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ABSTRACT

Metal sulfides were synthesised via a sol-gel process using various metal alkoxides
and hydrogen sulfide in toluene. Colloidal gels were prepared from germanium ethoxide,
germanium isopropoxide, zinc tert-butoxide and tungsten (V1) ethoxide, whereas colloidal
powder was produced from tungsten (V) dichloride ethoxide. Special precautions were
necessary to protect the reaction mixture from water contamination which produced metal
oxides. Results indicated that the main source of water is the hydrogen sulfide gas. In
addition, synthesis of metal sulfides from a mixture of metal oxide and sulfide was
demonstrated by the example of monoclinic germanium disulfide. It was produced by
reaction of the sol-gel product with sulfur. Heat treatment of the sol-gel product and
sulfur yielded single phase GeS,. The sol-gel prepared materials and their heat treated
products were characterized by various methods.

A chemical kinetics study of the functional groups -OR, -SH and S* was carried out
for the sol-gel processing of GeS, from of hydrogen sulfide and two different alkoxides,
germanium ethoxide and germanium isopropoxide. The study was performed for different
concentrations of precursors at different molar ratios and temperatures. The results
indicate that the proposed reaction mechanism was simplified under appropriate reaction
conditions. Experimentally determined rate constants of thiolysis and condensations
demonstrate that thiolysis is slow and that condensations are fast steps, regardless of the
studied reaction conditions. A study of the temperature effect on the reaction rate
constant shows that it increases with temperature in accord with both Arrhenius law and

transition-state theory. Activation energies, E,, and activation parameters AS*, AH* and



AG#, were determined for thiolysis and condensation reactions.

The potentiometric titration method was used for quantitative determination of
germanium sulfide and germanium mercaptide evolved during the sol-gel processing of
GeS,. The titrations were performed in 2-propanol or in a 50-50 vol % mixture of 2-
propanol and toluene. The ion selective Ag/Ag,S electrode was used for equivalence
point detection. Study of the Nernst equation shows that complexes were formed at the
electrode surface. However, the titration equivalence point volume clearly demonstrates
the formation of Ag,S and Ge(SAg),. In order to explain this discrepancy a new electrode
reaction mechanism and a modified Ag/Ag,S electrode potential equation are proposed.

Effects of hydrogen sulfide and germanium ethoxide concentrations, the
concentration ratio and temperature on the microstructure of the prepared GeS, gels were
studied. It was found that the concentrations of the reactants have the most significant

influence on gel structure.
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CHAPTER 1

INTRODUCTION

1.1. APPLICATIONS OF METAL SULFIDES

In 1880. Alexander Graham Bell invented the photophone, a device which
transformed sound into light and transmitted the light to a detector{1]. The photophone
was the beginning of the information transmission era which today utilizes more
complicated electro-optical systems so called Integrated Optics[1]. Tendency is to use CO
and CO, lasers operating in the middle and far infrared spectral ranges as the light
sources in these systems today.

Semiconductor materials, such as the sulfides of group II-IV elements, are promising
materials for infrared operating Integrated Optical systems. These materials have band
gaps E;>2eV[2] and thus they are transparent to wavelengths from 2-15um. They also
have low intrinsic transmission losses in this spectral region. These characteristics qualify

them for applications such as infrared lenses, windows and optical fibres. For instance,
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germanium disulfide has ten times lower absorption than silica in the far IR region[3] and
is an excellent material for the CO, laser beam delivery optical fibre.

Moreover, some metal sulfides (ZnS, CdS, Ag,S) are photoconducting due to high
efficiency in producing the excess of current carriers when the valence electrons are
optically excited. The potential applications of these metal sulfides are as solar cell
materials and photodetectors. Zinc sulfide is also a photo and electroluminescent material
and thus a good photo/ electro converting material. Because of this property it can be
applied as a coating on fluorescent lamps, colour television screens and light-emitting
diodes. Transition metal sulfides are very interesting materials for technical applications.
For instance, tungsten disulfide can be used as a lubricant due to its layered structure [4].
Also, it is a photoconductive material suitable for photovoltaic applications [5,6] as well
as a catalyst [7]. The electronic and optical properties of semiconductors are strongly
affected by impurities and inhomogeneity in the material, most of which are a result of
the preparation process. For instance, impurities can change the nature of the conducting
process of a semiconductor or decrease its light and electron conductivity. The best
material for electro-optical applications would be a monocrystal. Since it is very difficult
to produce a monocrystal and to control its properties (band gap and refractive index)
glasses are used to overcome these shortcomings. Moreover, high quality monocrystals
are virtually impossible to produce by high temperature methods(8]. Instead, by using
an appropriate synthesis method, the transmition losses of the prepared material could

be minimized to the level of intrinsic losses based on the pure material properties. The



sol-gel process is a method providing a homogeneous product with a low level of

impurities, a controlled structure and stoichiometry.

1.2. SOL-GEL PROCESSING

The sol-gel processing represents the chemical synthesis of ceramics in solutions at
low temperature wherein the reaction products such as colloidal powders or gels can be
prepared[9]. There are numerous advantages of this process. For example, the product
purity can be controlled by using refined precursors as well the low processing
temperature which inhibits the precursor reaction with reactor walls. Additionally, the
homogeneity of solution is achieved at the molecular level. Since the sol-gel product is
prepared by chemical synthesis, its microstructure can be controlled by the chemical
reaction parameters. The products of the sol-gel processing having high surface areas can
be densified by sintering at much lower temperatures then in conventional preparations.
The sol-gel processing has been extensively studied for the preparation of advanced oxide
ceramics. However, it has also great potential for metal sulfide synthesis.

The first attempt to synthesize a colloidal metal sulfide was reported in 1982 by
Matijevi¢ and Wilhelmy[10]. They synthesized monodispersed CdS particles, using
Cd(NO,), and hydrolysed thioacetamide. By controlling the reaction conditions, including
pH, concentration, temperature, and the nature of the anions, particle nucleation and

growth was controlled in order to obtain a monodispersed CdS sol.



In 1984, Melling[11] explained the first effort to synthesize metal sulfides from
metal alkoxides and H,S. He produced GeS, by reacting Ge(OEt), dissolved in toluene
with H,S gas bubbled through the solution. Since alkoxides easily hydrolyze, Melling had
previously purged the reaction apparatus with inert gas. The reaction product was a GeS,-
gel with significant GeO, impurities. Seddon et al.[12] repeated Melling’s[11] experiment
and proved by IR spectroscopy that the reaction product was not pure GeS,, but a
mixture of GeS, and GeO,. They proposed that water impurity was the reason for GeO,
formation during GeS, synthesis.

Johnson et al.[13], also used sol-gel synthesis for metal sulfide production. They
used organometallic compounds of Zn, Al, and Mg, and H,S as precursors and obtained
metal sulfide particle aggregates.

An attempt to synthesize a lanthanum metal sulfide by bubbling H,S through the
metal alkoxide solution was made by Kumta and Risbud[14]. They used lanthanum
alkoxide and hydrogen sulfide as precursors, and dry benzene as a solvent. They heat
treated the powder in H,S, finally producing single-phase La,S;. The most recent sol-gel
synthesis of a metal sulfide was carried out by Sriram and Kumta[15]. They synthesized
amorphous, monodispersed particles by reacting Ti(OC;H,"), and H,S gas. They heat
treated the powder in flowing H,S producing crystalline TiS,.

Various methods have been successfully employed for zinc sulfide powder synthesis
in solutions[16-25]. From aqueous solutions [16-20}, the ZnS powder was precipitated
using zinc containing salts such as zinc sulfate[16-18], zinc nitrate [18,19], zinc chloride

[18) and zinc tetramine chloride[20], and sulfur donating compounds



thioacetamide[17,18,20], hydrogen sulfide[17] and ammonium sulfide[20]. However, for
the synthesis of ZnS in nonaqueous solutions{21-25], usually organometailics were used
as the zinc sources and either hydrogen sulfide gas[21-25] or dibenzyl trisulfide[21] were
employed as the sulfur sources. Not only ZnS was precipitated, but also a ZnS gel was
obtained[25].

This short review shows that considerable success has been achieved in terms of sol-
gel synthesis of metal sulfides. Any inorganic or organic compound containing metal or
sulfide ion of the future metal sulfide can be used as precursor. The precursors of the
cation and sulfide must be soluble in a mutual solvent and react easily at chosen
temperature. Metal alkoxides[26] are the precursors very often used in sol-gel synthesis
due to their reactivities and ease of purification. Metal alkoxides with general formula
M(OR), are considered as alcohol derivates. They involve polarized M?+-0%*-C bonds
whose degree of polarization depends on the electronegativity of the metal atom.
Alkoxides are covalent compounds consisting of volatile monomers if prepared from
electronegative elements like silicon and germanium. However, they are electrovalent
polymeric solids such as in the case of electropositive alkali and alkaline earth metals.
For the same metal atom, the covalent character of the M-O bond increases with the
greater inductive effect of the alkyl group. Thus, the alkoxide with tertiary carbon (3°)
atoms in the bonded alkyl groups has higher covalent character in comparison to those
alkyl groups containing only primary (1°) carbon atoms.

Metal alkoxides are generally very reactive compounds due to the presence of the

polarized M-O bond. It makes metal atoms very susceptible to nucleophilic attack.



Moreover, the alkoxy group is a strong base. It is able to react as a nucleophile in
substitution reactions or as a base in elimination reactions. Which type of reaction will
occur depends on the reaction parameters such as concentration of precursors, structure
of alkoxide (1°, 2°or 3°), solvent and reaction temperature.

Although the idea of chemical synthesis of metal sulfide compounds using alkoxides
and H,S originates in the sol-gel preparation of oxides from alkoxides and H,0, it is
important to recognize that there are significant difference in the chemical properties of
oxygen and sulfur that may influence these reactions. Perhaps the most important is
lower electro-negativity of sulfur which causes that the sulfide compounds are more
covalent and less susceptible to hydrogen bonding. In addition, the bigger covalent radius
and the same charge as that of an oxygen ion makes H,S a stronger acid than water. The
diffuse electrons in the valence shell also cause H,S to have a weaker dipole moment
than water.

Since H,S has free electron pairs located in two sp® hybrid orbitals it is able to
donate them to free electron orbitals in the metal atoms of alkoxides. However, if water
is present in the same reaction system then it will react with alkoxide instead of hydrogen
sulfide as the stronger base. Then the reaction product is a mixture of both metal oxide
and metal sulfide. This indicates that further precautions are needed to eliminate water.
Therefore, in order to get pure metal sulfides, additional conversion reactions under H,S
have to be undertaken[14,15]. An unhygroscopic solvent such as toluene, is an
appropriate liquid medium for the sol-gel processing of metal sulfides from metal

alkoxides since they easily hydrolyse. Moreover, it is a common solvent for both metal



alkoxides and hydrogen sulfide.

I believed that the first step in successful metal sulfide preparation by this reaction
would be the findings of the oxide formation cause. Therefore, the germanium disulfide
gel was prepared directly by the methods previously reported in {11] and [12], but with
special precautions to protect the reaction mixture from exposure to any water impurity.
It was concluded that the main source of water was the H,S gas[27]. The reaction
conditions used for the synthesis of the pure germanium sulfide were applied for the
synthesis of other metal sulfides. Thus, in the present study, tungsten sulfide colloidal
powder was obtained from WCL(OEt);, while a gel was prepared from W(OEt)s[28].
Also, zinc sulfide gel was synthesized from zinc tert-butoxide, Zn(OBu"),[29].

Moreover, an original approach to metal sulfide synthesis is demonstrated by the
example of monoclinic germanium disulfide, which was produced by reduction of the sol-
gel product with elemental sulfur[30]. Sulfur was produced by oxidizing H,S in the
presence of concentrated sulfuric acid, per the following reaction:

H+
H,S + X0, & §° + 2H,0 . (1.2.1)

Sulfur made a colloidal suspension in sulfuric acid, and it was extracted and
homogeneously distributed in the toluene solution of germanium ethoxide by the H,S gas
flow. The sol-gel reaction product was characterized by various methods before and after

heat treatment.



1.3. CONTROLLING THE MICROSTRUCTURE

Sol-gel processing of ceramics materials consists of chemical changes succeeded by
phase transformations, dictated by the chosen reaction conditions. One of the most
important advantages of the sol-gel process is that it provides an opportunity to dictate
the microstructure of the future ceramics during chemical reaction. For example, if
structural ceramics are required, then monodispersed powders are prepared. If the
ceramics is to be used as catalyst, then colloidal particles with rough surface are
required. If thin films are to be prepared, then polymeric gels are necessary. Therefore,
the proper understanding of the phase transformation mechanism and how it can be
controlled by reaction conditions are essential to the generation of the desired materials.

Due to its importance, this area of the sol-gel science attracted almost every scientist
involved. The list of people who successfully obtained materials under defined reacting
conditions and explained the phase transformation mechanism is long{9,31]. However,
from this extensive body of literature, there are few papers which can be chosen for
comparison because similar chemical systems involving alkoxide precursors in
nonaqueous solvents were treated.

A widely used method for preparing spherical monodispersed silica particles was
developed by Stdber, Fink and Bohn[32] from TEOS in a basic solution of water and
alcohol. They examined the influence of H,O and NH; concentrations on the sizes of
prepared particles when the concentration of TEOS was 0.28 M. They found out that the
size of the silica spheres increased for all concentrations of NH; up to 7M. They
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prepared silica sols for a concentration ratio R ranging from 20 to 50.

Performing the reaction originally proposed by Stdber et al.[32] at low temperature
and using tetrapentylorthosilicate as precursor, Tan et al.[33] prepared larger silica
colloids, size ~2 pm.

Fegley and Barringer[34] synthesized amorphous monodispersed spherical colloidal
powders of TiO,, ZrO,, SiO, and ZrO,-ALO, from corresponding alkoxides.
Subsequently, they studied of the influence of alkoxides on the particle monodispersity
and sphericity[35]. They found that non-agglomerated ZrO, monodispersed spheres could
be made from Zr n-propoxide but not from Zr isopropoxide. Also, agglomerated particles
were generated if isopropanol was the solvent. Narrower particle distribution were
obtained by Ogihara et al.[36] from Zr butoxide in ethanol when the influence of
concentration and ratio of Zr butoxide and water were studied.

The discovery of Yoldas[37,38] that alumina gel monolith can be prepared by
hydrolysis and condensation of aluminum alkoxides started a new era in the sol-gel
research. Yoldas obtained fibrilar boehmite from Al(OBu®); and large excess of water
(R =100-200) in the temperature range 80-100°C. Adding acid yielded a stable sol. When
hydrolysis was performed at room temperature, an amorphous precipitate was prepared,
that converted into crystalline bayeraite upon aging. Gelation was achieved by
concentrating the sol via boiling or evaporation. The influences of the concentration ratio
R, acid content and temperature on the microstructure of alumina gel were studied by
Chane-Ching and Klien([39,40].

Yolads[41] investigated the preparation of ZrO, by hydrolysis and condensation of



alkoxides and the parameters that affected their morphology. He showed that it is
possible to prepare clear gels only if the acid catalysts are HNO; or HCI and the
[acid]/[alkoxide] ratio is less than 0.3.

Komarneni et al.[42] prepared titania gels by controlling the ratio R,
[Hp]/[ali:oxide] and the reactant concentrations. They prepared polymeric titania gel
from titanium isopropoxide and for R<1.

Preparation of tungsten oxide gels from different alkoxides and at different
temperatures was performed by Yamaguchi et al.[43]. They obtained amorphous
polymeric WO, gel at 20°C.

Silica gels can also be prepared from silicon alkoxides by varying reaction
conditions. Thus, using acidic conditions and an [H,O0]/[TEOS] ratio 10, Nogami and
Morija[44] prepared polymeric silica gel. Brinker et al.[45] obtained silica gels by
performing two step hydrolysis. In the first step they used a concentration ratio,
[H,O)/[TEOS], R=1.1 and acid conditions. The second step varied. If 3[H,0)/[TEOS]
was added under acidic conditions, a polymeric silica gel was formed. However, when
4[H,0)/[TEOS] was added under basic conditions, colloidal silica gel was obtained.

Klein et al.[46] studied the influence of [H,0)/[TEOS] molar ratio on gel structure,
using HCI or NH,OH as catalyst. They concluded that reaction rates of hydrolysis and
condensation determine resulting dried microstructure. Catalyst concentration and water
level were varied in the TEOS-water-ethanol system. Increased water level increased the
rate of hydrolysis in both cases. Increasing the base addition decreases surface area and

porosity. Acid-catalyzed solutions give transparent gels, while base-catalyzed result in
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translucent or opaque gels.

Fahrenholtz and Smith[47] used mixtures of TEOS and methyl-substituted silicon
alkoxides for the silica gel preparation. For base catalyzed reactions, gel surface area,
pore volume and density dramatically decreased with use of the modified alkoxide.
Mechanical strength of the gels prepared by acid catalyzed reactions dropped
proportionally to the methyl content.

In this work, a study of the influence of reaction conditions on the structure of GeS,
gel synthesized by the sol-gel processing from H,S and Ge(OEt), in toluene is
presented[48]. The parameters studied were reactant concentrations, concentration ratio
R and reaction temperature. It is demonstrated that the main influence on the structure
of the GeS, gels is exerted by the concentrations of H,S and Ge(OEt),.

In order to interpret the results correctly, the chemical kinetics of the sol-gel
reaction was examined[49,50]. The connection between the sol-gel process kinetics and

the product microstructure can be illustrated by the following sequence[9]:

solvolysis (hydrolysis, thiolysis) -» condensation -» nucleation -»

growth —» aggregation

The chemical reactions, hydrolysis or thiolysis, and condensation are succeeded by the
phase transformation, nucleation, growth and aggregation giving the connection between
reaction chemistry and product structure.

In the sol-gel literature numerous publications concerning the process of hydrolysis
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and condensation of silicon alkoxides exist. These investigations show that under well
defined conditions detailed statements about reaction mechanism can be made. The
following brief review of research on the kinetics of the sol-gel processing of silica
illustrates the most important achievements in the investigations of the most frequently
studied sol-gel prepared materials.

