the single crystals were
carried out inside the chamber with showing the single crystal under linked
video camera or microscope and correcting the x,y and z directions until
crystal is centered in the cross-fiber for all samples locations. The single
crystal data were resolved by direct methods and developed by using
SHELXL program.46 Diamond program were developed the graphics of the
structures. 47

2.7

Thermogravimetric analysis (TGA)

The TGA measurements were performed on a NETZSCH STA 449 F3 Jupiter
thermogravimetric analyzer using open Al2O3 crucibles (0.3 mL) under N2 flow
(20 mL/min) with heating rate 20 K/min. The sample amount was ca. 20 mg.
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2.8

Nuclear magnetic resonance (NMR)

Solid State Nuclear Magnetic Resonance (NMR) experiments were recorded
by using a WB AVANCE III 400 MHz SS NMR spectrometer. The
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Al spectra

were recorded at a resonance frequency of 104.266 Hz by collecting 1024
transients with 2 s recycle delay with different spinning rate (5, 10, and 14
kHz) using a Double Resonance Broadband BB/1H 4 mm Bruker CP/MAS
probe. The sample preparation has a substantial effect on the quality of the
spectrum.

The sample was grounded to a fine powder and packed into a

hollow NMR rotor. The rotor was 4 mm size used and made of a partially
stabilized zirconia. The duration of excitation pulse was set to 2 µs at
excitation power level of 56.3 Watt, and the spectral width was set to 480
ppm. Each spectrum was induced by a nonselective one pulse using standard
one pulse EQ program from Bruker pulse library. Prior to Al acquisition, the Al
chemical shift was optimized using aluminum hydroxide as external
references. To get an enough signal to noise ratio, 256 transients were
analyzed in 1s rotation delay. Exponential line increasing of 10 Hz used
before Fourier Transformation. The software was used for data collection is
Bruker Topspin 3.0 and for spectral analysis.39

2.9

Inductively coupled plasma optical emission spectrometry

The determination of trace elements was preferred in Varian-ES 720 (ICP-OES). All solid samples were dissolved in de-ionized water with mineral acids
(5 mg of solid sample dissolved in 100 ml of 1 % HNO 3) in previously cleaned
flask and diluted. Then the sample was filtered to remove any solid. The blank
sample and the standard preparation must be carried out in the similar way as
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other samples. The concentration of elements for analysis in liquid is
determined up to 1 ppm (part per million by weight) in ICP-MS for trace and
major element analysis, respectively. Specifically this technique is used to
analyze the concentration of trace metals and major concentrations. ICP-OES
can measure up to 100 ppm maximum.

2.10 Raman and FTIR spectroscopy
Raman bands were collected by using Raman microscope (Hermo iS10 FTIR
spectrometer) equipped with He-Ne-laser (473 nm). A resolution of 50 cm–1
was used. The instrument was calibrated by using the silicon standard at two
deferent resolutions (10 cm–1 – 100 cm–1). The sample was transferred to a
glass slide and pressed in-between to glass slides. The flat powdered sample
was used in the experiment

2.11 Ultraviolet visible spectroscopy (UV-VIS)
UV-Vis diffuse reflectance spectra were recorded at room temperature with a
VARIAN model UV-Cary 6000i double-beam, double monochromator
spectrophotometer. The Praying Mantis accessory was used for recording
diffuse reflectance spectra of solid powder samples. The measurements were
analyzed in range (200 nm - 800 nm) with scan rate at 200 nm/min, and the
attenuator was preferred in the analysis to make the beam intensity in the
sample chamber and beam balancer equivalent. Sample were grounded to a
fine powder and filled into the sample holder.
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2.12 Glove box
The LABmaster sp glovebox (MBRAUN) was used for all manipulations under
dry

argon

(99.999 %)

atmosphere.

The

LABmaster

glovebox

catalyst/molecular sieve was frequently regenerated and oxygen/moisture
levels in the glovebox were < 0.1 ppm.