One of the earliest attempts at a theoretical explanation of the polymerization
mechanism of silicic acid on the basis of donor-acceptor properties was made by
Strelko[51]. McNeilet et al.[52] determined the apparent hydrolysis reaction constants of
tris(2-methoxyethoxy)-phenyl silane at different temperature. The importance of this work
is that for the first time reaction of the silica precursors was studied in a purely aqueous
medium and activation parameters were determined.

Assink and Kay[53] introduced proton nuclear magnetic resonance (‘H NMR)
spectroscopy in investigations of both the temporal and chemical nature of sol-gel
reactions. One of their first studies was sol-gel kinetics of the functional groups in the
acid catalyzed reaction of Si(OCHj), and H,0[54]. Their work continued to a theoretical
kinetic formalism which specifically treats the evolution of various transient groups at a
silicon atom undergoing hydrolysis and condensation[54-57].

The kinetics of Si(OC,Hs), sol-gel polymerization using *Si NMR spectroscopy was
studied by Pouxviel et al.[58]. They used mathematical simulations of the reaction
mechanism in order to predict the size of the colloidal particles formed[59].

In order to explore the possibility of reducing gelation time without affecting the

characteristics of the resulting gel, Artaki et al.[60] investigated the influence of pressure
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on the polymerization kinetics of Si(OCH;), in an acid catalyzed reaction. However, Ro
et al.[61] examined the acid catalytic reactions of Si(OC,H;), by measuring temperature
profile during hydrolysis.

A new method, cylindrical attenuated total reflectance infrared spectroscopy, for
monitoring in-situ kinetics of the sol-gel process of acidic Si(OC,H;), and AI(NO,) -9H,0
ethanol-water solutions was employed for the first time by Kline et al.[62]. They
determined the reaction rate constants at various temperatures and did computer
modelling on the experimental results of concentration as a function of time[63].

The effect of various base catalysts on the reaction kinetics of Si(OC,H,), in ethanol-
water solutions was studied by Sanchez et al.[64]. They obtained apparent activation
energies from simplified kinetics model.

Liu et al.[65] reported results of 'H and *C NMR characterizations performed on
a system of methyi-threemetoxysilane as the precursor and ethanol as the solvent. Their
results revealed complicated structures of the reaction intermediates.

The present study of the chemical kinetics of the sol-gel processing of GeS, from
different germanium alkoxides and hydrogen sulfide in toluene solution contributed to a
new era of the sol-gel processing of metal sulfides. The study shows that the reaction
mechanism of this chemical process is complex consisting of thiolysis and condensation
reactions. It is expected that thiolysis products are intermediates, germanium
mercaptides, Ge(OR),..(SH),, which upon further reaction yield sulfide species
Ge(SH),.S,, where n could be from 1 - 4.

For measurements of reaction parameters, rate constants and activation energies,
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physicochemical methods are usually employed, such as light or mass spectroscopy,
nuclear magnetic resonance, gas chromatography and conductometry. There were
numerous limitations in choosing an appropriate method for determination of the time
evolution of functional group concentrations during sol-gel processing of GeS,. Some of
them are due to an inability to prepare a standard Ge(SH), solution for IR spectroscopy,
or to detect the ethyl alcohol that forms at concentrations less than 102 M by near
infrared (NIR) spectroscopy. Moreover, nuclear magnetic resonance requires very high
reactant concentrations, =2%, which cause high reaction rates making measurements of
reaction rate constants difficult. Thus, potentiometric titration with the ion selective
electrode Ag/Ag,S was chosen for determination of H,S, germanium disulfide (GeS,) and
mercaptide (GeSH) present in the reaction mixture{66]. The Ag/Ag,S electrode was
equally suitable for potentiometric titration of both sulfide and mercaptide.

Extensive research on the suitability and applicability of the Ag/Ag,S electrode was
performed in the sixties and seventies in its diverse applications in the pulp industry [67-
70}, pharmacology[71-74], petrochemistry[75-79] and pollution[80,81].

In this work, quantitative determination of germanium disulfide and mercaptide by

potentiometric titration is demonstrated using the following electrochemical cell:

Ag/Ag,S|0.0SM NaCH,COO(2-PrOH),sample solution || 0.1M KC1|Hg/HgCl,,sat.

It also describes the optimum conditions for quantitative measurements of metal sulfide

and mercaptide in the presence of each other. Existing standard methods[82,83] for H,S
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elimination from the sample were not applicable due to the solubility of germanium
sulfide and germanium mercaptide in water. Therefore, an original way of eliminating
the H,S gas from the titration mixture was demonstrated. In addition, a different
approach was used for the reaction scheme at the electrode interface. Furthermore, a
modified equation for the ion selective Ag/Ag,S electrode potential dependence on mixed
ion concentrations was proposed, which agreed with experimental results.

Knowledge and understanding of this sol-gel reaction mechanism helped to interpret
the results. They indicate that the primary particles grow by a monomer-cluster reaction-
limited mechanism, whereas the gels were formed by reaction-limited cluster-cluster

mechanism.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1. MATERIALS

2.1.1. Metal alkoxides
List of metal alkoxides used for the sol-gel processing of metal sulfides is
presented in Table 2.1. The alkoxides were used as received, with no additional

purification.

Table 2.1: Alkoxides used for the sol-gel synthesis of metal sulfides

N° Chemical formula Concentration Supplier

1 Ge(OC,Hy), 99.99 % in ethanol ALDRICH
2 Ge(OC;H,), 99.99 % in isopropanol PROCHEM
3 SrTi(OC;H;), 5 g/100 mL isopropanol CHEMAT
4 W(OC,Hy)s 10 /100 mL ethanol CHEMAT
5 WCL,(OC,Hy), 20 g/100 mL ethanol CHEMAT
6 Zn(0C Hy), 10g/100mLtert. butanol CHEMAT
7 Si(OC,Hy), 98.00 % in ethanol ALDRICH
8 Zr[O(CH,)CH,], 80 g/100g butanol ALDRICH
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2.1.2. Toluene
In the sol-gel processing toluene was used as a solvent. It was supplied by Fisher
Scientific, HPLC grade. Even though the toluene had a low water content, (<0.02%),

it was dried prior to use in order to get a water free reaction.

2.1.3. Hydrogen sulfide
The hydrogen sulfide gas, used in the sol-gel processing was supplied by Linde
Canada (99.6% H,S). Hydrogen sulfide was dried before it was introduced into the pure

toluene or the alkoxide solution in toluene.

2.1.4. Titrants

Silver nitrate 0.01 N solution was prepared by dissolving AgNO; (Fisher Scientific,
99.99 %) in 2 mL distilled water and then by diluting to 1 L with 2-propanol (BDH,
99.8 %). It was standardized with 0.01 N NaCl (Fisher Scientific, 99.99 %)
potentiometrically using the same instrument set up. Lower concentration AgNO;
solutions used for titrations were prepared by diluting the base solution with 2-propanol
to 1x10® N and 1x10* N. Mercury (II) chloride was prepared similarly from reagent

grade HgCl, also supplied by Fisher Scientific.

2.1.5. Electrolyte
The electrolyte was prepared from sodium acetate (Fisher Scientific, 99.99 %)

dissolved in 5 mL of distilled water and then in 2-propanol to make 1 L of 0.005 M
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solution. The pH of the electrolyte was =8.6.

2.2. EQUIPMENT

2.2.1. Glove box

Since the metal alkoxides are water sensitive compounds, all manipulations with
them and the sol-gel reaction products were performed under a dried nitrogen atmosphere
in a glove box.

The glove box consists of two chambers: transfer and main. The transfer chamber
serves for transport of glassware and chemicals in and out of the main chamber. After
every opening and air entry the transfer chamber was purged with nitrogen.

Before manipulation with the alkoxides and the sol-gel reaction products, the main
chamber was purged with nitrogen, also dried by passing the flow through a column

filled with CaSO, desiccant.

2.2.2, Down draft hood
Since hydrogen sulfide is an extremely poisonous gas, heavier than air, the down
draft hood was used for all the experiments with the H,S gas. In addition, the hydrogen

sulfide detector was a necessary device for safety precautions.
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2.2.3. Magnetic stirrer
A laboratory magnetic stirrer was used to improve the mixing of chemicals during

titrations and sol-gel reactions, and the dissolution of H,S in toluene.

2.2.4. Thermostat

A constant-temperature bath HAAK 20 was used to maintain the reaction
temperature during the chemical kinetics measurements. The thermostat was filled with
ethylene glycol and provided with both heating and cooling systems. The temperature of
the reaction mixtures placed in the bath was held constant within +0.1°C by circulating

the bath liquid.

2.2.5. Equipment for the emf measurements

All the cell emf measurements were taken with an Accumet, model 55, pH/ion
conductivity meter. The Ag/Ag,S ion selective electrode was the ORION 94-16A
electrode. The reference electrode was a Fisher Scientific saturated calomel electrode.
Connection between the reference electrode and the test solution was made with a
constrained-diffusion junction (porous diaphragm) filled with 0.1M KNO; solution. For
pH measurement, an ORION glass electrode was used connected to the same Accumet

55 meter.
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2.2. Glassware

Hydrogen sulfide was introduced into toluene or the alkoxide-toluene solutions
through a glass tube dispenser (Fisher Scientific 12C). The various sizes (20, 50, 150,
250 and 1000 mL) of the glass erlenmeyers with side arms were used for this purpose.
However, ordinary erlenmeyers of different sizes were employed for the preparation of
reaction mixtures from the H,S-toluene solution already made. A 50 mL glass cylinder
capped with a rubber septum was used for the chemical kinetics measurement reaction.

Liquids were roughly measured by graduated cylinders (10, 25 and 50 mL). For
more precise measurements glass pipets and syringes were used. For preparation of
standard solutions, volumetric flasks were employed.

A 50 mL burette, graduated in 0.1 mL intervals was used for addition of titrant.
The potentiometric titration was performed in 100 mL glass beakers.

For toluene purification a glass reflux and a water condenser, size 24/40, were
used. The toluene and metal sodium mixture was heated in a 1 L round bottom flask.

The condensate was collected in a 0.5 L Winchester bottle.

2.3. PURIFICATION OF CHEMICALS

2.3.1. H,S drying

To prevent water contamination of the reaction solution, hydrogen sulfide was

passed through the column containing the CaSO, desiccant before it entered the toluene
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passed through the column containing the CaSO, desiccant before it entered the toluene

or the alkoxide-toluene solution.

2.3.2. Toluene drying

A chemical method was applied for toluene drying. This method consists of three
steps. First, CaCl, is added to toluene to partially absorb water. After filtration toluene
is refluxed over Na metal for 24 h. To get pure toluene for the experiments, it is distilled

after refluxing.

2.4. SOL-GEL PROCESSING

2.4.1. GeS, gels

The germanium ethoxide and toluene were mixed under a dried nitrogen
atmosphere in a glove box. A glass erlenmeyer with side arm was used as the reactor.
The H,S gas was bubbled through the ethoxide-toluene solution until gelation occurred.
Reaction parameters were changed for each experiment. Table 2.2 lists all of the
produced GeS, gels along with experimental conditions. Gels 1A and 1B were produced
from the same reaction mixture with undried H,S. They were obtained by splitting the
gel product according to colour: the top of the gel was yellow (1A), while the bottom
was white (1B).

Gel 2 was synthesized with H,S dried using a CaSO, desiccant and a lower (10x)
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concentration of Ge(OEt), than in 1A and 1B. The same reaction conditions were used
for the preparation of gel 3, with the only difference that air leaked into the reaction
mixture during synthesis. The flow rate of the H,S gas was constant for all the
experiments. The gels, enclosed in the reactor, were aged for 24 hours. Samples for

analysis were dried in a vacuum oven at room temperature.

Table 2.2: List of GeS, gels produced by sol-gel processing

Gel Toluene/Alkoxide H,S drying Colour
(%) agent

1A 50 : 50 none yellow

1B 50 : 50 " white

2,5 95:5 _ CaSO, "

3 95:5 " "

6 95:5 " "

* air leaked into the reaction mixture.

In order to check the reproducibility of the method, gel S was synthesized using the
same reaction conditions as for the preparation of gel 2. Moreover, germanium
isopropoxide was employed instead of germanium ethoxide to prepare gel 6, keeping all

the other reaction parameters unchanged.

2.4.2. The GeS,-GeO, gel mixture and sulfur
The germanium ethoxide and toluene were mixed under a dried nitrogen
atmosphere of a glove box. The toluene/ethoxide ratio was 95:5 vol%. Before the H,S

gas was introduced into the solution, it was passed through concentrated sulfuric acid.
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The gas carrying elemental sulfur was bubbled through the toluene/ethoxide solution until
complete gelation has occurred. The obtained gel enclosed in the reactor was aged for
24 h at room temperature. Samples for analysis were dried in a vacuum oven at room

temperature.

2.4.3. GeS, gels at different C, Rand T

The concentrations of precursors used for preparation of all reaction mixtures are
listed in Appendix I, Table A1. The mixtures were prepared in the following way. First,
a solution of hydrogen sulfide in toluene was prepared by purging. After the
concentration was determined, a certain volume of the solution was pipetted, placed into
the reaction vessel and diluted by toluene to the required concentration. Then, the proper
volume of alkoxide was taken by syringe and injected into the H,S solution under a
nitrogen atmosphere in a glove box. The vessel was capped and the reaction occurred.

For the study of reactant concentrations and their ratio on gel structure, the
synthesis was performed at room temperature. However, the temperature influence was
studied at 30, 40, 45 and 50°C.

The appearance of the solid gel was taken as the gelation time. After gelation, the
gels enclosed in reaction vessels were aged for 24 h at room temperature. After samples
for analysis were taken, gel IA was additionally aged for 30 days also at room

temperature. All gels were dried in a vacuum oven at room temperature.
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2.4.4. Metal sulfides
For preparation of other metal sulfides, the same reaction as that used for the
synthesis of gel 2 was employed. Results of the synthesis along with alkoxide and toluene

concentrations are shown in Table 2.3.

Table 2.3 Results of metal sulfide syntheses from various metal alkoxides.

Alkoxide Toluene Alkoxide Product Colour
(vol %) (vol %)

Zn(OCH,"), 95 5 gel yellow
W(OC,H;), 95 5 gel black
WCL(OC,Hjy), 75 25 sol black
SrTi(OC;H,) 95 5 none -
Zr{O(CH,);CH,] 95 5 none -
Si(OC,H;), 50 50 none -

The zinc and tungsten alkoxides were the only alkoxides which reacted with H,S at room
temperature. The reaction products were aged for 24 h and dried in a vacuum oven at

room temperature before characterization.

2.4.5. Thin films
Preparation of the sulfide thin films was performed by the sol-gel dip process. The

glass slides were dipped into the solutions of the metal sulfides prepared by the sol-gel
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processing. In Table 2.4 the alkoxides used for the thin film deposition are listed along
with reaction parameters and solution numbers. These solutions were prepared in the
same way as those for metal sulfide synthesis. However, the H,S gas was introduced into
the solutions only until Tyndall effect appeared. The dipping was done under a nitrogen
atmosphere in a glove box. Fast drying of solutions 5, 6, and 7 caused gelation on the
slides. They covered the slides more uniformly than solutions 8 and 9 which had
completed gel/sol formation before dipping. The dried films were kept in a desiccator

until characterization.

Table 2.4 Alkoxides and corresponding reaction solutions used for the thin film

deposition.
Solution Film Alkoxide Number of dippings
5 TF1 Ge(OC.Hy), 1
6 TF2 and TF6 Ge(OCH,), 1 and 2
7 TFS Zn(OCH,"), 1
8 TF3 W(OC,Hs), 1
9 TF4 WCI,(OC,H,); 1




2.5. HEAT TREATMENT

The GeS, gels 1A, 1B, 2, 3 and the GeS,-GeO, gel and sulfur mixture were heat
treated isothermally in a furnace at 630°C, after being placed into quartz ampoules at 10
torr pressure. They were homogenized for 24 h, and then the ampoules were quenched

to room temperature in water. The cooling rate was > 17°C/s.

2.6. POTENTIOMETRIC TITRATION

The concentration of H,S solution in toluene was determined by potentiometric
titration, taking 0.1 mL of solution and dissolving it in 50 mL of the electrolyte. For
kinetics measurement an exact amount of the H,S/toluene solution was mixed with
germanium ethoxide and dry toluene and left to react at constant temperature. One mL
aliquots were taken from the mixture with a syringe at uniform time intervals. They were
diluted in 25 mL of toluene and quenched at -95°C. The sample solution was then purged
with nitrogen gas in order to remove hydrogen sulfide. It was mixed with 25 mL of
electrolyte for titrating both Ge(SH), and GeS, (henceforth simply written as GeS, and
GeSH). For determination of Ge(SH), and GeS, in the presence of H,S, 0.1 mL samples
were taken and mixed with 50 mL of the electrolyte.

The solutions were stirred during titrations. Titrations were performed at room

temperature (20°C). In order to protect the solutions from heating, a piece of styrofoam
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was placed between the glass beaker and the stirrer. Before mixing with a sample, each
aliquot of electrolyte was deaerated by purging with nitrogen gas for several minutes.
Titrations of samples containing H,S were performed in a closed down draft hood. The
electrode was equilibrated in the sample solution before titration. The concentration of
titrant was chosen based on expected concentrations of sulfides and mercaptide. Titrant
was added in volume increments small enough to change the potential no more than 10
mV. After each titrant addition the potential was recorded when a constant reading was
reached. The Ag/Ag,S electrode was polished with ORION polishing strips before each
measurement and conditioned in 1x102 N AgNO, solution.

The potential readings were plotted as a function of the added reagent volume. The
inflection point of the potentiometric curve, indicating the equivalence point, was first
roughly located from the curve. In order to eliminate human error, the equivalence point
was then calculated from the point where A’E/AV? becomes zero. That is, V, was
calculated as a mean value of volumes corresponding to the second derivatives of E=f(V)

where the function changed sign from + to -.

2.7. KINETICS

The reaction mixtures were prepared in the following way. First, toluene was
saturated with the H,S gas for several hours. The concentration of the solution obtained

was determined by potentiometric titration. The proper volume of this solution was
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placed in the S0 mL reaction vessel by pipetting and diluted to the desired H,S
concentration with toluene. After this the reaction vessel was capped with a rubber
septum and placed in a constant temperature bath (HAAK 20). The H,S solution was
thermostated for ~0.5 h prior to addition of germanium alkoxide.

Desired volumes of germanium alkoxide were added via a syringe into the solution
and mixed by shaking. The reaction mixture concentrations are listed in Table 2.5. The
mixtures were thermally equilibrated (+0.1°C) for 0.5 h or 1 h. At proper intervals (0.5
hor 1 h), 1-mL aliquots were removed by syringe from the mixture. They were injected
into 100-mL flasks containing 25 mL of toluene, agitated and cooled to ~-95°C.
Unreacted H,S was quickly purged from the flasks by nitrogen. Then, the samples were
carefully analyzed by potentiometric titration with the Ag/Ag,S ion selective electrode.

In studying the temperature effect on the reaction constants 30, 40, 45 and 50°C
were used when the reactant was Ge(OEt),. However, the temperatures were changed to
25, 30, 35 and 40°C for the same study of Ge(OPr),.

Software Enzfitter, version 1.05 EGA (Elsevier Biosoft, Cambridge, UK, 1987)
was used for plotting graphs and calculation of standard deviations by linear regression
analysis.

Table 2.5: The concentration of reactants and their ratios used for reaction
mixtures preparations in the chemical kinetics study.

Alkoxide [Ge(OEv)], [H:S], [H,S]/[Ge(OE),
™) ™M

Ge(OE), 0.044 0.400 9.00: 1.0

Ge(OE), 0.264 0.220 1.00: 1.2

Ge(OPr), 0.046 0.104 2.25:1.0
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2.8. CHARACTERIZATION METHODS

2.8.1. X-ray diffraction (XRD)

The samples were analyzed by x-ray diffraction on a Rigaku RU-200B automated
powder diffractometer with CuKa. The system uses a horizontal goniometer equipped
with graphite crystal diffracted beam monochromator with a rotating anode and copper
target. The samples were run at 40kV, 80mA, 2°/min. The samples were mounted on

glass slides using dry toluene or vaseline.

2.8.2. Infrared spectroscopy (IR)

The IR spectra were collected in the wave number range from 400-4000 cm™' by
Fourier transform infrared (FTIR) spectrometer Brucker IFS 113V, equipped with a
photoacoustic cell (Princeton Applied Research, model 6003 EG&G). The dried

powdered samples were mixed with KBr to make 2 % mixtures for the analysis.

2.8.3. BET method (BET)

The specific surface area and the pore volume of the dried gels were determined
by the Brunauer, Emmett and Teller (BET) method in two different instruments: a
Quantachrome Instruments Autosorb-1 sorption system and an Omnisorp 360. The

measurements were performed at liquid nitrogen temperature and with nitrogen gas.
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2.8.4. Scanning electron microscopy (SEM)
The morphology of the samples was examined on a scanning electron microscope
Hitachi S-2700. The samples were mounted on carbon holders. Prior to analysis, they

were carbon coated. The examination was performed in the secondary electron mode.

2.8.5. Energy dispersive spectrometry (EDS)

Microanalysis of the germanium, sulfur and oxygen content in the samples was
done with a Link analytical eXL energy dispersive x-ray spectrometer, on the S-2700
electron microscope. The analysis was performed at 20 kV and working distance of 12

mm. The microanalysis of oxygen content was done by the windowless technique.

2.8.6. Quantitative chemical analysis (EA)
Quantitative chemical analysis of samples for sulphur and oxygen content was
performed using a Carlo-Erba CHNS-O EA 1108 elemental analyzer based on

combustion analysis.
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CHAPTER 3

RESULTS

3.1. CHARACTERIZATION OF GeS, GELS AND HEAT TREATED PRODUCTS

3.1.1. Sol-gel processing of GeS, gels

The reaction of germanium alkoxides with hydrogen sulfide was performed in
toluene at room temperature. The solutions gelled after different times. The formed gels
had different colour and appearance (Table 2.2). Gels 1A and 1B were produced from
solution which contained 50 vol% of germanium ethoxide. After 15 min of passing H,S
through the solution the Tyndall effect appeared and gel lumps formed after 20 min. The
solution completely gelled after 30 min. During synthesis of gels 2 and 3 the Tyndall
effect appeared 10 min after the beginning of the H,S introduction. The gel lumps
appeared within additional 10-20 min, while gelation occurred 3.5 h. After drying in a

vacuum oven, the homogeneous mass of the gels cracked into small solid pieces.
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Fig. 3.1.1  XRD patterns of dried gels: a) 1A; b) 1B; ¢) 2; d) 3.
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3.1.2. X-ray diffraction analysis

The XRD patterns of gels 1A and 1B, shown in Fig. 3.1.1a and b, indicate the
presence of a crystalline phase, which was identified as hexagonal GeO, [84]. However,
XRD peaks in the 1B gel pattern are broader than the ones for gel 1A. In addition, there
is a broad, low intensity peak at = 15° 20, which appears in the XRD patterns of both
the 1A and 1B gels. Gels 2 and 3 have an amorphous structure as is shown in Fig. 3.1.1c
and d. The XRD patterns of gel 5 and gel 6 are identical to the pattern of gel 2.

The XRD patterns of the heat treated gels 1A and 1B (Fig. 3.1.2a,b) match
tetragonal GeO,. Their XRD patterns also show the existence of an amorphous phase,
since the broad peak at =15° 20 is evident here as well. The XRD pattern of the heat

treated gel 2 (Fig. 3.1.2c) matches monoclinic GeS,(85].

3.1.3. Infrared analysis
The gel IR spectra collected in the range from 400-4000 cm™ are shown in Fig.
3.1.3. In the range 400-450 cm™, the gels 1A, 1B and 3 have similar IR spectra with
shoulders at =405 and =436 cm™, assigned to vitreous GeS,[86]. Since the IR spectrum
of gel 2 was collected from 450 cm™, it was not possible to identify Ge-S vibrations.
The IR spectrum of gel 1A has the vibrational absorption triplet of hexagonal GeO,
at 515, 555, and 587 cm[87]. It also has a strong absorption band at =885 cm’,

assigned to asymmetric stretching of Ge-O-Ge[87], which confirms the presence of
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Fig. 3.1.3 IR spectra of dried gels: a) 1A; b) 1B; ¢) 2; d) 3.
Legend: ® (Ge-S-Ge); a (Ge-O-Ge); O (Ge-OH); ¢ (GeS-H);
* O ethanol; B toluene; dtoluene and ethanol.
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hexagonal GeO,. All these strong peaks are replaced by broad bands at =570 and ~ 880
cm’! in the spectra of gels 1B and 3. The broad, weak absorption band at 780 cm’ in the
infrared spectra of gels 1A, 1B and 3 suggests existence of GeO-H vibration[87].

The strong absorption peaks at 694 and 728 cm™* are characteristic peaks of toluene and
they appeared in the spectrum of each gel due to retained toluene[88]. Toluene absorption
peaks were also identified in the range from 1000-4000 cm. Peaks at =~ 1124, 1280,
1713, 2860, 2930 and 3144 cm™ indicate the presence of ethanol. A strong absorption
peak at 2516 cm™ in the spectrum of gel 2 could be assigned to a GeS-H vibration.

The infrared spectra of heat treated gels 1A, 1B and 2, collected in the IR range
from 400-4000 cm, are shown in Fig. 3.1.4. In the range 400-450 cm™, IR spectra of
the heat treated gels 1A and 1B indicate the presence of amorphous GeS,[86]. The bands
at 801 cm™ and 1070 cm® in the spectrum of 1A and the band at 820 cm” in the
spectrum of 1B could be assigned to tetragonal GeO,. The IR spectrum of the heat
treated gel 2 indicates the presence of monoclinic GeS,, with sharp absorption peaks at
=410, 433, and 454 cm™.

In the range 400-4000 cm™, the IR spectra of gel 5 and 6 are the same as the IR
spectrum of gel 2. The IR spectra of both gels indicate the presence of amorphous GeS,.
In addition, the IR spectra evidence the presence of a GeS-H vibrational band at =2500
cm’, the same as the IR spectrum of gel 2. While the IR spectrum of gel 5 indicates the

presence of ethanol, the IR spectrum of gel 6 shows the presence of isopropyl alcohol.
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3.1.4. Scanning electron microscope analysis

The scanning electron micrographs of the dried gels 1A, 1B, 2 and 3, shown in
Figure 3.1.5, reveal that they are colloidal xerogels, i.e., the gels were formed by
linking of spherical colloidal particles into a porous network. The size of particles
depends on the gel, but in each gel the size distribution is relatively narrow. From the
micrographs, it is evident that particles agglomerated and that they are linked by necks.

After heat treatment, the microstructure of gels 1A, 1B and 2 changed. The
micrographs are shown in Fig. 3.1.6. The microstructure of the heat treated gels 1A and
1B has two phases. One of them consists of large tetragonal crystals of size 60um (Fig.
3.1.6a,b). Examination of their cross-section shows a very porous internal structure (Fig.
3.1.6¢,d). A second phase was identified in both gels 1A and 1B (Fig. 3.1.6e,f). SEM
examination of this phase reveals that sintering has occurred but has not been completed.
Macropores are evident in the structure, especially in gel 1B. The SEM analysis of the
heat treated gel 2 indicates formation of vermicular grains (Fig. 3.1.6g).

In Fig. 3.1.7a, the SEM micrograph shows the structure of gel 5 after drying in

the vacuum oven at room temperature. It consists of connected spherical particles.
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Fig. 3.1.5  Scanning electron micrographs of dried gels: a) 1A; b) 1B;
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Fig. 3.1.5. ¢)2;d) 3.
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Fig. 3.1.6 Scanning electron micrographs of heat treated gels: a) GeO, crystal
in 1A; b) GeO, crystal in 1B;
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Fig. 3.1.6 ¢) cross section of GeO, crystal in 1A; d) cross section of GeO,
crystal in 1B;
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Fig. 3.1.6 e) GeS, phase in 1A; f) GeS, phase in 1B;
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Fig. 3.1.6. g) vermicular structure of 2.



Fig. 3.1.7 Scanning electron micrographs of: a) gel 5 prepared upon the
same conditions as gel 2; b) gel 6 synthesized from Ge(OPr),
and all the other reaction conditions same as for gel 2.
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The estimated particle size is 0.1xm. The scanning electron micrograph of gel 6 is shown
in Fig. 3.1.7b. It is evident that this gel also belongs to the group of colloidal gels, since

it consists of linked spherical particles size < 0.1um.

3.1.5 Chemical analysis

Energy dispersive spectrometry (EDS) shows that dried gels 1A and 1B have
apparent Ge/S atomic ratios 1:0.3 and 1:0.7, while gels 2 and 3 have 1:1.8 and 1:1.6,
respectively. The ratios deviated very little at different spots on the samples.

EDS analysis confirmed that after heat treatment gels 1A and 1B were two phase
systems. The large tetragonal crystals revealed by SEM in the heat treated products 1A
and 1B (Fig. 3.1.6a,b) are GeO,, whereas the small grain phase is GeS,. For gel 2, the
atomic percentage of determined sulfur increased so that the Ge/S ratio was 1:2.3.

The content of sulfur and oxygen in gels 1B and 2 was determined quantitatively
by combustion analysis. The results, shown in Table 3.1.1, are close to those obtained
by EDS, even for oxygen. Thus, quantitative chemical analysis confirmed that gel 2,
prepared using dried H,S, had an oxygen content approximately ten times less than gel

1B synthesized with undried H,S.
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Table 3.1.1  Content of S,0 and Ge in the dried GeS, gels determined using
EDS analysis and S and O determined using EA analysis.

EDS (wt%) EA (Wt %)

GEL

S o Ge S o
1A 7.50 6.32 86.18 - -
1B 22.64 3.56 73.80 22.53 3.52
2 41.94 <0.17 58.06 41.64 0.35
3 33.92 1.35 64.74 - -
5 42.83 <0.18 56.63 - -
6 4291 <0.16 57.09 - -

3.1.6. BET analysis

The BET analysis of the dried gels 1A, 1B and 2, yielded specific surface areas of
86.6, 48.6 and 227.4 m?/g, respectively. The isotherms were type IV, which indicates
that the gels contain mostly mesopores. Calculated values for mesopore content in gels
1A, 1B and 2 are 62.5, 74 and 97% of total pore volume. The micropores, which are
attributed to the internal particle structure, occupy 3.5% of total pore volume in gel 1A,
4.8% in gel 1B and 3% in gel 2. The average pore radius in gels 1A, 1B and 2 is
similar, = 12.5nm (mesopore range). The isotherms had the A type of hysteresis loop,

which is usually associated with cylindrical pores[89].
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3.2 CHARACTERIZATION OF THE GeSy-GeOyx GEL AND SULFUR
MIXTURE AND THE HEAT TREATED PRODUCT

3.2.1. X-ray analysis

The obtained gel had a smooth appearance and a yellow colour. The XRD pattern
of the gel (Fig. 3.2.1a) evidences the presence of two crystalline phases. One of them
was identified as hexagonal GeO,[84], while the second phase was detected as
orthorhombic sulfur{90]. The XRD pattern of the gel after heat treatment (Fig. 3.2.1b)
is identical to that of monoclinic GeS,[85].

The peak positions from this XRD pattern were matched with standard[85] using
software PDE-2 Database sets 1-42. The results of 20 and d-spacing for the heat treated

product and standard are shown in Table 3.2.1 along with their absolute deviations A26.

3.2.2. Infrared analysis

The gel IR spectrum from 400-1000 cm™ is shown in Fig. 3.2.2a. In the range 400-
450 cm™ shoulders at =405, 415 and 430 cm™ can be assigned to Ge-S vibrational
absorption by vitreous GeS,[86]. The IR spectrum of the gel shows the
vibrational absorption triplet of hexagonal GeO, at 515, 555 and 587 cm’'[87]. It also has
a strong absorption peak at =885 cm”, assigned to asymmetric stretching of Ge-O-

Ge[87], which confirms the presence of hexagonal GeO,. A shoulder at 780 cm™
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Fig. 3.2.1  XRD pattern of: a) the gel GeS,-GeO,; b) monoclinic GesS, obtained
after heat treatment.
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Fig. 3.2.2 IR spectrum of: a) the gel GeS,-GeO,; b) monoclinic GeS, obtained
after heat treatment of the gel.
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Table 3.2.1 The XRD peak positions 20 and d-spacing of the heat treated product
and the standard GeS,[85] shown along with their absolute deviations

(A26).
20(°) d(A)
hkl
Standard Heat treated  A20 Standard Heat treated Ad
GeS, product GeS, product

(200) 15.479 15.477 -0.002 5.7200 5.7208 0.0008
(111) 16.372 16.377 0.005 5.4100  5.4082 -0.0018
(211) 21.239 21.245 0.006 4.1800 4.1788 -0.0012
(002) 26.555 26.551 -0.004 3.3540 3.3544 0.0004
(151) 31.832 31.839 0.007 2.8090 2.8084 -0.0006
(260) 36.978 36.975 -0.003 2.4290 2.4292 0.0002
(-332) 39.223 39.228 0.005 2.2950 2.2947 -0.0003

suggests existence of a GeO-H vibration[87]. An absorption band at 473 cm is
characteristic of S-S vibrational absorption by elemental sulfur{88]. In this spectrum,
absorption peaks of toluene have been also recorded at =694 and 730 cm[88].

The IR spectrum of the heat treated gel is shown in Fig. 3.2.2b. It has absorption
peaks close to that of monoclinic GeS, at =405, 430, and 450 cm [86]. Furthermore,

the absorption band at 483 cm™ can be assigned to S-S vibrational absorption.
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3.2.3. Scanning electron microscope analysis

The scanning electron micrograph of the dried gel, shown in Fig. 3.2.3a, reveals
that the gel is a colloidal gel, i.e., it was formed by linking of spherical colloidal
particles into a porous network. From the micrographs, it is evident that particles of
=(.4um were linearly linked by necks. Besides the gel network, the micrograph of the
gel obtained at lower magnification, shown in Fig. 3.2.3b, reveals large crystals
= 60um. The morphology of the heat treated gel is presented in Fig. 3.2.3c. It indicates

a fused structure with large grains and no macropores.

3.2.4. Chemical analysis

Energy dispersive spectrometry (EDS) shows that particles have a Ge/S atomic ratio
1:3.7. However, the big crystals have the ratio 1:46.5, which indicates that they are
almost pure sulfur.

The microstructure changed after heat treatment. The sulfur crystals completely
disappeared and a homogeneous structure formed. EDS revealed that the atomic ratio
Ge/S was constant when measured at different spots on the sample; the values did not

deviate from the average value 1:2.9.
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Fig. 3.2.3  Scanning electron micrographs of: a) gel GeS,-GeO,; b) sulfur
crystals deposited in the gel;
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Fig. 3.2.3. ) sintered structure of monoclinic GeS, (630°C for 24 h).
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3.3. CHARACTERIZATION OF THE GeS; GELS PREPARED AT
DIFFERENT C, R AND T

3.3.1. Sol-gel processing

During sol-gel processing of GeS,, the reaction mixtures changed from clear liquid
to white or semi-transparent gel. There are three stages which differ visually and are
typical for all the prepared gels. The first noticeable change in the reacting solution is
the appearance of the Tyndall effect, shown in Fig. 3.3.1a. It is assigned to the formation
of colloidal particle agglomerates of ~ 300 nm size [91]. This is followed by the solution
taking on a milky appearance (Fig. 3.3.1b). This stage is indicative of stable
agglomerates, size >300 nm, scattering visible light.

After this stage, gelation occurs. If the initial concentration of Ge(OEt), is high,
>0.044 M, aggregates are connected into a 3-D solid network within the entire liquid
present in the reaction vessel. There is no more liquid meniscus and the solution turns
into a white, low viscosity substance (Fig. 3.3.1c). However, if the concentration of
Ge(OEt), is <0.044 M, the gel precipitates, as demonstrated in Fig. 3.3.2a,b, for gels
III and V, respectively. The gels formed are opaque. A semi-transparent gel was formed
when the concentration of H,S was 0.019 M and the concentration of Ge(OEt), was
0.029 M (Fig. 3.3.3a).