2.13 Synthesis of starting materials
2.13.1 Synthesis of alkali metal sulfides M2S (M = Na, K)
Alkali metal sulfides were prepared M2S (M = Na, K) in liquid ammonia by
reacting elemental sulfur and the corresponding alkali metals in a 1:2 ratio
according to the literature procedure.45,48

2.14 Syntheses of new complexes
2.14.1 Synthesis of K(AlS2)(GeS2)

0.5K2S + Al + 3.5S + Ge

850 °C
7.5 days

K(AlS2)(GeS2)

New K(AlS2)(GeS2) was prepared by a solid-state method by reacting Al (0.1
g, 3.7 mmol), Ge (0.27 g, 3.7 mmol), K2S (0.20 g, 1.9 mmol), and S (0.42 g,
13.1 mmol) in a ratio of 1:1:1:4. All the reagents were mixed in a quartz-glass
ampoule inside the glove box under argon atmosphere. The contents of the
ampoule were cooled down by liquid nitrogen and sealed. After this, the
ampoule was put in a furnace and the reaction temperature was kept at 850
°C for 3.5 days. After cooling to 50 °C in 4 days to get yellow needle like
crystals of K(AlS2)(GeS2) and was separated by washing with DMF. The
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energy-dispersive X-ray (EDS) analysis of a single crystal of K(AlS 2)(GeS2)
presented the atomic ratio Ge: K: Al: S 1:2.4:2.5:6.7. (expected = 1:1:1:4).
The ratio of the complex after TGA is Ge: K: Al: S 1:6.1:6.2:5.2. The
characterization of K(AlS2)(GeS2) featuring the 3D-anionic open framework in
which aluminum and germanium share tetrahedral coordination sites and
crystallize in in the tetragonal space group I4/mcm. The powder X-ray
diffraction pattern of K(AlS2)(GeS2) was in a good agreement with a simulated
pattern.
Raman spectra indicate the presence of Ge-S4 in the sulfur in show a several
bands with a good intensities The frequency of the Raman main vibrational
mode is about 341cm-1 and most intensive in mode ν1(A1) of the GeS4. The
crystal was dissolved in the water and after filtered was analyzed by ICP-OES
and the results of the analysis as in Table 2.2.

Table 2.2 The results of trace metal ICP-OES for K(AlS2)(GeS2).
Elements Amount (ppm)
K

112

Al

5

Ge

223

S

1098

The thermogravimetric (TGA) behavior of K(AlS2)(GeS2) was investigated and
TGA curves show that the weight losses 24 % appear in the range of 25 – 800
°C. Differential thermal analysis (DTA) experiment on products shows melts at
711°C and crystallizes at 606 °C.
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UV-VIS spectroscopy shows that the complex K(AlS 2)(GeS2) have a bands
gap of ca.3.6 eV were determined

Nuclear magnetic resonance spectroscopy (NMR) has been used in studying
the coordination chemistry of Al3+ in the crystal of K(AlS2)(GeS2). The
chemical shifts of
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Al in the range

= 99.6 – 110.5 ppm are observed on

average 105.5 ppm.

2.14.2 Synthesis of Na(AlS2)(GeS2)

0.5Na2S + Al + 3.5S + Ge

850 °C
7.5 days

Na(AlS2)(GeS2)

New Na(AlS2)(GeS2) was prepared by a solid-state method by reacting Al
(0.11 g, 4.07 mmol), Ge (0.29 g, 3.99 mmol), Na2S (0.16 g, 2.04 mmol), and S
(0.45 g, 14 mmol) in a ratio of 1:1:1:4. All the reagents were mixed in a quartzglass ampoule inside the glove box under argon atmosphere. The contents of
the ampoule was cooled down by liquid nitrogen and sealed. After this, the
ampoule was put in a furnace and the reaction temperature was kept at 850
for 3.5 days. After cooling to 50 ºC in 4 days to get yellow needle like crystals
of Na(AlS2)(GeS2) and was separated by washing with DMF.
The energy-dispersive X-ray (EDX) analysis of a single crystal of
Na(AlS2)(GeS2)

presented the atomic ratio Ge: Na: Al: S 1:1.2:2:6:2.

(Expected = 1:1:1:4). The ratio of the complex after TGA is Na: Al: S
1:2.2:1.2. The characterization of Na(AlS2)(GeS2) featuring the 3D-anionic
open framework in which aluminum and germanium share tetrahedral
coordination sites and crystallize in in the tetragonal space group I4/mcm.
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The powder X-ray diffraction pattern of Na(AlS2)(GeS2) was in a good
agreement with a simulated pattern.
Raman spectra indicate the presence of Ge-S4 in the Sulfur in show a several
bands with a good intensities The frequency of the Raman main vibrational
mode is about 343cm-1 and most intensive in mode ν1(A1) of the GeS4.
The crystal was dissolved in the water and after filtered was analyzed by ICPOES and the results of the analysis as in Table 2.3.