The concentrations of precursors drastically affected the gelation time. In Fig. 3.3.4
plot t..m versus [Ge(OEt)] for the ratio, R = [H,S)/[Ge(OEt)], 2.5 is shown.

However, when the gels were synthesized at various temperatures, gelation occurred
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Fig. 3.3.1  Observed changes in the sol-gel reaction mixture: ) Tyndall
effect (gel IX); b) milky appearance of the mixture (gel XI);
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Fig. 3.3.1 c) gelation (gel IA).
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Fig. 3.3.2 Gels formed when [Ge(OEt),] <0.044 M: a) gel III,
[Ge(OEt),]=0.044 M; b) gel V, [Ge(OEt)]=0.022 M.
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Fig. 3.3.3  Semi-transparent gel VI formed from [H,S]1=0.019M and [Ge(OEY),] =
0.029 M: a) gel monolith formed at the bottom of 250 mL flask; b)

cracking of the monolith;
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Fig. 3.3.3 c) pieces of dried gel VI occupy ~Scm?’ surface area.
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Fig. 3.3.4  Plot t,u;x Vs. [Ge(OEt),] for R=2.5.
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at approximately the same time, as seen from the data in Appendix I, Table Al. Data
in Table Al show that gelation time is very long, even 6 months, if the ratio R is low,
0.66. When R is ~2, gelation time radically decreased and stays almost constant
regardless of further change to R.
During drying, the gels cracked into small pieces. The process is illustrated in Fig.
3.3.3b,c by the behaviour of gel VI. Moreover, in Fig. 3.3.5, pieces of dried gel III are

shown, typical for all gels prepared from low concentrations of Ge(OEt), andR = 2.5.

3.3.2. Scanning electron microscope analysis

a) Concentration

In Fig. 3.3.6 scanning electron micrographs of GeS, gels IA, III, IV and V are
presented. They were prepared with various concentrations and the constant ratio R =
2.5 of H,S and Ge(OEt),. The micrographs reveal that gels IA, II and IV (Fig.
3.3.6a,b,c, respectively) consist of spherical colloidal particles, diameter ~0.1 pm,
connected into irregularly shaped agglomerates. The size of the agglomerates varied from
coarse in gel IA (Fig. 3.3.6a) to fine in gel IV (Fig. 3.3.6c). However, gel V (Fig.
3.3.6d) is formed from large agglomerates, which seem to have a layered structure. The

building particles of these agglomerates are indistinguishable in the micrograph.
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Fig. 3.3.5  Part of dried gel IIl is a typical structure formed during
drying of all gels prepared from [Ge(OEt),} 0.044 M and R=2.5.
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Fig. 3.3.6  Scanning electron micrographs of gels prepared from different
concentrations of H,S and Ge(OEt), and constant R=2.5: a) gel
IA aged 24h, [Ge(OEt),]=0.220 M; b) gel III, [Ge(OE),]=0.04 M;
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Fig. 3.3.6 c) gel IV, [Ge(OEt),]=0.029 M; d) gel V, [Ge(OE),]=0.022 M;
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Fig. 3.3.6 e) gel IA aged 30 days.



b) Ratio

The microstructures of GeS, gels prepared with ratios R <2 (gels XI and VII) are
represented in Fig. 3.3.7 a,b, whereas of those prepared with R>2 (gels VIII and XI)
are shown in Fig. 3.3.7c,d. They consist of colloidal particles linked into agglomerates,
as perceived in the micrographs. The appearance of the agglomerates is different for gels
prepared with R > 2 and R < 2. Estimated diameter of the colloidal particles forming
gels XTI and VII from the micrographs is ~ 50 nm. They are connected into agglomerates
~0.2 pm, laterally or linearly.

The smallest particles observed in gels VIII and IX (Fig. 3.3.7c,d) have diameters
~0.1 um. In gel VIII they are more linearly connected, while in gel IX they are
connected into granular, ~0.3 um large agglomerates. These agglomerates are

subsequently linked into a 3-D porous gel network.

¢) Temperature

The microstructures of the gels synthesized at different temperatures from the same
concentration and ratio of the precursors are shown in Fig. 3.3.8. Characteristic of all
structures is that the diameter of the smallest particle observed in the micrographs is
~0.1 um. The particles are connected into different size agglomerates. Thus, the
agglomerates are fine in gels synthesized at 30 and 40°C (Fig. 3.3.8a,b) and coarse in
gels prepared at 45 and 50°C (Fig. 3.3.8¢c,d).
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Fig. 3.3.7 Scanning electron micrographs of gels prepared with different
ratios and [Ge(OEt),]=0.029 M: a) gel XI, R=0.93; b) gel VII,
R=1.32;
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Fig. 3.3.7 c¢) gel VIII, R=5; d) gel IX, R=10.
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Fig. 3.3.8 Scanning electron micrographs of gels synthesized at different
temperatures: a) 30°C; b) 40°C;
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Fig. 3.3.8 ¢) 45°C; d) 50°C.
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3.3.3. BET analysis

a) Concentration

A typical adsorption-desorption isotherm for GeS, gels prepared with different
concentrations of H,S and Ge(OE), is shown in Fig. 3.3.9a for gel IV. The isotherm is
type IV according to the BDDT classification[92]). It exhibits hysteresis at high nitrogen
partial pressures. The hysteresis loop of the isotherms is A type{89], attributed to
cylindrical pores. According to the pore size distribution (Fig. 3.3.9 insert) obtained
from the desorption branch of the isotherm, the pores are non-uniformly distributed
within the mesopore range (1nm <R, <25nm).

The specific surface areas S, of the dried gels, measured by N, BET adsorption,
are listed in Table 3.3.1. These S, values are plotted vs. the concentration of Ge(OEt),,
shown in Fig. 3.3.10. The graph demonstrates that the specific surface area decreases
if the concentration of Ge(OEt), increases.

The average particle radius r, was calculated from the measured specific surface
area S, and the density of monoclinic GeS,, p=2.94 g/cm’, using the following

formula[91]

= — (3.3.1)

In Fig. 3.3.10 particle radius r, is also plotted vs. the concentration of Ge(OEt),. The

graph demonstrates that the particle radius increases if the concentration of Ge(OEt),
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increases.

In Table 3.3.1 the average pore radii R, of the gels are listed. They were calculated

from the following equation[93]
2Vzor
R, = —— (3.3.2)
S,

where Vo is the total pore volume measured by N, BET adsorption. Results indicate
that the pore radius is affected by the precursor concentration more than the particle
radius. The radii belong to the mesopore range. The total pore volume consists of
micropores (R, < 1 nm), mesopores and macropores (150 nm >R, > 50 nm). Results
show that GeS, gels include mostly mesopores. The micropore volume increases if the

reactant concentration decreases, as indicated by the results presented in Table 3.3.1.

Table 3.3.1 Influence of Ge(OEt), concentration on the microstructure of prepared
GeS, gels. The reactants ratio R was constant 2.5 for preparation of

all gels.
Gel [Ge(OEY),] S, I, Vi Voo Vaeso Vo
™ @¥g) @m) Cmlg) %) ® (%
IA 0.220 3529 2.88 1.53 7.3 79.7 13.0 8.68
I 0.088 373.0 2.74 1.06 9.8 91.0 0.0 5.67
v 0.029 388.1 2.63 1.16 9.2 92.3 0.0 5.97
\Y4 0.022 491.2 2.08 0.85 15.8 77,5 6.5 3.44
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BET analysis results for gel IA aged 24 h and 30 days are listed in
Table 3.3.2. They indicate that the surface area of the gel is drastically reduced by
aging. In addition, the average particle size increases, whereas the micropore volume

decreases.

Table 3.3.2 Results of the BET analysis of gel IA aged 24 h and 30 days.

Aging Sn L3 vn vnicto v.uo vn:to Rp

(m*/g) (nm) cm’/g) (%) (%) (%) (nm)

24h 352.9 2.89 1.53 7.3 79.7 13.0 8.7
30 days 60.4 17.00 0.92 2.8 73.5 23.8 30.6
b) Ratio

Fig. 3.3.11 shows an adsorption-desorption isotherm of gel XI, Appendix I, Table
Al. Itis a type IV isotherm with type A hysteresis [89]. Regardless of the concentration
ratio R, isotherms of all GeS, gels were of the same type. The hysteresis appeared at
high nitrogen partial pressures. The pore size distribution determined from the desorption
branch of the isotherm is shown in Fig. 3.3. 11 insert. Specific surface area S, and total
pore volume V,, determined from the isotherm are listed in Table 3.3.3. The results
indicate that S, increases if the ratio R increases and R < 2. Once R exceeds
stoichiometric (R > 2), the specific surface area begins to decrease. Consequently, the

average particle radius r,, calculated from eq. (3.3.1), behaves contrary to S, as a function
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of R. The plots S,=f(R) and r,=f(R) are both presented in Fig. 3.3.12.

The average pore radii R, calculated from eq.(3.3.2) are listed in Table 3.3.3. They
are from the mesopore range. The total pore volume mostly consists of the mesopores
(Table 3.3.3). When the ratio increased to R = 5 or greater, the macropores appeared.
Table 3.3.3 Influence of reactants ratio R=[H,S})/[Ge(OEt),] on the microstructure

of the GeS, gels prepared at room temperature. The concentration of
Ge(OEt), was 0.029 M for all prepared mixtures.

Gel R S. r, Ve Vaw Vaw Vo R
(m%g) (@m) (cm’g) (%) (%) (%) (nm)
XI 093 180.7 5.65 1.00 34 966 0 11.12
vih 132 255.6 3.97 0.21 70 930 O 1.62
IV 250 388.1 2.63 1.16 92 923 0 5.97
VI 5.00 363.5 2.81 0.57 158 764 1.8 3.12
IX  10.00 316.4 322 115 92 723 185 7.30

¢) Temperature

In Fig. 3.3.13a an adsorption-desorption isotherm of a gel prepared at 50°C is
typical for all the other gels synthesized at different temperatures. This isotherm belongs
to type IV linked to porous materials. The type A hysteresis loop of the isotherm appears
for high nitrogen partial pressures. The pore size distribution is shown in Fig. 3.3.13
insert. It is apparent, the pores are broadly distributed mesopores. The calculated average

pore radii of the gels are listed in Table 3.3.4.
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The total pore volume involves micro, meso and macropores. The micropore content
decreased when gels were prepared at higher temperatures. The mesopores are the main
element constituting the total pore volume in these gels.

Specific surface areas and particle radii are presented in Table 3.3.4. The graphs
S,=f(T) and r,=£(T) are shown in Fig. 3.3.14. They reveal that S, and r, are opposite

functions of temperature.

Table 3.3.4 Influence of the reaction temperature on the microstructure of the
GeS, gels prepared from [Ge(OEt),]=0.264 M and [H,S]=0.220M.

T S. I, Ve Vaicro Veaeso Vpacro R,
(°C) (m’/g)  (nm) (cm’/g) (%) (%) (%) (nm)
30 429.9 2.37 0.689 5.4 83.1 11.5 3.2
40 385.4 2.65 0.693 2.6 87.2 10.2 3.6
45 285.6 3.57 0.603 2.1 88.1 9.8 4.2
50 248.9 4.10 0.514 1.6 88.4 10.1 4.1

3.3.4. XRD and infrared analyses

All synthesized gels were amorphous regardless of the reaction conditions (
Appendix I, Table Al). A typical XRD pattern is represented by the graph of gel 2 (Fig.
3.1.1¢).

The IR spectrum collected in the range 400-4000cm™! for gel 2 (Fig. 3.1.3c) is also

representative of the gels listed in Appendix I, Table Al.
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3.4. CHARACTERIZATION OF METAL SULFIDES

3.4.1. ZnS gel

The reaction of Zn(OC,H,"), and H,S in toluene yielded a yellow, semi-transparent
gel. After solvent evaporation in a vacuum oven, the gel dried into a transparent reddish-
orange solid. The gel shrunk during drying; thus the solid cracked into pieces =2x2 mm.

The x-ray diffraction pattern shown in Fig. 3.4.1 indicates the presence of g-
ZnS[94], the most stable allotrope at room temperature. The average crystallite size
calculated from x-ray line widths by the Sherrer equation [95] is = 10 nm. The scanning
electron micrograph of a dried gel (Fig. 3.4.2) reveals that the gel is colloidal, formed
by the linking of spherical particles =0.1 um in size. The IR spectrum in the range from
200-600 cm™ (Fig. 3.4.3a) has an absorption peak at 350 cm™ which could be assigned
to Zn-S-Zn vibration mode[88]. Moreover, the spectrum in the range from 400-4000 cm™
(Fig. 3.4.3b) indicates only the presence of absorbed toluene and tert-butanol left in the
gel after drying. A peak at =1700 cm could be assigned to absorbed water. Energy

dispersive spectrometry (EDS) shows that the dried gel has a Zn/S atomic ratio = 1:1.

3.4.2. Sol-gel products of tungsten sulfides
Reactions of W(OEt), and WCI,(OEt), began instantly with H,S introduction into
the solutions. Black precipitates were formed with both alkoxides. After aging and

drying, the reaction product of W(OE)s appeared to be a brown black, highly viscous
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Fig. 3.4.2 Scanning electron micrograph of dried ZnS gel.
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liquid (Table 3.4.1, Product 1). However, the precipitate formed in the reaction of

WCL,(OE), was a brown-black powder (Table 3.4.1, Product 2).

Table 3.4.1 Tungsten sulfide sol-gel products

Product Type Alkoxide Concentration (10°M )
1 gel W(OE), 14
2 powder WCIL,(OEt), 68

Examination by the scanning electron microscope indicates that Product 1 is a gel
formed from spherical colloidal particles connected into a 3-dimensional network (Fig.
3.4.4a). Nonetheless, SEM examination reveals that Product 2 is a powder which
consists of loose colloidal particles whose radii are in the range of 0.5 < r < 1um (Fig.
3.4.4b).

The XRD patterns of Product 1 and 2, shown in Fig. 3.4.5a and b, indicate that
both products have amorphous structures. The amorphous halo of Product 1 appeared at
=23° 20, while Product 2 has two broad peaks at =~16° and 36° 26.

The IR spectra of Products 1 and 2 collected in the range from 400-4000 cm! are
represented in Fig. 3.4.6. The strong absorption peaks at =694 and 728 cm! are
characteristic peaks of toluene and they appeared in the spectrum of each product due to
retained toluene [88]. Toluene absorption peaks were also identified at = 1081, 1380,
1495 and 2860. Peaks at =880 (identified in Fig. 3.4.6b),1050 (identified in Fig.

3.4.6a), 1120,1274, 2975 and 3331 cm™ indicate the presence of ethanol [88].
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Fig. 3.4.6 IR spectrum collected in the range from 400-4000 cm™ of: a) tungsten
sulfide gel; b) tungsten sulfide powder.
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The strong absorption peak at =525 cm™ could be assigned to acetaldehyde [96]. The
infrared spectrum of Product 2 in the range from 200-600 cm™ is shown in Fig. 3.4.7.
Along with the sharp peak at =525 cm™ previously assigned to acetaldehyde, a broad
peak at =320 cm™ appeared due to W-S-W asymmetric stretching [97].

Energy dispersive spectrometry shows that Products 1 and 2 have apparent W/S atomic
ratios of 1:2.7 and 1:1.4, respectively.

The BET analysis of Product 2 yielded a specific surface area of 3.49 m%/g. The
isotherm is type Il of BDDT classification [98]. The hysteresis loop in the isotherm
belongs to type A which is usually associated with cylindrical pores [89]. The calculated
volume of mesopores (I < r < 25 nm) is 42% and for the micropores 9.3%. The
average pore radius is 8 nm.

The viscosity of Product 1 was measured. However, the gel liquified when it was
under load. It regained its high viscosity appearance after unloading. This kind of

behaviour indicates that Product 1 undergoes thixotropic alteration[91].

3.5. CHARACTERIZATION OF THIN FILMS

The XRD patterns of the metal sulfide thin films indicate that they are amorphous.
The micrographs of the GeS, (TF1) and ZnS (TFS) thin films are shown in Fig. 3.5.1.

They indicate that the films consist of colloidal particles. Film TF1 was
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Fig. 3.5.1 Scanning electron micrographs of the thin films: a) TF1,prepared
from Ge(OEY),, solution 5; b) TFS, prepared from Zn(OBu"),.
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formed by one immersion of the glass slide into solution 5 just before the gel point.
The thickness of the film estimated from the micrograph (Fig. 3.5.1a) is =5 um. Film
TFS prepared by one dip of the slide into the colloidal dispersion of ZnS covered the
substrate uniformly. The thickness of this film is =0.5 um. Both films TF1 and TF5
demonstrated good adhesion to the slide when tested by scotch tape.

The size of the particles is different for different films. For instance, it is less than
0.1um for the GeS, film (TF2), prepared by one dipping of the slide into the solution 6.
The size of the particles increased (~ 3x) after the second immersion of the slide into the
same solution. Film TF3 consists of particles size ~ 1pm which irregularly covered the
slide. The tungsten sulfide film (TF4) containing spherical colloidal particles size ~ 1l um

inconsistently adhered to the substrate.

3.6. POTENTIOMETRIC TITRATION
3.6.1. Accuracy

The accuracy of the applied method was tested by performing potentiometric
titration of two equal volume aliquots of the H,S/toluene solution by HgCl, and AgNO,;.
The resulting potentiometric curves are shown in Fig. 3.6.1. The inflection point on the
curve, if HgCl, is a titrant, is at 1.75 mL, while on the curve of AgNO, titrant, it is at

3.5 mL. From a previous equation [99],

lel = V2N2 (3.6. 1)
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Fig. 3.6.1 Potentiometric titration curves of the same samples of H,S in
toluene, titrated with:(O) 1x10? M HgCl,; (A) 1x102 M AgNO,.
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the concentrations in the H,S samples were calculated for both titrants. The same result,
1.75X102 M, was obtained. In eq.(3.6.1) V, and N, are the volume and normality of the
H,S solution, V, is the volume of the titrant corresponding to the equivalence point and
N, is the titrant normality. The concentrations of HgCl, and AgNO, were 1x102 M,

which correspond to 1x10° N HgCl, and 5x10° N AgNO; in regard to S*.

3.6.2. Reproducibility

The reproducibility of the method was tested by titrating five separate 0.1 mL
aliquots of the H,S/toluene solution with 1x102 M AgNO;. The volume of titrant at the
equivalence point was 8.4 mL for all five titrations.

Fig. 3.6.2 represents potentiometric curves of two samples taken from the sol-gel
reaction mixture at the same time (3.5 h from the start). The curve in Fig. 3.6.2a was
obtained by titrating a 0.1 mL sample containing H.S, germanium sulfide and germanium
mercaptide with 1x102 M AgNO;; however, the curve in Fig. 3.6.2b is the result of the
titration of a 1 mL sample with the same titrant after H,S removal by purging. The
difference between the titrant volumes at the first (5.2 mL) and the second (5.6 mL)
equivalence points in Fig. 3.6.2a was 0.4 mL, while in Fig. 3.6.2bitwas 4.1 mL. If it
is assumed that the first equivalence point represents the precipitation of Ag,S (sulfide
S* from H,S and GeS,) and the second the precipitation of GeSAg ( GeS™ mercaptide
from GeSH), the volume difference between equivalence points on the curves (Fig.
3.6.2) recalculated for the same sample volumes is equal and indicates the concentration

of the mercaptide. Thus, the total mercaptide (SH) concentration is Cgy = 4.1x102 M,
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Fig. 3.6.2 Potentiometric titration curves of the sample taken from the sol-gel reaction
mixture after 3.5 h: a) 0.1 mL of the sample titrated with 1x10? M AgNO;;
b) 1 mL of the sample titrated with 1x10? M AgNO, after removal of H,S.
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making that of germanium mercaptide Ge(SH), four times lower, 1.025x102 M. Further,
the concentration of total sulfide (S) from the Fig. 3.6.2b is C; = 2.05x10 M indicating
the concentration of GeS, is 1.025x10? M. From the first equivalence point in Fig.
3.6.2a the calculated total sulfur concentration is 26x102 M. The difference of total

sulfide concentrations determined from Fig. 3.6.2a and 2b gives the H,S concentration

before purging.

3.6.3. Selectivity
The Ag/AgS, electrode potential dependence on the concentration of free ions is

defined by the Nernst equation. In the case of free Ag* in the test solution, the potential

equation is

2.3RT
logCag+ 3.6.2)

Exgring = E”pgaing +

where 2.3RT/F is 58.1 mV at 20°C and C,,, is the silver ion concentration. The number
of electrons n involved in eq.(3.6.2) is 1. The apparent standard electrode potential E*’
includes the standard electrode potential E°g+/a¢» liquid junction potential, reference
electrode potential (saturated calomel) and activity coefficient of silver ion, logy,.
However, if there are sulfide ions in the solution, then the Nemst equation is expected
to be

2.3RT 2.3RT
logK s +

E =E”ing + logCs (3.6.3)

2F
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where K, is the solubility product of silver sufide formed during precipitation and
number of electrons n=2 involved in the reaction. Similarly, the Nernst equation for the
electrode potential depending on mercaptide concentration is

2.3RT 2.3RT
10gKgesag - —— 108Csu (3.6.4)
F

E = E"pung +

where Kge,, is the solubility product of germanium silver mercaptide GeSAg formed
during titration and n=1.

In order to check the agreement of the experimental results with the Nemst
equation, measured electrode potentials E, used for plotting curves as those in Fig. 3.6.1
and 3.6.2, were also plotted as E = f(logC). Representative curves are shown in Fig.
3.6.3. The concentrations C; of free, potential determining species S* from H,S or GeS,,

GeS- from GeSH, and Ag* from excess AgNO, were calculated in the following way

Cs = (veql = V)M/2 mOIC/L (3.6.5)
Ceit = (Voz - V)M mole/L (3.6.6)
Cag+ =(V - V)M mole/L 3.6.7)

where V,,, and V,,, are the first and second equivalence points, V is the volume of added
titrant and M is the titrant molarity.

Results of evaluation of these linear plots are shown in Table 3.6.1. The slopes of
the graphs, p(2.3RT/F) = p58 mV, indicate the stoichiometry of the electrochemical

reactions involving S*, GeS™ or Ag* at the electrode. The stoichiometric coefficient p
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-400 L‘)//‘:32- from H,S titrated with HgCl,

& S2 from H,S titrated with AQNO3
& S2- from GeS, plus GeS™
-500 ® GeS”

-600

E (mV)

-800

305

300

E (mV)

295

290

2.0 -1.9 -1.8 -1.7
log [Ag*]

Fig. 3.6.3  Electrode response to different ions plotted as E=f(logC,). Graphs were
obtained from data for: a) Fig. 3.6.1, part I, S* from H,S titrated with
HgCl, (O); Fig. 3.6.1, part I, S* from H,S titrated with AgNO, (a);
Fig. 3.6.2, part I, S* from GeS, and GeS™ were present in the solution
(A); Fig. 3.6.2, part II, only GeS" was in the solution (®); b) Fig.
3.6.2a, part IlI, Ag* from the excess AgNO, in the solution.
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is defined as 1/n. If the Nernst equation were applicable to eq.(3.6.2), (3.6.3) and (3.6.4),
then the stoichiometric coeflicients p would be 1, 1/2 and 1 mV, respectively. Apparently, the
slopes for reactions involving S* and GeS are greater than expected (Table 3.6.1). They
indicate complex formation. Nevertheless, the slope of the linear graph for electrode response

to Ag’ is 58 mV as expected.

Table 3.6.1 Results of the electrode response to different ions obtained from the linear
graphs in Fig. 3.6.3.

Electrode Slope Intercept P -logK,,  Detection limit
response to (mV) (mV) -logC;
S*from H,S 69 -932 1.2 23.0 13.1
(AgNO, titr)
S*from H,S 78 921 13 22.8 11.8
(HgCl, titr)
S*from GeS, 89 -770 1.5 203 9.0
GeS’ 155 -630 2.7 179 40

Ag’ 58 +406 1.0 - 7.0

The linear graphs E=f(logC), where C; is either of S, SH or Ag*, were
extrapolated to limiting cases when Cs, Cgy and C,,. = 1 M. The obtained intercepts
E, are listed in Table 3.6.1. The intercept of the plot E=f(logC,,.) is actually the
standard silver-silver ion electrode potential, E*’5,./a,, and experimental value is +406

mV for the present conditions. Since the equations of the intercepts for the graphs of s>
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and GeS" are

E, = E” ppoing + 958 l0gKs (3.6.8)
E, = E” pperng + D58 logKan (3.6.9)

the experimental intercepts were used to calculate apparent solubility constants for the
silver-sulfide complex K; and silver mercaptide complex Ksy formed at the electrode.
The results are shown as -logK,, in Table 3.6.1. The coefficients q and p, equal 1/n,
define the stoichiometry of the corresponding electrochemical reactions.

Further, the graphs E=f(logC) were extrapolated to E=0. The obtained values

-logC; represent the intrinsic detection limits for the particular ions[100]. Thus,

10gC; = (E” ageiag + P58 l0gKe) / p58 (3.6.10)

is the equation which defines the detection limit. The results experimentally obtained
from the extrapolations are shown in Table 3.6.1.

In Table 3.6.2 results of the study of the electrode response to GeSH are shown.
The test solutions were prepared from samples taken at early stages of the sol-gel
reaction when only GeSH was formed (1-3) or after sulfide precipitation (4,5). The
column Time(h) in Table 3.6.2 represents elapsed time from the beginning of the sol-gel
reaction. From the results in Table 3.6.2 it is evident that silver-mercaptide complexes
were formed. The complexity of formed compounds increased with time as seen from

the stoichiometric coefficient p. Detection limits are almost constant, =42,
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corresponding to a mercaptide (SH) concentration of 6.0x10° M.

Table 3.6.2 Electrode response to GeS™ ions.

N° Time Slope Intercept p logK,, Detection limit
t) (mV) (mV) ~logCsu

1 1 77 -315 1.3 12.4 4.1

2 4 120 -547 2.1 16.4 4.6

3 5 184 - 3.2 20.3 4.2

4 11 202 -875 35 22.0 4.3

5 12 257 -994 44 24.0 39

The electrode potential for the mixture of S and GeS™ should be defined with the

following equation{[101]

2.3RT 2.3RT

E=E"\in + logKsy - log (Csu + ksus™Cs'?) 3.6.11)

where kg, s5* is a selectivity coefficient given by the ratio of the corresponding solubility

products of the compounds formed

Ksu
kg '™ == (3.6.12)

Ks
The selectivity coefficient was determined experimentally by a method for mixed
solutions[101]. In order to realize better agreement with experimental results eq.(3.6.11)
was modified to
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2.3RT 23RT
longH -

E=E" gt log(Csi® + kgyys™CsY) (3.6.13)

Based on

23RT 2.3RT
logKg, + logCqi’ (3.6.14)
F F

E=E"qun*

electrode potential E determined by concentration Cg, in a solution of pure GeS", and

2.3RT 2.3RT
logKgy + log(C's” + ksu.stC'sq') (3.6.15)
F F

E=E "t
electrode potential E'defined by concentrations C'y; and C'sin the mixed solution of GeS™ and
SZ, the following equation was derived from E-E'

(FEFRIC_F) - C'F = k SHS ‘& (3.6.16)
used for experimentally determined selectivity coefficient. Parameters p, p' and q' are the
corresponding stoichiometric coefficients. Results for the selectivity coefficients at different

concentrations are shown in Table 3.6.3. The coefficients are of the same order, 10°, although

the ranges of the primary GeS" and the interfering S* ions were sufficiently wide.
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Table 3.6.3 Selectivity coefficients obtained experimentally for different
concentrations of pure primary GeS- ion (C,y) and mixtures of the
primary (C’gy) and interfering S* ion (C’y).

Cau C'su Cs

Mixture Kgy.s™
(10*M™ (10° M) (10*M™

1 0.5 1.1-160 0.1-50 1.4x10°
1.1 2.4-12 1.8-20 4.7x10°
2.0 3.7-23 1.0-15 0.9x10°

The selectivity coefficients were also determined directly from the plots E=f(logC;). This
can be explained from data used in mixture 2, Table 3.6.3. From a potentiometric curve
E=f(V,4.), the concentrations of S> and GeS" ions in the mixed solution determined
from equivalence points were C’s = 20x10° M and C’s; = 8x10° M. Then, the plot
E=f(logC;) was made. From the parts of the plots E=f(logC;) before equivalence points
1 and 2, the intercepts E; for logCs=0 and logC,, =0 were obtained, -828 mV and -637
mV, respectively. Taking the experimentally determined E”,,,,,=+406 mV, the

solubility products were calculated from equations

E; = E” e + (2.3RT/F) logKgy (3.6.17)
E; = E”ppoing + (2.3RT/F) logK, (3.6.18)

Hence, Kg;=10" and K;=10%"; when substituted in eq.(3.6.15), kg s"*=2.0x10°.
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3.7. CHEMICAL KINETICS
3.7.1. Kinetic data

Typical potentiometric curves E=f(V, 4 ) are shown in Fig. 3.7.1. They were
obtained by potentiometric titration of samples taken from the reaction mixture at
different times after purging the unreacted H,S. From the equivalence points of the
curves, the concentrations of S (M) and SH'(C) evolved during the reaction were
determined. They are listed in Table A2, A3 and A4 (Appendix I) for the reaction

mixtures containing [H,S)/[Ge(OEt),] in molar ratios 9:1 and 1:1.2 and for mixture

[Ge(OPr),] and [H,S], respectively.

3.7.2. Reaction mixture containing [H,S])./[Ge(OE?)], in ratio 9:1
The sol-gel reaction of germanium ethoxide and hydrogen sulfide in a molar
concentration ratio 1:9 was performed at four different temperatures 30, 40, 45 and
50°C. The Tyndall effect appeared after ~9.5 h, while all samples gelled within 12-14
h from the beginning of the reaction.
Typical concentration-time data for reactant ethoxide (A), intermediate mercaptide
(C) and product sulfide (M) are plotted in Fig. 3.7.2. There is a concentration-time
delay, induction period, before sulfide (M) appeared in significant concentrations, as seen
on the curve [M] = f(t). The extent of the induction period varies with temperature. It
was the shortest at S0°C, S h, increased to 6 h at 45 and 40°C and even to 9 h at 30°C.
The concentration of germanium mercaptide [C] measured at the end of the induction

periods was =1.29x10° M at all temperatures.
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Fig. 3.7.1 Potentiometric titration curves of samples undergoing the sol-gel reaction
performed at 30°C with Ge(OPr),, titrated with AgNO,. The samples were
taken : 1) 0.5h; 2) 1.5h; 3) 2.5h; 4) 3.5h; 5) 4.5h; 6) 5.5h, from the beginning

of the reaction.
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Fig. 3.7.2 Concentration as a function of time for: M - sulfide (=GeSGe=); C -
mercaptide (=GeSH); A - ethoxy group (=GeOEt), for the sol-gel reaction if
[H,S]/[Ge(OEt),], is 9:1. The reaction was performed at 50°C.
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There are two distinguishable linear parts on plots of -In([A)/[A],) versus time. In Fig.
3.7.3 the first linear parts of these curves for various temperatures are shown. The length
of this linear part overlaps with the induction period. Its linearity indicates that thiolysis
is of first order with respect to the concentration of ethoxide groups [A] in this reaction
period. It was assumed that thiolysis was a pseudo-first order reaction in regard to [A].
The slopes of the straight lines -In([A}/[A].) = f(t) are assigned to the apparent thiolysis
rate constants k,,” = k;B,. The apparent constants k.’ and calculated k; constants are
listed in Table 3.7.1.

In order to determine the condensation rate constants, plots of AM/At as ordinate
against [C] as abscissa were made for various temperatures (Fig. 3.7.4). The reaction
rate of sulfide appearance, AM/At, was calculated for sulfide concentrations in the
reaction period which coincides with the second linear part of the graph -

-In([A)/[A].)=f(t). The slope of this plot is assigned to the apparent alcohol forming
condensation rate constant k.’’’ =k;{A],. The apparent constants k.’’’ and calculated
values of k; are shown in Table 3.7.1. Values of the same order were obtained for k;
when the concentration-time integral method was used.

In order to determine the functional relationship for the reaction rates k; and k; with
temperature, Arrhenius plots, Ink vs. 1/T, and transition-state theory plots, In(k/T) vs.
1/T, were made. They are shown in Fig. 3.7.5a and b, respectively. From the slopes of
the lines in Fig. 3.7.5a, the activation energies of thiolysis and condensation are
calculated and from the intercepts the frequency factors. The enthalpies AH?* of thiolysis

and condensation reactions were calculated from the slopes of the graphs in Fig. 3.7.5b.
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Fig. 3.7.3  Plots of -In([A})/[A),) as a function of time for various
temperatures when [H,S]/[Ge(OEt),], is 9:1
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[C] (10°3m)

Fig. 3.7.4  Plots of reaction rate of sulfide formation A[MJ/At as a function of
mercaptide concentration [C] at various temperatures for the
sol-gel process when [H,S]/[Ge(OEY),], is 9:1.

111



ko (a)

= -
IS
-10.0
-13.0
3.1 3.2 3.3 3.4
1 .103(k-1
T 107°(K™")

Fig. 3.7.5 Influence of the reaction temperature on the thiolysis (k,) and the
condensation (k;) rate constants: a) Arrhenius plot, Ink vs. (1/T),
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Fig. 3.7.5  b) transition-state theory plot, In(k/T) vs. (1/T), for the sol-gel process if
[H,S]/[Ge(OEY),], is 9:1.
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Table 3.7.1  The thiolysis (k;) and the condensation (k;) rate constants obtained
from apparent values k,,’ and k""" respectively at different
temperatures for the sol-gel process if [H,S]/[Ge(OEY)], is 9:1. The
values are shown along with standard deviations (+0).

Temperature - Kepp' k, k'’ ky
° 7! 7 -1 -1 104(M-s)"
O 10°(s7) 10°(M-s) 104M-s)
30 1.54+0.07 3.9+0.2  0.22+0.007 1.28+0.04
40 3.9 £0.2 9.8+0.4 0.51+0.02 2.9 £0.1
45 5.6+£0.7 14 +2 0.84+0.02 4.7 £0.1
50 7.9 £0.5 20 +1 1.3 £0.1 7.4 £0.6

The intercepts were used to calculate the entropies of activations AS# of both reactions.
From these activation parameters the free energies of activation for the transition state

of thiolysis (TS1) and condensation (TS2), were obtained from the Gibbs-Helmholtz

equation[102]

AG* = AH* - TAS# 3.7.1)

where T represents the middle of the studied temperature range, T = 314.25 K. The
activation energies E,, frequency factors A and activation parameters are listed in Table

3.7.2.
The sol-gel reaction enthalpy AH was calculated from the enthalpies of activations

for thiolysis AH#, and condensation AH#,

AH = AH#, - AH#, = 4 kl/mole (3.7.2)
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Table 3.7.2  Activation energies, frequency factors, activation parameters and
corresponding standard deviations (+0), of the sol-gel reaction if

[H;S]/[Ge(OEL) ], is 9:1.
Reaction E, A ASt AH# AG*
(kJ/mole) M-s)*! (/moleK) (kJ/mole)  (kJ/mole)
Thiolysis 67+1 1.3x10° -160+16 64+1 11445
(k)
Condensation 7143 2.0x10* 94+10 68+3 98+6
(ks)

3.7.3. Reaction mixtures containing [H,S] /[Ge(OE?)], in ratio 1:1.2

Sol-gel processing of germanium sulfide from germanium ethoxide and
hydrogen sulfide in an initial molar ratio of 1.2:1 was performed at various
temperatures: 30, 40, 45 and 50°C. The Tyndall effect appearing after ~ 10 h from
the reaction start was succeeded by gelation within the next two hours.