Table 2.3: The results of trace metal ICP-OES for Na(AlS2)(GeS2).
Elements

Amount (ppm)

Na

96

Al

16

Ge

224

S

883

The thermogravimetric (TGA) behavior of Na(AlS2)(GeS2) was investigated
and TGA curves show that the weight losses 34% appear in the range of 25 –
800 °C. A DTA experiment on products shows melts at 678 °C and
crystallizes at 537 °C.
UV-VIS spectroscopy shows that the complex Na(AlS2)(GeS2) have a band
gap of ca.3.7 eV were determined.
Nuclear magnetic resonance spectroscopy (NMR) has been used in studying
the coordination chemistry of Al3+ in the crystal of Na(AlS2)(GeS2). The
chemical shifts of
average 105 ppm.
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Al in the range = 101.2 – 108.6 ppm are observed on
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CHAPTER 3
3.1

Results and discussion

3.2

Characterization of K(AlS2)(GeS2)

A new metal chalcogenide K(AlS2)(GeS2) was prepared by melt-quenching
techniques reacting K2S, Al, Ge and S. The starting material were mixed in a
stoichiometric ratio and transferred in a glovebox to fused silica tubes.
Ampoules were fused under vacuum (Vacuum: 10 –3 Pa) and then put into a
furnace Figure 3.1. The ampoule was held at 850°C maximum for 3.4 days
then subsequently melted in a furnace. At the end of reaction, yellow crystals
were obtained Figure 3.1. K2S synthesized by reacting potassium with sulfur
and the characterization of K2S was carried out by powder X-ray diffraction
which are confirmed the purity of the starting material Figure 3.3.

Figure 3.1: The heating profile of the reaction.
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Figure 3.2: K(AlS2)(GeS2) microscope image.

Figure 3.3: X-ray diffraction pattern of K2S.

The energy-dispersive X-ray (EDX) analysis of

a single crystal of

K(AlS2)(GeS2) presented the atomic ratio Ge: Na: Al: S 1:1.2:2.1:2 (expected
= 1:1:1:4) in Figure 3.4, Figure 3.5, Table 3.1. The occupancy of Ge and Al in
structure were different ratio but the structure was unchanged. Energy-
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dispersive X-ray is only a semi quantitative method and sometimes cannot
provide exact estimation for two narrowly related elements. The EDS of the
complex after analyzed by TGA was in ratio Ge: K: Al: S 1:1.1:1.3:1.2 in
Figure 3.6, Figure 3.7, Table 3.2. Also. the powder X-ray diffraction for the
crystal after TGA in Figure 3.8.

Figure 3.4 : EDAX spectrum for K(AlS2)(GeS2).

Table 3.1: EDAX results for K(AlS2)(GeS2).
Element (shell)

Weight%

Atomic%

Al(K)

15.14

19.88

S(K)

48.45

53.56

K(K)

20.99

19.03

Ge(K)

15.42

07.53
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Figure 3.5: SEM results for K(AlS2)(GeS2).

Figure 3.6: EDAX spectrum for K(AlS2)(GeS2) after TGA.

Table 3.2: EDAX results for K(AlS2)(GeS2) after TGA.
Element (shell)

Weight%

Atomic%

Al(K)

18.76

28.53

S(K)

20.60

26.35

K(K)

22.44

23.54

Ge(K)

38.19

21.58
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Figure 3.7 : SEM for K(AlS2)(GeS2) after thermogravimetric analysis.

Figure 3.8: Powder X-ray diffraction pattern of K(AlS2)GeS2) experiment and
after TGA.
The quaternary metal chalcogenide crystallizes in the tetragonal space group
I4/mcm (no. 140) and the unit cell are: a = 7.8826(2) Å, b = 7.8826(2) Å, c =
5.8642(2) Å. The intensity data of the single crystal were recorded and
summarized in Table 3.3. Single crystal contains three dimensional polymeric
framework K(AlS2)(GeS2), where Aluminum and Germanium atoms share a
common positions. In general, the Al/Ge ratio is determined with the presence
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of 3 K+ cations in each unit. The big thermal ellipsoids of the potassium
atoms, however, due to less anionic charge Kx(AlS2)x(GeS2) (x < 1)and partial
occupancy. In order to confirm the Aluminum/Germanium ratio on every
tetrahedral position, free variables were used in the first refinement, giving the
accurate ratio of Al:Ge as 1:1. The partially elongated thermal ellipsoids for
potassium ions are because of some uncertain disorder/mobility in the cavities
of the crystal structure and are not due to incomplete occupancy. The K+ ions
in K(AlS2)(GeS2) just form weak electrostatic contacts with nearby sulfur
atoms (K-S 3.4 Å). The (Ge/Al)S4 tetrahedra building blocks are linked into a
one dimension network containing corner- and edge-sharing tetrahedra. K+
ions are present inside the channels. The connected tetrahedra formula 4membered [(Ge/Al)μ-S]2-rings Figure 3.9. The v-shaped void (Figure 3.9,
having two K ions) is the outcome of (Ge/Al)S4 tetrahedra, and the regular
channels in the