The material balance graph shown in Fig. 3.7.6 is typical for all reactions
followed at different temperatures. The curve representing the sulfide concentration as
a function of time, [M] = f(t), exhibits an induction period as demonstrated in Fig.
3.7.6. The induction periods ended after 2.5 h at 50°C and after 3.5 h at the lower
temperatures 45, 40 and 30°C. The concentrations of the intermediate mercaptide
were different at these points: 2.20x10° M at 30°C, 2.63x10"* M at 40°C, 8.1x10° M
at 45°C and 8.69x10° M at 50°C (Table A3, Appendix I).

In Fig. 3.7.7, plots of -In([A)/[A],) and -In([B)/[B],) versus time are

represented. There is a linear part on each curve whose extent coincides with the

115



1.20

1.00

0.15

Concentration (M)

0.10

0.05

Fig. 3.7.6 Mass balance as a function of time for the sol-gel process if H,S]/[Ge(OEt),],
is 1:1.2. The concentrations of sulfide M and mercaptide C were determined
experimentally, while the concentrations of ethoxy group A and hydrogen
sulfide B were calculated. The reaction was performed at 50°C.
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0.15

Fig. 3.7.7 Plot of -In([Y}/[Y].) as a function of time if Y is: ethoxide group
concentration [A]; hydrogen sulfide concentration [B]. The reaction was
performed at 50°C with the [H,S],/[Ge(OEt),], ratiol:1.2.
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performed at different temperatures are shown in Fig. 3.7.8. The slopes of these graphs

are assigned to the thiolysis rate constants, listed in Table 3.7.3.

Table 3.7.3  Thiclysis rate constants obtained at various temperatures for the sol-gel
processing if [H,S/[Ge(OEY) ], is 1:1.2. The values are presented with

standard deviations (+0).

Temperature (°C) k, x10° (M -s)!
30 0.94 + 0.04
40 1.31 + 0.06
45 3.2 +£0.2
50 3.94 + 0.04

In order to determine the influence of temperature on the thiolysis rate constant,
an Arrhenius plot, Ink vs. 1/T (Fig. 3.7.9a), and a transition-state theory plot, In(k/T)
vs. I/T (Fig. 3.7.9b), were made. From the slope of the line in Fig. 3.7.9a an activation
energy E, = (61+2) kl/mole was calculated. The intercept of the graph inA = 10.3
(Fig. 3.7.92) was used to calculate the frequency factor A = 3x10%. Activation
parameters obtained from the plot in Fig. 3.7.9b are: AH* = (5812) kl/mole, AS# =
(-170+10) J/moleK and AG¥ = (111+5) kI/mole, for the middle of the temperature

interval, T = 314.25 K.

3.7.4. Reaction mixtures containing [H,S],/[Ge(OPY) ], in ratio 2.25:1
The sol-gel preparation of germanium sulfide from germanium isopropoxide and
hydrogen sulfide at a concentration ratio 1:2.25 was performed at four different

temperatures: 25, 30, 35 and 40°C. The Tyndall effect appeared after ~2 h from the
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Fig. 3.7.9 Functional relationship of the thiolysis consatnt (k,) with temperature:
a) Arhenius plot, Ink vs. (1/T);
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Fig. 3.7.9 b) transition-state theory plot, In(k/T) vs. (1/T), for the sol-gel process
with [H,S]/[Ge(OEt),], ratio 1:1.2.
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beginning of the reaction. Gelation started after ~ 12 h.

A typical graph of concentration plotted against reaction time for reactants and
products is shown in Fig. 3.7.10 for the sample prepared at 40°C. The intermediate
mercaptide (C), approaches almost a constant concentration of 3.9x10° M after 3.5 h.
Similar behaviour of intermediate (C) was observed for all the other samples prepared
at different temperatures. Nonetheless, the limiting concentration and the time when it
was achieved was affected by temperature. Thus, the concentrations were 3.2x107,
2.7x10 and 2x10° M and corresponding time 4, 4.5 and 5.5 h for samples prepared at
35, 30 and 25°C, respectively.

The plotted graphs In(fA}/[A].) and In([B)/[B],) vs. time yielded straight lines for
reactions performed at all temperatures, indicating that the reactions were first order with
the respect to the concentrations of reactants A and B. Typical plots are shown in Fig.
3.7.11.

In Fig. 3.7.12, graphs {1/([Bl,-{Al,)}* In([A].[BJ/[A][B].,) vs. time plotted for
various temperatures are presented. The plots are linear, indicating that reactions are
second order with the respect to both the concentrations of the isopropoxide group and
hydrogen sulfide. The slopes of these lines are assigned to the thiolysis rate constant k;.
The values for k, are recorded in Table 3.7.4.

When [M] was plotted against ,, § '[C]?dt for various temperatures, linear graphs were
obtained as shown in Fig. 3.7.13. The slopes of these straight lines were assigned to the

H,S forming condensation rate constant k,. The k, values are listed in Table 3.7.4.
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Fig. 3.7.10 Mass balance of the components present in the sol- gel process reaction
mixture containing [H,S]/[Ge(OPr),], in ratio 2.25:1 : M- sulfide; C-
mercaptide; A-isopropoxide group concentrations. The reaction was
performed at 40°C.
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Fig. 3.7.11 Determination of the reaction order of the sol-gel process with
[H,S]/[Ge(OPr'),], ratio 2.25:1, performed at 25°C. Plots
- In([Y)/[Y],=f(t) for : ethoxide group (A); hydrogen sulfide (B).
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Fig. 3.7.12 Plots of In as a function of time for various

[Bl.-[Al, [A][B],
reaction temperatures. The slopes of the plots are assigned to k;.
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Fig. 3.7.13 Plots of concentration of sulfide [M] as a function of the mercaptide
concentration-time integral, ,['{C}*dt, for various temperatures. The slopes of
these lines are assigned to the constant k,.
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Table 3.7.4 The thiolysis (k;) and the condensation (k,) rate constants of the sol-

gel process with [H,S}/[Ge(OPr)], ratio 2.25:1 at various
temperatures. The constants are shown along with standard

deviations (+0).
Constant Reaction tempuerature (°C)
M-s)*
25 30 35 40
k,+0)x10° 3.3 +£02 11.9 +£ 0.1 19 +£2 2.4 + 09
k,+0)x10° 6.8 + 0.1 99 + 0.1 13+1 18.8 £ 0.7

Activation energies were determined from Arrhenius plots (Fig. 3.7.14a) and the
activation parameters from the transition-state theory equation (Fig. 3.7.14b) for both

rate constants k, and k,. The results are presented in Table 3.7.5.

Table 3.7.5 Activation energy, frequency factor, activation parameters and standard
deviations (+o) of thiolysis and condensation when Ge(OPr), is a
precursor.

Reactions E, A AS¥# AH# AG#
(kJ/mole) M-s)? @J/moleK) (kJ/mole) (kJ/mole)

Thiolysis 98 + 2 6.7x10"  -28.940.9 95+2 10412
L))

Condensation 51.8+0.9 8.4x10° -121+4 49.31+0.8 8612
(ko)
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Fig. 3.7.14 Influence of reaction temperature on the thiolysis (k;) and condensation
(k;) rate constants: a) Arrhenius plot, Ink vs.(1/T); b) transition-state
theory plot, In(k/T) vs. (1/T).
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From the activation enthalpies of thiolysis AH+, and condensation AH#, listed in Table

3.7.5, the sol-gel reaction enthalpy is calculated

AH = AHY, - AH#, = -45.7 kl/mole (3.1.3)
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CHAPTER 4

DISCUSSION

4.1. PREPARATION OF GeS, WITH LOW OXYGEN CONTENT

4.1.1. Dried gels

Gels 1A and 1B were produced using undried H,S, while gels 2 and 3 were
processed from H,S dried with anhydrous CaSO,. There was an air leak into the reaction
mixture when gel 3 was synthesized.

Infrared spectra of dried gels 1A, 1B and 3 from 400-4000 cm™ indicate that the
solid network consist of GeO, and GeS,, while the liquid medium within it is a mixture
of toluene and ethanol. The IR spectrum of gel 1A has well defined absorption peaks,
typical for hexagonal GeO,, while gels 1B and 3 have only broad bands. Gel 2 does not
show any absorption in the IR region 400-1000cm™ which indicates no GeQ,.

The XRD pattern of gel 1A also indicates the presence of hexagonal GeO,.
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Although the XRD peaks of gel 1B are broad, they also confirm the presence of
hexagonal GeO,. The XRD patterns of gels 2 and 3 show that they are amorphous
products with no indication of crystalline GeO,. Comparing the IR and XRD results of
gels 1A, 1B and 3 with those reported by Melling[11] and Seddon[12], similarities
between them are obvious. The XRD pattern of gel 1B matches that of product A
obtained by Seddon[12]. Also, the IR spectra of gels 1B and 3 are similar to the IR
spectrum reported for product A[12). They have the broad bands at 570 and 880 cm™,
assigned by Mukerjee and Sharma[86] to gel derived GeO,. The IR spectrum of gel 1A
in the range 400-1000 cm™ matches the spectrum of Seddon‘s product synthesized from
germanium ethoxide exposed to ambient atmosphere before reaction with H,S[12]. The
difference between these two spectra is the presence of toluene peaks in the 1A gel
spectrum. This study‘s gel 1A and the gel synthesized by Melling[11] have XRD patterns
which are almost identical and are representative of GeQ,.

Among IR and XRD results previously reported for gel derived GeS,, those
obtained for gel 2, are unique. Thus, the IR spectra of vitreous GeS,, produced from the
melt by Seddon[12] and Kawamamoto and Kawashima[87], are comparable to that of gel
2. Results of IR and XRD analyses show the presence of hexagonal GeO,, which is
indicative of a water impurity involved in the sol-gel reaction. Drying of the H,S gas
decreased contamination of the reaction mixture by water, thus reducing or eliminating
GeO, formation. Gel 1A has well defined IR absorption peaks and XRD lines due to
GeO,, which broadened in gels 1B and 3, and did not appear in gel 2.

The fact that drying the H,S reduced the amount of water in the reaction
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was confirmed by the quantitative chemical analysis of gels 1B and 2. Gel 1B contains
ten times more oxygen then gel 2.

The results of chemical analysis of gels S and 6 indicate that the synthesis method is
reproducibly.

The IR spectrum of gel 2 indicates the presence of an absorption peak at 2516 cm™,
assigned to GeS-H. It also shows appearance of ethanol (peaks at ~ 1124, 1280, 1713,
1939, 2860, 3330 cm™?). This evidences that the sol-gel synthesis of GeS, from
Ge(OC,H;), and H,S follows the reaction mechanism proposed by Melling[11].

The GeS-H vibration absorption peak, seen for gel 2, does not exist in the IR
spectra of gels 1A, 1B and 3. Since there is IR evidence (shoulder peaks at 405 and
438cm™) that these gels contain GeS,, it seems that the condensation reaction was
completed. There are the two possible reactions to explain the results:

a) In gels 1A, 1B and 3, H,S liberated per reaction (1), was removed from the reaction

mixture by the H,S gas flow, causing the Ge-SH to react completely:

=Ge-SH + HS-Ge= 2 =Ge-S-Ge= + H,St “4.1.1)

b) Since gels 1A, 1B and 3 contain both GeO, and GeS,, sol-gel processing of both
compounds occurred simultaneously. Heterogeneous condensation is also possible and the

following reactions could be proposed:

=Ge-OH + HS-Ge= 2 =Ge-S-Ge= + H,0 “4.1.2)
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mGe-OH + HS-Ge= # =Ge-O-Ge= + H,S?t “4.1.3)

The reaction (4.1.3) is favoured thermodynamically due to formation of stronger bonds
(Ge-0). Calculated (aG°, - 4G°g) is 163.1kI/mole.

Continued condensation of monomers = Ge-S-Ge = with functionality f>2 caused
their crosslinking into three dimensional structures which formed the nuclei of colloidal
particles. Scanning electron micrographs of the gels reveal that they consist of linked,
essentially monodispersed spheres (size =0.1um). These particles are connected by necks
to form a porous 3-dimensional network. Due to similarities between Ge and Si ethoxide
chemistry, it is likely that the growth mechanism of GeS, and SiO, colloidal particles
in a sol-gel process would be similar. For a neutral pH solution condition, Keefer[103]
simulated a reaction-limited monomer-cluster growth of SiO, by the Eden model. This
growth model assumed fast condensation with slow hydrolysis being the rate limiting
reaction. Primary particles formed assuming this model is valid should be compact,
smooth structures.

The BET analysis of gels 1A, 1B and 2 confirm this proposed aggregation growth
model. For instance, amorphous gel 2 has a particle size =0.1 um estimated from the
SEM micrographs. The surface area determined by BET is 227 m?*/g, which is consistent
with a particle radius of 4.5 nm calculated from the GeS, density, 2.94 g/cm®. Therefore,
the 4.5 nm particles could be considered to be the primary particles whose aggregation
resulted in formation of the secondary 0.1 um particles. Gels 1A and 1B have the same

structure, with primary particles of 12 and 15 nm, respectively.
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Comparing the volume of micropores within the secondary particles to the pore
volume between them (mesopore volume), it is evident that the primary particles are
highly packed, whereas the gels are formed by packing the secondary particles into open
structures. The surface areas of gels 1A, 1B and 2 differ radically, although the
micrographs show similar sizes for the secondary particles. This apparent inconsistency
is probably due to differences in the primary particle size. Gel 2 has the highest surface
area, hence this gel consists of the smallest primary particles. Since interparticle
connection or fusion can diminish the surface area, this could be the reason for the
difference in the surface areas of gel 1A and 1B, obtained from the same reaction
solution. The type A BET isotherms of gels 1A, 1B and 2 indicate that particles were
connected by necks, leading to cylindrical porosity.

It has been shown that slow hydrolysis of tetraethoxysilane (TEOS) in neutral
solutions promotes formation of colloidal particles[104]. The analogy between SiO, and
GeO, solution chemistry, renders it likely that slow thiolysis occurred in the neutral
toluene solution of Ge(OC,H;),. From equation (4.1.4) it is apparent that the
concentration of precursors, their concentration ratio and the reaction temperature are

important

=Ge-OR + H,S @ =Ge-SH + ROH “4.1.4)

reaction parameters. Even though the concentration of Ge(OEt), was ten times lower for

the synthesis of gel 2, it has a particulate structure similar to gels 1A and 1B. However,
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the primary particle size of gel 2 is smaller due to the Ge(OEt), concentration change.

4.1.2. Heat treated gels

Infrared spectra of the heat treated gels 1A and 1B reflect changes in the physical,
chemical and structural properties which occurred during isothermal heating at 630°C.
Toluene and ethanol were desorbed, condensation reactions were completed, and the
GeO, and GeS, phases separated, transformed and densified.

At this temperature, amorphous GeS, densified by viscous sintering. Hexagonal
GeO, was transformed to the tetragonal allotropic form. XRD and SEM investigations
show that the tetragonal GeQ, forms large grains. Differences in the peaks observed and
the intensity of the same XRD peaks of tetragonal GeO, in 1A and 1B are indicative of
a preferred crystal orientation caused by the XRD sample preparation. SEM observations
of the crystal cross section show that the structure of GeO, coarsened (Fig. 3.1.6c,d),
and that isolated pores were formed. Further densification of the crystals was arrested
by these pores. Upon further heating, the shape of the pores in product 1B will cause
shrinkage, while in product 1A the pores will grow.

Heat treatment of gel 2 also resulted in desorption of toluene and ethanol,
condensation of non-reacted Ge(SH),(OC,H;),, and sintering. The IR and XRD analyses
of the heat treated gel 2 indicate that the product is solely monoclinic GeS,. Thus,
during the heating, the gel 2 densification and phase transformation occurred. The
micrograph of the heat treated gel 2 (Fig. 3.1.6g) reveals a vermicular structure of

monoclinic GeS,, which probably formed by homogeneous nucleation. Amorphous GeS,
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behaved differently on heating in gels 1A and 1B than in gel 2. In gels 1A and 1B the
GeS, phase densified, while in gel 2 it crystallized. To understand this phenomenon, the
explanation given by Zarzycki[105] for silica gel can be employed. He pointed out that
both processes, crystallization and viscous sintering, are determined by viscosity

according to the following equation, derived by Uhlmann[106]

V « (t/7)'T? exp(-W" /KT) 4.1.5)

where 7 is the viscosity of the gel at temperature T, t is the time of crystal volume
fraction V formation, and W* is the energetic barrier for spherical nucleus formation.
Anything that changes viscosity, such as the content of OH or O, will influence the
crystal volume fraction.

Since heat treatment parameters were the same for gels 1A, 1B and 2, the only
significant factor which influenced the behaviour of the GeS, was the presence of OH and
O in gels 1A and 1B, which increased viscosity in the gels. The consequence of the
increased viscosity was a decreased crystal volume fraction V. In gel 2, homogeneous
nucleation was able to proceed. The temperature was obviously high enough to allow for
the formation of crystal nuclei and to allow diffusion sintering to proceed.

Results indicate that when water content decreased in the reaction mixture, the Ge/S
atomic percent ratio decreased. In the gels, the Ge/S ratio is higher than stoichiometric,
which could be explained by the presence of non-condensed species, or by the formation

of germanium oxide. After heat treatment, the Ge/S ratio changed in all products. The
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big crystals of GeO, in 1A and 1B have a very low sulphur content, which actually
originates from the GeS, phase. The Ge/S ratio in amorphous GeS, in products 1A and
1B has decreased radically from 1:0.3 and 1:0.7 to = 1:1.7, indicating that during heat
treatment, the homogeneous gel mixture of GeS, and GeO, separated into two immiscible
phases. After heat treatment the Ge/S ratio in sample 2 also decreased, from 1:1.8 to

1:2.3, indicating that the condensation was completed.