direction are made by (Ge/Al)S4 units Figure 3.10. The

structure of K(AlS2)(GeS2) is not similar to aluminosilicate zeolites: There are
4 connected tetrahedral frameworks and the additional-framework cations that
are located in the channels, because of the synthetic environments, there is
no adsorbed phase.
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Table 3.3: Single crystal data and details of the structure analysis for
K(AlS2)(GeS2).
Compound

KAlGeS4

Crystal system

Tetragonal

Space group

I4/mcm

Temperature (K)

200(2)

a, c (pm)

788.26(2), 586.42(4)

V (106 pm3)

364.37(3)

Formula units per cell

2

Calculated density (g·cm–3)

2.433

Measurement device

Oxford Super Nova Diffractometer

Radiation

Graphite-monochromated Mo-Kα
radiation (λ = 71.073 pm)

Measurement range

–10 ≤ h ≤ 10; –9 ≤ k ≤ 10; –7 ≤ l ≤ 7

μ(Mo-Kα) (mm–1)

5.92

Measured reflections

2442

Unique reflections (Fo > 4σ(Fo)

142, 140

R(int), R(σ)

0.054, 0.014

R1 [Fo > 4σ(Fo)]

0.025

R1 (all Fo)

0.025

wR2 (all Fo2)

0.076

No. of parameters

10

Goodness of fit

1.171

Δρ(max, min) (e·10–6 pm–3)

+0.718, –0.520
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Figure 3.9 : Packing diagram of K(AlS2)(GeS2) exhibiting the unit cell in the
three dimension thioaluminogermanate framework.
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Figure 3.10: The 3D framework in K(AlS2)(GeS2) highlighting corner and
edge-sharing (Ge/Al)S4 tetrahedra.
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Studies considering the structural and chemical stability of the framework
were carried out. The crystal is slowly hydrolyzed when suspended in water
for 2 days to give a colorless solid. The ICP-OES results of the water after
filtered was presented all elements in Table 3.4 and The (EDS) was
showing only the Ge, Al and S in ratio = 1:8.8:2.7 in Table 3.5, Figure 3.11,
Figure 3.12,

Table 3.4: The results of trace metal ICP-OES for K(AlS2)(GeS2).
Elements Amount (ppm)
K

112

Al

5

Ge

223

S

1098

Figure 3.11: EDAX spectrum for K(AlS2)(GeS2) after being exposed to
water.
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Table 3.5: EDAX results for K(AlS2)(GeS2) after being exposed to water.
Element (shell) Weight % Atomic %
Al(K)

59.91

70.35

S(K)

21.56

21.36

Ge(K)

18.54

08.11

Figure 3.12: SEM results for K(AlS2)(GeS2) after being exposed to water.

The X-ray diffraction study on the structure of the metal complex was
performed on the powder at room temperature. The powder X-ray diffraction
pattern of K(AlS2)(GeS2) was showing a good agreement with a simulated
powder pattern from single-crystal data in Figure 3.13.
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Figure 3.13: Powder X-ray diffraction pattern of K(AlS2)GeS2) with
simulated.

Raman spectra in (Figure 3.14) determine the presence of Ge-S4 in the
K(AlS2)(GeS2). The Raman spectrum shows Ge-S bands in the representative
range up to 471 cm–1. The frequency of the Raman main vibrational mode is
about 341 cm-1 and most intensive in mode ν1(A1) of the GeS 4. The bands at
191.8 cm–1 and 224.6 cm–1, which have been also detected in crystal of
K(AlS2)(GeS2). The band at 402 cm–1 can be attributed to ν3(F2).49
Generally speaking, the frequency of asymmetrical vibrational mode is higher
than that of symmetrical vibrational mode in the same molecule. So the
frequencies of symmetrical vibrational mode decrease with the increase of
number of Ge-S bond.49
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Figure 3.14: Raman spectra of structure of K(AlS2)(GeS2).

K(AlS2)(GeS2) is thermally not stable (Figure 3.15) and loses about 24 wt %
when heated up to 800 °C. There is a weight loss of around 2 % at 98°C due
to the loss of some moisture and the rest of the weight loss which is around
11 wt % has been observed which can be assigned to some polysulphides.
The DTA presented that K(AlS2)(GeS2) was melting at 711 °C and crystallizes
at ca. 606 °C (Figure 3.16).
The UV-VIS solid-state absorption spectra in Figure 3.17 demonstrate that the
complex K(AlS2)(GeS2) have band gap in the energy range 3.6 eV. At bands
gap 3.5 eV was the change the lamb of the UV-VIS spectroscopy.
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Figure 3.15: Thermogravimetric analysis for K(AlS2)(GeS2).

Figure 3.16: The differential thermal analysis for K(AlS2)(GeS2).
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Figure 3.17: UV-VIS of K(AlS2)(GeS2).
The
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Al chemical shift was observed in the in the crystal of K(AlS2)(GeS2) by

solid state NMR in the range = 99.6 – 110.5 ppm are observed on average
105.5 ppm in an NMR spectrum. The complex analysis was done in three
different spinning rates (5K, 10K and 14K) Figure 3.19. At 99.5 ppm was the
intensive in graph. The chemical shift 5.3 ppm and 1.8 ppm that have also
been observed in crystal in Figure 3.19.

Figure 3.18: Solid-state 27Al NMR investigation of K(AlS2)(GeS2).
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Figure 3.19: Solid-state 27Al NMR investigation of K(AlS2)(GeS2) in different
spinning speed.

3.3

Characterization of Na(AlS2)(GeS2)

A new metal chalcogenide Na(AlS2)(GeS2) was prepared by melt-quenching
techniques reacting Na2S, Al, Ge and S. The starting material were mixed in a
stoichiometric ratio and transferred in a glovebox to fused silica tubes.
Ampoules were fused under vacuum (Vacuum: 10 –3 mbar) and then put into a
furnace Figure 3.1. The ampoule was held at 850°C maximum for 3.4 days
then subsequently melted in a furnace. At the end of reaction, yellow crystals
were obtained Figure 3.20. Na2S synthesized by reacting sodium with sulfur
and the characterization of Na2S was carried out by powder X-ray diffraction
which confirmed the purity of the starting material Figure 3.21.
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Figure 3.20: Na(AlS2)(GeS2) microscope image.

Figure 3.21: X-ray diffraction pattern of Na2S.

The energy-dispersive X-ray (EDX) analysis of

a single crystal of

Na(AlS2)(GeS2) presented the atomic ratio Ge: Na: Al: S 1:1:1.4:2.7
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(Expected = 1:1:1:4) in Table 3.6, Figure 3.22, Figure 3.24. The occupancy of
Ge and Al in structure were different ratio but the structure was unchanged.
Energy-dispersive X-ray is only a semi quantitative method and sometimes
cannot provide exact amount for two narrowly related elements. The EDS of
the complex after analyzed by TGA was in ratio Ge:Na: Al: S 1.6:1.4:1.4:2 in
Figure 3.25,
Table 3.7. Also. The powder X-ray diffraction for the crystal after TGA in
Figure 3.26.

Figure 3.22: EDAX spectrum for Na(AlS2)(GeS2).
Table 3.6: EDAX results for Na(AlS2)(GeS2).

Element (shell) Weight % Atomic %
Na(K)

08.81

15.02

Al(K)

14.38

20.89

S(K)

33.14

40.51

Ge(K)

43.67

23.58
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Figure 3.23: SEM results for Na(AlS2)(GeS2).

Figure 3.24: EDAX spectrum for Na(AlS2)(GeS2) after TGA.

Table 3.7: EDAX results for Na(AlS2)(GeS2) after TGA.
Element (shell)

Weight %

Atomic %

Na(K)

15.96

24.69

Al(K)

17.65

23.26

S(K)

31.50

34.95

Ge (K)

34.89

17.10
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Figure 3.25: SEM results for Na(AlS2)(GeS2) after TGA.

Figure 3.26: Powder X-ray diffraction pattern of Na(AlS2)GeS2) experiment
and after TGA.