4.2. PREPARATION OF GeS, FROM THE MIXTURE OF GeS,-GeO, GEL
AND SULFUR

The IR spectrum of the gel has well defined absorption peaks, typical for hexagonal
GeO, whose presence is also confirmed by the sharp peaks in the XRD pattern of the gel.
Although the XRD pattern of the gel does not indicate amorphous GeS,, its presence was
confirmed by IR spectroscopy. However, both the IR spectrum and XRD pattern of the
gel confirmed the presence of crystalline orthorhombic sulfur.

The overall reaction for H,S oxidation could be proposed as

H+
H,S + %0, # §° + H,0 4.2.1)

The sulfur formed per reaction (4.2.1) was carried into the reaction mixture by the

H,S gas flow and it crystallized into the stable orthorhombic structure within the gel.
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Influence of the acid on the H,S oxidation can be explained by the following

electrochemical reactions

HS = 2H" + §° + 2 (4.2.1a)
2H* + %0, + 2¢ 2 H,0 (4.2.1b)

If the reaction (4.2.1b) is the slow step then the presence of the concentrated acid helps
the oxidation of H,S to occur. The oxygen involved in this reaction (4.2.1b) probably
comes from air trapped above sulfuric acid in the erlenmeyer.

Since the gel contains both GeO, and GeS,, the sol-gel processing of these

compounds occurred simultaneously. The following reactions could describe the

formation of GeO,
=Ge-OR + H,O0 # =Ge-OH + ROH 4.2.2)
=Ge-OR + HO-Ge= # w(Ge-O-Ge= + ROH @.2.3)
=Ge-OH + HO-Ge= 2 =Ge-O-Ge= + H,0 4.2.49)

In the IR spectrum of the gel, the GeO-H bond was identified providing evidence for this
reaction mechanism for the sol-gel processing of GeO,. Water involved in the reaction
was formed according to reaction (4.2.1) and also present in H,S. It was introduced into

the mixture by the H,S gas flow.
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The reaction mechanism for the sol-gel processing of GeS,, proposed by

Melling[11], consists of the following reaction steps

=Ge-OR + H,S # =Ge-SH + ROH 4.2.5)
=Ge-SH + RO-Ge= 2 =Ge-S-Ge= + ROH 4.2.6)
=Ge-SH + HS-Gem 2 =Ge-S-Ge= + H,St “4.2.7)

In reaction (4.2.7), formation of mGe-S-Ge= is favoured since the H,S gas is easily
removed from the reaction system.

Characterization results of the gel after heat treatment indicate that the product is
monoclinic GeS,. From Table 3.2.1 it is evident that the agreement of d-spacing and 20
of heat treated product and standard is exellent showing that the product is primarily
GeS,. Its structure consists of large crystals with no porosity present at the grain
boundaries. The IR spectrum of the heat treatment product indicates that, besides
consolidation in the gel during heating, reduction of GeO, by elemental sulfur occurred

via the following reaction

GeO, + 38 - GeS, + SO, 4.2.8)

Calculated AG® is -46.3 kJ/mole for this reaction. In the IR spectrum of the gel an
absorption peak which appeared at 473 cm™ was assigned to the S-S bond in elemental

sulfur. This peak has shifted to a higher wave number 483 cm™, indicating the presence
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of S-S bridging in the heat treated product. Therefore, it can be concluded that, besides
conversion, curing of GeS, molecules due to sulfur excess occurred which produced Ge-
S-S-Ge type of connections.

The result of semiquantitative analysis of the heat treated gel shows that the
obtained product is homogeneous, with a Ge/S atomic percent ratio 1:2.9. This result

also indicates an excess of sulfur introduced into the gel during synthesis.

4.3. PREPARATION AND CHARACTERIZATION OF OTHER METAL
SULFIDES

4.3.1. Zinc sulfide gel

Reaction of Zn(OBu'), and H,S in toluene yielded a yellow, semi-transparent gel
which dried into transparent reddish-orange solid. A similar product was obtained from
zinc ethyl (Et,Zn) and an excess of dibenzyl trisulfide, (BzS),S in toluene[21].

The average crystallite size calculated from x-ray line widths[95] is = 10 nm. The
zinc powder obtained by Johnson et al.[25] from zinc methyl, Me,Zn, and H,S in toluene
has a primary particle size also =10 nm. Its XRD pattern is very similar to that shown
in Fig. 3.4.1. The x-ray line broadening indicates that the spherical particles observed
by the SEM (Fig. 3.4.2) are agglomerates of the primary particles. Since the 0.1 um
particles barely agglomerated, the prepared gel is semi-transparent. The scanning electron

micrograph of ZnS gel reveals that the gel is colloidal. Formation of colloidal gels
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requires an excess of formed monomers (-Zn-SH). Therefore, it could be assumed that
this condition was achieved by bubbling the H,S through the solution.
Both IR spectra and the XRD pattern confirmed that the product is a ZnS gel.

The following reaction mechanism can be proposed for the formation of ZnS

-Zn-OR + H,S # -Zn-SH + ROH @.3.1)
-Zn-SH + RO-Zn- & -Zn-S-Zn- + ROH 4.3.2)
-Zn-SH + HS-Zn- 2 -Zn-S-Zn- + H,St 4.3.3)

where R is the (C,H,)- group. Although the butanol was detected by IR, this can not be
used as proof of the proposed mechanism since it was introduced into the solution with
Zn(OBuY),. There is no evidence of ZnS-H absorption band (~ 2500cm™) in the IR
spectrum. The absence of the band was caused either by weak intensity of S-H
stretching[107] or by completion of condensation reactions (4.3.2) and (4.3.3). Energy
dispersive spectrometry (EDS) shows that the dried gel has Zn/S atomic ratio = 1:1. This

result may indeed indicate that the condensation reactions have been completed.

4.3.2. Colloidal tungsten sulfides

Infrared spectra of the tungsten sulfide gel and the powder in the range from 400-
4000 cm” are similar and they indicate the presence of toluene and ethanol which
remained in both products after drying. Since the spectra were collected under the same

conditions, the difference in the amount of absorbed ethanol is obvious: the powder
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retained much more then the gel. The intensity of the ethanol absorption peaks did not
diminish after additional drying of the powder in a vacuum oven at 110°C. The type of
BET isotherm confirms that atomic interaction forces are stronger between nitrogen
atoms than they are between nitrogen and the tungsten sulfide powder. The particle
radius calculated from the BET data and the density of WS,, 7.73 g/cm’, is 0.1 um.
However, these particles are not observed as a constituent of the bigger ones in the
powder micrograph (Fig. 3.4.4b). This discrepancy indicates that the primary particles
are probably much smaller then calculated and that the small specific surface area was
obtained due to powder poisoning by retained ethanol and toluene.

The IR spectrum of Product 2 in the range 400-4000 cm™ has an adsorption band
at =525 cm™ which is indicative of acetaldehyde. The peak at = 1700 cm™ could be also
indicative for acetaldehyde. However, it can also represent adsorbed water. The

formation of acetaldehyde in the powder can be explained by the following overall

reactions:
WCI,(OEt); + 2H,S - WS, + 3EtOH + %Cl, + HCI? “4.3.9)
EtOH + '%Cl, -» HCIt + CH,CHO 4.3.9)

For reaction (4.3.4) it can be assumed that it is a complex reaction mechanism which

consists of the several steps, described schematically as
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(Et0);WCl, + H;S - (EO)W(SH) + % CLt + HCIt (4.3.42)

(E0),W(SH) + 3 H;S - W(SH), + 3 E:OH (4.3.4b)

(SH),W(SH) + (HS)W(SH); = 2 WS, + 4 HS (4.3.4¢)
or

(EtO),W(SH) + (EtO)W(SH); - 2 WS, + 4 EtOH

It is suspected that reaction (4.3.4) initiates at chlorine atoms since Cl is a weaker base
than (OFt) and it occurs as per the Ey2 mechanism. One chlorine atom is eliminated with
hydrogen from the H,S molecule, while the other atom leaves the ethoxide giving up an
electron and oxidizing tungsten from the 5+ to 4+ valence state. In reaction (4.3.4a)
the monomer (RO),W(SH) is formed. It could be assumed that further reactions, thiolysis
(4.3.4b) and condensations (4.3.4c), occur as per the Sn2 mechanism analogous to the
previously suggested reaction of germanium ethoxide and H,S [11]. Similarly, reactions
(4.3.4b) and (4.3.4c) can be proposed for the reaction of W(OEt)s and H,S.

Microanalysis of the sol-gel products reveals that the powder and gel are
nonstoichiometric WS, compounds with W/S atomic percent ratios 1:1.4 and 1:2.7,
respectively. These results indicate that powder should be WS, and gel WS, if thiolysis
and condensation reactions were completed. Even though there is no WS-H absorption
band in the IR spectra of Products 1 and 2, it may not have been identified due to low
absorption intensity.

Products 1 and 2 consist of colloidal particles. However, they are connected in

different patterns forming products with different morphologies. In Product 1 they are
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smaller, connected into a 3-D gel network, while in Product 2 they agglomerated into
larger particles. There are two possible reasons which caused such a difference: The
higher concentration of WCI,(OEt), and the presence of Cl in the molecule of this
alkoxide. Both, higher concentration and Cl, apparently increased the WCL,(OEt),
thiolysis rate when an excess of monomers (=W-SH) was produced, a condition
necessary for monodispersed sols to be formed [108].

The gel was formed by the connection of colloidal particles into asymmetrical
aggregates. From the micrograph in Fig. 3.4.4a, it is apparent that particle densification
also occurred which caused the formation of macropores. Thixotropy of the gel indicates
that it consists of asymmetrical particles connected with weak van der Waals bonds which

break if the gel is exposed to a low shear stress.

4.4. PREPARATION OF THE THIN METAL SULFIDES FILMS

The thin films prepared from GeS, and ZnS colloidal suspensions were smooth and
transparent. They demonstrated good adhesion to the glass slides when tested with the
scotch tape. The micrographs of GeS, (Fig. 3.5.1a) and the ZnS (Fig. 3.5.1b) thin films
also indicate their good adhesion to the substrate. There is no observed fusion line
between the substrate and the films. The connection of glass slides and the films is
probably not only physical, van der Waals attraction. The terminal groups SH and OR

possibly reacted by condensation reaction with OH groups from the silica glass.
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The microstructure of the prepared thin films is similar to that of the corresponding
bulk gels. This indicates that the adhesion of the colloidal particles already formed in the
solution occurred on the glass slide. This observation is also supported by the thickness
of the films TF1 and TF2. The thickness of the film TF1 estimated from the scanning
electron micrograph (Fig. 3.5.1a) is ~5 um. In addition, it has a porous structure.
However, the ZnS sulfide film is ~0.5 um thick and has a more compact structure.
These differences of the GeS, and ZnS thin films can be attributed to the extent of the
sol-gel reaction when the slides were dipped into the solutions. The results show that the
more aggregated colloidal GeS, gel particles adhered to the slide making a thicker and

more porous film than the Zn$ particles.

4.5. DETERMINATION OF SULFUR PRODUCTS IN THE SOL-GEL
PROCESSING OF GeS, BY POTENTIOMETRIC TITRATION

4.5.1. The method accuracy

The calculated concentrations from the data shown in Fig. 3.6.1 and 3.6.2 indicate
that potentiometric titration with the ion selective Ag/Ag,S electrode is a very accurate
method for quantitative determination of H,S, germanium sulfide and mercaptide.
Besides, the method’s reproducibility is excellent as demonstrated with the repeatable
titration of the same aliquots of the H,S/toluene solution. The accuracy of the

concentration determination can be assessed using relative deviation[99]. From

145



eq.(4.5.1), the average relative concentration deviation (AC/C) in terms of the deviations

of the quantities from which it is derived is given by:

AC;, [AV, av,,
—= V¥ () + (—) 4.5.1)
G v Veer

where V,=1 mL is the sample volume measured by 1 mL syringe devided in 0.01 mL
increments, AV,=0.005 mL is the absolute deviation of a single sample volume
measurement. A relative equivalence point volume deviation (AVe,,/Ve,,)=0.1%
represents the precision of the titrant volume measurement, calculated for a 50 mL
burette.Thus, the experimental concentration error is = +0.6 %. However, a method
error, representing the difference between equivalence point and theoretical end point
[109], is negligible due to the high solubility of precipitates Ag,S and GeSAg[110].
Although the calculated error is higher than the ultimate of 0.1%[110], for such analysis
this is still acceptable accuracy for quantitative analysis.

In the Nernst equation the ion concentrations were used instead of ion activities,
a,=c;y; This approximation is valid for any ion concentration c; if activity coefficient
vi=~1. To show that the approximation was satisfied, the activity coefficients are
calculated.

Toluene and 2-propanol are low dielectric constant solvents. Ion formation is quite
different from that in water. In toluene, which is an aprotic solvent, the ions are formed

by solvent solute association{111]. Free ions can be neglected since they are present as
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molecular aggregates. However, in 2-propanol, free ions exist since this solvent is a
protic one. Dissociation of solutes occurs by an ion-pairing mechanism[111]. This
mechanism is responsible for low molecular dissociation. In order to demonstrate this,
the dissociation constant of NaCH,COO in 2-propanol was calculated. The measured pH
= 8.6 is equal to the concentration of ions Na* and CH,COO' that are present. Hence,

the solubility of the electrolyte is

[Na*] = [CH,COOT] = 2.5x10° M 4.5.2)

The dissociation constant calculated from this solubility of Na* and CH,COO" and the
concentration of dissolved NaCH,COO of 5x10? M is 1.26x10™"%, which is 10° less than
that in water (K,” = 3.0x10° M).

Possibly, ion-pairs such as 2(PrH*)S?, 2(PrGe*)S* and PrH*GeS™ were formed
from H.,S, GeS, and GeSH with 2-propanol(Pr), respectively. They further dissociate into
appropriate ions. However, toluene solvates solutes by = electron donation so that an
association reaction occurs. The associates presented in the simplest form could be TH,S,
TGeS, and THSGe formed from H,S, GeS, and GeSH with toluene(T), respectively.
Dissociation of these associates can be completely neglected. Therefore, the influence of
other ionic species except those originating from the electrolyte on the ionic strength of
the solution is absolutely negligible.

Titration of H,S was performed in the NaCH,COO 2-propanol solution. The

dielectric constant of 2-propanol is ¢,=18. It could be considered that the ionic strength
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of the solution is only determined by the NaCH,;COO electrolyte. The influence of
dissolved H,S is neglected due to its expected low dissociation (K, = 6.84x102[112]

in water). From the concentrations of Na* and CH,COOr, the ionic strength of the
solution is

I=%Ycz? = 2.5x10° M 4.5.3)

for z, =2z =1. Substituting this value into the Debye-Hiickel equation[111] for
the mean activity coefficient v, of H* and $*
Alz.z|I*
-logy, = —— 4.5.4)
1 + Bal*
gives v,=0.998. In eq.(4.5.4) z, =1 and z =2 are the H* and S charges,
respectively and q is the ionic radius of the sulfide ion, arbitrarily taken

=5A. Constants A and B were determined for T=293 K and ¢,=18,

1.825x10°
A = —————= 4.6 mole'? (4.5.4a)

(Te)?

50.29x10*
B = ————= 6.9x10" mole'?cm (4.5.4b)
(Te)'?

Therefore, the approximation that a;sc; is permissible. Similar calculations can be

performed for the S$* ion from GeS, and for GeS™ from GeSH titrated in the 50:50 vol %
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mixture of the electrolyte and toluene. In this case, the mean activity coefficients for
sulfide ion and mercaptide were 0.999 and 0.997, respectively

The thermodynamically derived Nernst equation should be independent of the type
of solvents. Accordingly, if the measured Ag/Ag,S electrode potential is plotted against
logC,,. (Fig. 3.6.3b), then the slope of the electrode response 2.3RT/F should be equal
in any solvent. The result shown in Table 3.6.1, 58 mV, representing the electrode
response in the AgNO, -2-propanol solution is in an excellent agreement with the slope
obtained in a AgNO;-water solution at 20°C[114]. The constant E*,,,,,, in €q.(3.6.2)
experimentally determined is +406 mV (Table 3.6.1). It includes the standard electrode
potential E’,,..,, liquid-junction potential, reference electrode potential (saturated
calomel) and activity coefficient of the silver ion logy+. The expected theoretical value
for E°\gag+ in 2-propanol is 680 mV and for the saturated calomel electrode 275
mV[113]. The difference between experimental and calculated values for E° ./, can be

assigned to the liquid junction potential since vy, = 1.

4.5.2. The Ag/Ag,S electrode response to the S, and GeS. ions

Fig. 3.6.3 confirms Nernstian electrode response to any of the titrating species. The
slopes of these plots were different than expected for S* and GeS™ (Table 3.6.1 and
3.6.2). They indicate formation of silver complexes with different stoichiometry whose
general formulas can be defined as [Ag(S),]'* and [Ag(GeS),])'*. Comparing results
obtained from H,S titration with AgNO, and HgCl, (Table 3.6.1), the similarities

between them are obvious. They produced complexes of the same stoichiometry (== 1)
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and similar solubility products, 1x10 and 1.6x10%, respectively. These results indicate
that the same reaction occurred at the electrode. Moreover, results in Table 3.6.2
confirm formation of silver mercaptide complexes. The stoichiometric term p increased
with the mercaptide concentration, as did the apparent solubility product of the
complexes.

However, the potentiometric titration products were the stoichiometric compounds
Ag,S, HgS and GeSAg, as confirmed by calculations from the equivalence points.

Consequently, the following reactions are proposed in order to explain this discrepancy:

Ag' e + DPS? = [AgedS),)' (4.5.5a)
[Aud(S)]"® + 2pAg*w = AgZ%ur + PALS (4.5.5b)
szg*W + pSz’ = pAgzs (4.5.5)

Obviously, free S* ions react with Ag* 4 defects present in the Ag,S electrode membrane
forming complex (4.5.5a). When the AgNO, titrant is added, it reacts with the complex
producing barely soluble Ag,S (4.5.5b). Combination of (4.5.5a) and (4.5.5b) determines
the net ion equation (4.5.5). Therefore, the Nernst equation only explains reaction
(4.5.5a) since only free S ions determine the electrode potential.