The quaternary metal chalcogenide crystallizes in the tetragonal space group
I4/mcm and the unit cell are: a = 7.4329(2) Å, b = 7.4329(2) (2) Å, c =
5.8352(2) Å. Na(AlS2)(GeS2) is isostructural to K(AlS2)(GeS2) discussed in
section 3.2. Although crystals of Na(AlS2)(GeS2) were of poor quality, the
basic structure could be established. The intensity data of the single crystal
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structure was recorded and summarized in
Table 3.8. The tetrahedral (Ge/Al)S4 building blocks are linked into an exact
3D network (Figure 3.27, Figure 3.28)
Table 3.8: Single crystal data and details of the structure analysis for
Na(AlS2)(GeS2).
Compound

NaAlGeS4

Crystal system

tetragonal

Space group

I4/mcm

Temperature (K)

203(2)

a, c (pm)

743.29(2), 583.52(4)

V (106 pm3)

322.38(12)

Formula units per cell

2

Calculated density (g·cm–3)

2.584

Measurement device

Oxford Super Nova Diffractometer

Radiation

Graphite-monochromated Mo-Kα
radiation (λ = 71.073 pm)

Measurement range

–9 ≤ h ≤ 9; –9 ≤ k ≤ 8; –7 ≤ l ≤ 7

μ(Mo-Kα) (mm–1)

6.11

Measured reflections

1067

Unique reflections (Fo > 4σ(Fo)

109,

R(int), R(σ)

0.232, 0.105

R1 [Fo > 4σ(Fo)]

0.183

R1 (all Fo)

0.144

wR2 (all Fo2)

0.332

No. of parameters

10

Goodness of fit

1.315

Δρ(max, min) (e·10–6 pm–3)

+1.281, –1.249
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Figure 3.27: Packing diagram of Na(AlS2)(GeS2) exhibiting the unit cell in
the three dimension thioaluminogermanate framework
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Figure 3.28: the framework in Na(AlS2)(GeS2 highlighting corner and edgesharing (Ge/Al)S4 tetrahedra.
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Studies considering the structural and chemical stability of the framework
were carried out. The crystal is slowly hydrolyzed when suspended in water
for 2 days to give a colorless solid. The ICP-OES results of the water after
filtered was presented all elements in Table 3.9 and the (EDS) was showing
only the Al in Figure 3.29, Figure 3.30, Table 3.10.

Table 3.9: The results of trace metal ICP-OES for Na(AlS2)(GeS2).
Elements Amount (ppm)
Na

96

Al

16

Ge

224

S

883

Figure 3.29: EDAX results for Na(AlS2)(GeS2) after being exposed to water.
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Table 3.10: EDAX results for Na(AlS2)(GeS2) after being exposed to water.
Element (shell) Weight (%) Atomic %
O(K)

44.06

57.05

Al(K)

55.94

42.95

Figure 3.30: SEM results for Na(AlS2)(GeS2) after being exposed to water.

The X-ray diffraction study on the structure of the metal complex was
performed on the powder at room temperature. The powder X-ray diffraction
pattern of Na(AlS2)(GeS2) was showing a good agreement with a simulated
powder pattern from single-crystal data in Figure 3.31.
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Figure 3.31: Powder X-ray diffraction pattern of Na(AlS2)GeS2) with
simulated.

Raman spectra in (Figure 3.32) determine the presence of Ge-S4 in the
Na(AlS2)(GeS2) as well. The Raman spectrum shows Ge-S bands in the
characteristic range up to 460 cm–1. The frequency of the Raman main
vibrational mode is about 343 cm -1 and most intensive in mode ν1(A1) of the
GeS4. The bands at 190 cm–1 and 226 cm–1, which have been also detected in
crystal of Na(AlS2)(GeS2). The band at 384 cm–1 can be attributed to ν3(F2).49
Generally speaking, the frequency of asymmetrical vibrational mode is higher
than that of symmetrical vibrational mode in the same molecule. So the
frequencies of symmetrical vibrational mode decrease with the increase of
number of Ge-S bond.49
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Figure 3.32: Raman spectra of structure of Na(AlS2)(GeS2).

Na(AlS2)(GeS2) is thermally not stable ( Figure 3.33) and loses about 34 wt %
when heated up to 800 °C. There is a weight loss of around 3 % at 97°C due
to the loss of some moisture and the rest of the weight loss which is around
13 wt % has been observed which can be assigned to some polysulphides.
The DTA presented that Na(AlS2)(GeS2) was melting at 678 °C and
crystallizes at ca. 537 °C ( Figure 3.34).
The UV-VIS solid-state absorption spectra in Figure 3.35 demonstrate that the
complex Na(AlS2)(GeS2) have a bands gap transitions in the energy range 3.7
eV. At bands gap 3.5 eV was the change the lamb of the UV-VIS
spectroscopy.
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Figure 3.33: Thermogravimetric for Na(AlS2)(GeS2).

Figure 3.34: The differential thermal analysis for Na(AlS2)(GeS2).
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Figure 3.35: UV-VIS of Na(AlS2)(GeS2).
The

27

Al chemical shift was observed in the in the crystal of Na(AlS2)(GeS2)

by solid state NMR in the range

= 101.2 – 108.6 ppm are observed on

average 105 ppm in an NMR spectrum. The complex analysis was done in
three different spinning (5K, 10K and 14K) Figure 3.37. At 101.2 ppm was the
intensive in graph. The chemical shift 6.3 ppm and 34.4 ppm that have also
been observed in crystal in Figure 3.36.

Figure 3.36: Solid-state 27Al NMR investigation of Na(AlS2)(GeS2).
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Figure 3.37: Solid-state 27Al NMR investigation of Na(AlS2)(GeS2) in
different spinning speeds (5, 10, 14 kHz).
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CHAPTER 4
4.1

Conclusion

This thesis is focused on the synthesis and characterization of Metal
chlcogenides and the primary goals are to investigate and to develop
synthetic methodology for producing metal chlcogenides single crystals. Two
new compounds K(AlS2)(GeS2) and Na(AlS2)(GeS2) were prepared by a solidstate method by reacting aluminum, germanium, potassium and sulfur for
K(AlS2)(GeS2) and for iso-structural Na(AlS2)(GeS2), sodium instead of
potassium in a ratio of Al, Ge, K, S 1:1:1:4 was used. All the elements were
mixed in a quartz-glass ampoule inside the glove box under argon
atmosphere. The contents of the ampoules were cooled down by liquid
nitrogen and sealed. After this, the ampoule was put in a furnace and the
reaction temperature was kept at 850 °C for 3.5 days. After cooling to 50 °C in
4

days

to

get

yellow

needle

like

crystals

of

K(AlS2)(GeS2)

and

Na(AlS2)(GeS2). The single crystals were separated by washing with DMF.
Alkali metal sulphides M2S (M = Na, K) were prepared in liquid ammonia by
reacting elemental sulfur and the corresponding alkali metals in a 1:2 ratio.
Further, the starting material was characterized by powder X-ray diffraction
which confirmed the purity of the starting material.
The energy-dispersive X-ray (EDS) analysis of

a single crystal of

K(AlS2)(GeS2) presented the atomic ratio of Ge: K: Al: S to be 1:2.4:2.5:6.7
(Expected = 1:1:1:4), while the EDS analysis of a single crystal of
Na(AlS2)(GeS2) presented the atomic ratio of Ge: Na: Al: S to be 1:1.2:2:6:2
(Expected

=

1:1:1:4).

The

crystal

structure

of

K(AlS2)(GeS2)

Na(AlS2)(GeS2) demonstrated a 3D-anionic open framework

and

in which
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aluminum and germanium share tetrahedral coordination sites in both crystal
and crystallized in in the tetragonal space group I4/mcm. The powder X-ray
diffraction patterns of K(AlS2)(GeS2) and Na(AlS2)(GeS2) were in good
agreement with the simulated patterns of their single crystals.
The synthesized complexes were further characterized by Raman, FTIR and
UV-VISible spectroscopy, where the Raman spectra indicate the presence of
GeS4 vibrations and most intensive mode ν1(A1) was observed for both
compounds. The complexes have good solubility in the water and all the
elements were found to be present in the aqueous solution by using the ICPOES analyzer. The chemical shift of

27

Al in the complexes was observed by

NMR solid state and the ranges of the chemical shift assigned the tetrahedral
coordination

for

aluminum.

K(AlS2)(GeS2)

and

Na(AlS2)(GeS2)

metal

chalcogenides are proposed to find potential applications in gas separation,
ion exchangeable, energy storage and environmental remediation. Over all,
this thesis has reported two novel metal chlcogenides using alkali metal with
different properties. Future studies are needed to investigate the ion
exchangeable application of these materials.
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