Similarly, the titration with HgCl, can be described
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Agtur + ST = [AgudS)]” (4.5.6a)
[Agud(S),]'” + pHE?*y, = PHES + Ag*e (4.5.6b)

pHg?>* + pS* = pHgS 4.5.6)

and the reaction of the germanium mercaptide and silver nitrate:

Ag*er + pGeS = [Ag‘,,(GeS),]“" (4.5.7a)
[Ags(GeS),]'? + PAZ*w = PARSGe + Ag’us 4.5.7b)
PAg*w + pGeS = pAgSGe 4.5.7)

Hence, the equivalence point corresponds to the stoichiometry of the net ion reaction

(4.5.5,4.5.6 or 4.5.7).

4.5.3. Detection limits

The intrinsic detection limit is assigned either to the concentration of the Ag*
defects at the solid membrane surface or to its solubility [100]. Results for detection
limits are presented in Tables 3.6.1 and 3.6.2. There is a consistency in the determined
detection limits of mercaptide, mean value =6.3x10° M, comparable to those obtained
for thiols with the same type of electrode[78]. Therefore, this result can be assigned to
the Ag* defects in the membrane. Furthermore, a value logC,,, = -7 was obtained as
a detection limit for the electrode response of Ag* in an excess of AgNO,. It is similar
to that previously reported[100] and can also be assigned to the Ag* defects in the

membrane. However, the detection limits of S* (Table 3.6.1) indicate solubility of the
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Ag,S membrane.

4.5.4. The interference of the S* and GeS' ions

Results of the S> and GeS' ion interference in the Ag/Ag,S electrode response are
shown in Table 3.6.3. The agreement among determined separation coefficients is
apparent. Also, the alternative method suggested for the determination of the separation
coefficients gave a result in excellent agreement with a mean value obtained by a method
for mixed solutions[101]. The mean value kg ** = 2.3x10%, calculated from kg, ** in
Table 3.6.3, is sufficiently high and indicates that there is no interference between GeS-
and S* ions. Consequently, the precipitation of GeS- will not begin until the concentration
of sulfide is not less than 5.2x10* C,,. Moreover, a high separation coefficient explains
why the graph plotted per the Nernst equation is linear although both ions are present in
the solution (Fig. 3.6.3a). Hence, the modified Nernst equation (3.6.1) representing the
Ag/Ag,S electrode potential dependence on the $> and GeS- ions in the 2-propanol or the

mixed 2-propanol and toluene is in good agreement with experimental resuits,

2.3RT 2.3RT

E = E% g + logKsy -

1og[CPsy + Koy s"CsT] 4.5.8)

Two limiting cases can be approximated:
a) since kg s™Cg? 3 CPgy , then the electrode potential is determined only by S*

ions present in solution,
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2.3RT 2.3RT
logKs -

E=E"pome + logCs® 4.5.9)

F
b) if Cg < 5.2x10* Cgy, then equation (4.5.8) reduces to,

2.3RT 2.3RT
E = E”ppoing + ——10gKgy - 10gCsi® (4.5.10)
F

F

A similar expression for thiols was obtained earlier{78,100]. Equations (4.5.9) and
(4.5.10) appear to describe quite well the results obtained for the Ag/Ag,S electrode

response to S?- and GeS".

4.6. CHEMICAL KINETICS STUDY OF THE SOL-GEL PROCESSING OF GeS,

4.6.1. Theoretical consideration
Melling[11] proposed the mechanism of Ge(OEt), and H,S reaction analogous, to
that of Si(OEt), and H,0, involving two steps per Sy2 (bimolecular nucleophilic

substitution):
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I step: thiolysis

RO OR
[ 5-\/ & |k
=Ge-OR + H,S - | H-S*<Ge~~OR | — =Ge-SH + ROH “.6.1)
I
H OR
Sy2 transition complex

II step: condensations

OR OR OR
[ 6-\ & \/ k,
- [ RO-Ge-S-GeSH | — =Ge-S-Ge= + H,S (4.6.2)
.
ORH OR
Sy2 transition complex

=Ge-SH + HS-Ge=

OR OR OR
[ 6\ &\ / k,
=Ge-SH + RO-Ge= - [ RO-Ge-§-GeOR | — =Ge-S-Ge= + ROH (4.6.3)
Pl
ORH OR
Sy2 transition complex

where R is the ethyl or isopropyl group, k, is the thiolysis rate constant, k, is the
hydrogen sulfide forming condensation rate constant and k; is the alcohol forming
condensation rate constant. This is a simplified scheme of a very complex reaction
mechanism consisting of a series of consecutive, parallel and reverse reactions whose
intermediate products can have structures as complicated as GeS,(SH),(OR),,, where

x+y+z=4. The overall reaction from eq.(4.6.1-4.6.3) is
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=Ge(OR) + =Ge(SH) = =GeSGe= + ROH (4.6.4)

Therefore, germanium alkoxide, germanium mercaptide, germanium sulfide and the
corresponding alcohol are present at equilibrium. All these compounds were identified
in the dried gels by infrared spectroscopy (Fig. 3.1.3c).

Assuming that reaction rate constants are independent of the number of substituted
functional groups per Ge atom during thiolysis (-OR) and condensations (-SH), the

reaction rate equations can be expressed from eq.(4.6. 1-4.6.3):

d[A])
- Ti—= k[Al[B] + k[A]IC] (4.6.5)
t
d[B]
- —= k,[A][B] - 1‘2[012 (4.6.6)
dt
d[q]
T= k[Al(B] - K[C] - k[A]C] 4.6.7)
t
d[M]
—d—= k[C)® + Kk([AlC] 4.6.8)
t
d[D]
—= KIAIE] + KIAIC] (4.6.9)
t
where [A] = [=GeOR], [B] = [H;S],
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[C] = [=GeSH], [D] = [ROH],
M] = [=Ge-S-Ge=],

are the reactant and product concentrations in mole/L (M) present in the reaction mixture
at time t.
From the reaction stoichiometry and mass conservation, the relationship among
concentrations of reactants and products can be given:
[Al, = 4{Ge(OR).]
is the initial concentration of alkoxy groups from which the concentration of substituted

alkoxy groups, [x]A, is

Xl = [AlL - [A]
and reacted hydrogen sulfide, [X]s, is
[X]s = (Bl - (B]).
From the mass conservation law,
Xl = [C] + 2]M]
Xls = [C] + M]

the concentrations of the reacted alkoxy groups, [X],, or hydrogen sulfide, [X]g, are
equal to the sum of concentrations of mercaptide [C], and sulfide [M]. In early stages
of thiolysis, it could be assumed that the reaction occurs with no interference of the
condensation reactions. Therefore,

Xl = [X]s = [X]
and

X] = (C] + M]
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[A] - [A] = [B], - [B]

[A] = [A], - [B], + [B],
represents the concentration of unreacted alkoxy groups. In addition, the concentration
of the formed alcohol is

[D] = [X] = [A] - [A]
Hence, by measuring the concentrations of evolved mercaptide and sulfide it is possible
to monitor how the concentrations of all other products and reactants change with time.

It is speculated that the proposed reaction mechanism (eq. 4.6.1-4.6.3) can also
involve the reverse reaction steps. Therefore, the agreement of the experimentally
determined rate law and the proposed mechanism will evidence the actual reaction
mechanism.

In the suggested reaction scheme, germanium mercaptide is an intermediate
product. It reacts further by two competitive parallel reactions, eq.(4.6.2) and (4.6.3).
The kinetics of this complex reaction system can conveniently be approximated, provided
the intermediate =GeSH is either equilibrated or transient[115]. According to
approximation competition for an equilibrated intermediate (CEI)[115], the concentration
of the intermediate (= GeSH) will equilibrate under the assumption that thiolysis is a fast

and reversible reaction and thus,

k. [A][B]
[C] =— - (4.6.10)
k, [D]

This approximation is only valid if substitution in the kinetic eq.(4.6.5-4.6.9) gives
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agreement with the experimental results.

However, the approximation competition for the transient intermediate (CTI)[115]
is applicable if the rate constants for the competition condensation reactions, k, and k;,
are much greater than the thiolysis rate constant. In such a case, the concentration of the

intermediate [C] is much less than [A). Therefore, from the approximation

d[C]
—_— =0 (4.6.11)

dt

and eq.(4.6.7) the concentration of the intermediate, [C], can be calculated. If thiolysis

is a reversible reaction, then

k,[D] » k[C] + k[A] (4.6.12)

meaning the intermediate germanium mercaptide is equilibrated as well as transient and

then both approximations are applicable. However, if

k,[D] < k[C] + ki[A] (4.6.13)

thiolysis is virtually irreversible.
The experiments will confirm the reaction scheme and give solutions as to which
of the conditions lead to certain approximations and simplify interpretation of the kinetic

data. Even after these approximations, CTI or CEI, the multiple term differential
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eq.(4.6.5-4.6.9) are difficult mathematical problems to obtain exact solutions of the rate

constants. One of the methods which enables simplification of the mathematical

expressions for computation of the reaction rate constants is the method of concentration-

time integrals[116]. For example, if the reaction occurs only per two steps described by

eq.(4.6.1) and (4.6.3), then the differential rate eq.(4.6.5) is

dfA]
- —d— = k[Al[B] + K[A]IC]
t

After rearrangement and integration it becomes

[Al, t t
Inw— = k,[[B]dt + k3 [ [C)dt
[A] 0 o
or
[Al, t
In— [Cldt
[A] o
= k[ + k;
t t
[ (Bldt ] [Bldt
o o

(4.6.14)

(4.6.15)

(4.6.16)

From experimental data of [C] and [M], the concentrations [A] and [B] can be calculated

as functions of time and then used for obtaining the concentration integrals. Equation

(4.6.16) suggests a linear plot whose intercept is k, and slope is k;.
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However, if condensation occurs only by the H,S forming condensation reaction,

eq.(4.6.2), then the differential rate equation for sulfide formation is

d(M]
— = k[C]? 4.6.17)
de

After concentration-time integration it becomes,

M) t
ld[M] = k, | [C)dt (4.6.18)
o Y]
t
M] = k, | [C)dt 4.6.19)
o

since [M] = 0 att = 0. If the proposed mechanism is correct, then a plot of eq.(4.6.19)
is linear with slope equal k,.

The other mathematical method which permits calculation of the rate constants is
a differential method[117]. The procedure considers a single run where the measured
reaction rate at different reaction times corresponds to the reactant (or product)
concentration. For example, if it is assumed that condensation occurs only per the alcohol
forming condensation reaction, eq. (4.6.3), then the reaction rate of sulfide formation is

dM]

— = KIAIC] (4.6.20)
dt

If the reaction rate is measured in the early stages of the reaction, the
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following assumption can be made:

[A] > [C] + [M],
and therefore,

(Al = [A],

Thus, a plot of eq.(4.6.20) is linear with slope equal k;[A}, from which the reaction rate

constant can be calculated.
If it is possible to make a supposition that only thiolysis (4.6.1) occurs with no

condensation reaction interference, as the second order reaction, then the differential rate

€q.(4.6.5) becomes
d[A]
- — = Kk [A][B] (4.6.21)
dt
and after integration it is,
1 [A][B]
In = kit (4.6.22)

[B]o < [A]o [B]o[A]

Experimental data will give a linear plot of eq. (4.6.22) if the assumption is correct.
Additional simplification in the integration of eq. (4.6.21) is possible to make if one of
the reactants, for instance (B), is in a great excess, considered as constant in the observed

reaction interval. This assumption provides pseudo-first order kinetics[116]. Hence, the
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integrated form of eq. (4.6.21) will be

[A]
In— = k't (4.6.23)

[A),
The constant k,,’ = k[B], can be determined from the slope of the linear graph, if the
experimental results coincide with the pseudo-first order assumption.
The temperature dependence of the rate constants of thiolysis and condensations
reactions were studied using two different equations. One of them was the Arrhenius
relation[102] in which the two parameters are A, the pre-exponential factor (or frequency

factor), and E,, the activation energy:

E,
k = Aexp(-—)
RT
The frequency factor A is taken as independent of temperature. The other one is the
absolute reaction rate theory relation (or the transition-state theory)[102]
RT AS# AH#
k = —exp(—) exp(- —)
Nh R RT
The pre-exponential parameter shows a first power temperature dependence. In this case
AS# is the activation entropy and AH# is the activation enthalpy. Parameters R, N, and

h are the well known gas constant, Avogadro’s number and Planck’s constant,

respectively.
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4.6.2. Reaction mixtures containing [H,S], and [Ge(OEY) ], in ratio 9:1

The induction period, exhibited in Fig. 3.7.2, indicates that reaction occurs slowly.
During this time there was a build-up towards a small but critical concentration of the
intermediate, germanium mercaptide. This critical concentration was found to be
~1.29x10* M, regardless of the reaction temperatures. However, the temperature
influenced the length of the induction period. Once the critical concentration was
achieved, the reaction rate suddenly increased indicating that another much faster reaction
began. From this result it was assumed that the reaction rate of the ethoxy group
depletion, eq.(4.6.5), could be simplified during the induction period, to:

d[A]
- — = k[A][B] (4.6.24)
dt
This assumption is a consequence of a very low concentration of intermediate C in
comparison to the reactant concentrations. Thus, the expression in eq. (4.6.5) containing
[C] can be neglected. Therefore, it could be concluded that, during the induction period,
thiolysis occurs with no interference from the condensation reactions.

The linearity of graphs -In([A)/[A),) vs. time during the induction period indicates
that the reaction was first order in regard to the concentration of the ethoxy group.
Moreover, since the concentration of hydrogen sulfide was in excess and almost constant
during the induction period, it was suspected that the reaction occurred as a pseudo-first

order. Consequently, the integrated form of eq. (4.6.24) is
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Y

In— = k,’t (4.6.25)
[Al,
where
ke’ = ki[B], (4.6.26)

is the apparent first order rate constant obtained from the slope of the plot -In[A)/[A],
vs. time. From the experimentally determined rate constant and initial concentration of
hydrogen sulfide [B],, the thiolysis rate constant was calculated. As a second order rate
constant, it indicates that thiolysis is a bimolecular reaction.

After the induction period, the reaction became complicated. It is possible that two
condensation reactions started to proceed more extensively. The experimental results for
[M] and [C], when plotted as A[M}/At vs. [C] (Fig. 3.7.4), indicate that the dominant
condensation reaction is the alcohol forming condensation (k;). The linearity of these

plots unambiguously confirms that eq. (4.6.8) is valid in the simplified form

diM]
~— = k[AJ[C] 4.6.27)
dt
and that
k[A] = k;[A], = const. (4.6.28)

The approximation in eq.(4.6.28) is reasonable for this initial period of the condensation
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reaction when the concentration of intermediate C is still very low, that is [C] <[A].
Therefore, the reaction rate of sulfide formation defined by eq.(4.6.27) represents the
initial rate of the condensation reaction k;.

The absence of the hydrogen sulfide forming condensation in this early reaction
stage can be explained by the very low [C], if the condensation rate constants k, and k;
are of the same order. When this small value is squared it becomes negligible.
Accordingly, there is a critical mercaptide concentration which triggers the hydrogen
sulfide forming condensation probably later on during the sol-gel process. However, it
is also possible that k, <€ k; and that germanium sulfide is mainly a product of the
alcohol forming condensation regardless of the concentration of intermediate C.

From these experimental results, a simplified reaction scheme can be proposed for

the reaction conditions imposed:

k
=Ge-OEt + H,S - =Ge-SH + EtOH (4.6.29)
ks
=Ge-OEt + HS-Gem - =Ge-S-Ge= + EtOH (4.6.30)

Hence, the rate law which defines the proposed reaction mechanism is

d[A]
- -d_- = k[A][B] + k[A][C] (4.6.31)
t
d[C]
d—- = k[A][B] - k[A]IC] (4.6.32)
t
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dM]
— = K[A)[C] (4.6.33)
de
The experimentally determined thiolysis and condensation rate constants at different
temperatures exhibit good agreement with the Arrhenius equation as demonstrated in Fig.
3.7.5a. The activation energies of thiolysis and condensation (Table 3.7.2) determined
from the slopes of these graphs have values typical for a bimolecular nuclear

substitution[118]. Therefore, the functional relationship of the rate constants and

temperature is represented as follows:

Infk,(M-s)"] = -(8845 K)/T + 11.8 (4.6.34)

Ink;(M-s)'] = -(8525 K)/T + 19.2 (4.6.35)

For bimolecular reactions involving relatively simple molecules, the frequency factor A
generally has values of order 10° to 10'' (M-s)'[119]). However, for the thiolysis
reaction it was 1.3x10° and condensation 2x10%, indicating reactions between complex
molecules[119]. Understanding of such values of A can be gained if transition-state
theory is employed. The activation entropy AS# is a measure of disorder in the activated
complex. The decrease in entropy reflects the decrease in the activated complex disorder
caused by loss of motional mode of molecules in the transition state. For a bimolecular

reaction, such as Sy2, two reactant particles are converted to a single activation complex
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in a transition state. The loss of the’ molecular rotational and translational degrees of
freedom in the transition state causes a decrease of corresponding entropies. The
resulting total entropy changes AS* during thiolysis and condensation are negative,
typical for an associative mechanism of ligand substitution by S\2[119].

From the results in Table 3.7.2, it is obvious that the activation complex formed
during thiolysis is a more ordered structure than that formed during condensation. This
difference in entropy could be explained by a steric effect. Increased steric crowding
during condensation increased the entropy of TS2. However, steric crowding increases
the activation energy of Ge-S-Ge formation as seen from AH# and E, (Table 3.7.2).

Using data from Table 3.7.2 for the activation free energies AG# for the transition
state of thiolysis (TS1) and condensation (TS2), the free energy vs. reaction coordinate
diagram was sketched in Fig. 4.6.1. The transition states correspond to the maxima in
the diagram. There is a free energy local minimum between them assigned to the
intermediate germanium mercaptide. The first maximum is obviously higher than the
second one. From this result and from the reaction rate constants k, and k;, it is evident
that the rate-limiting step for this sol-gel reaction is thiolysis.

The positive enthalpy of the sol-gel reaction evidences that it is endothermic. Since
the reaction occurs spontaneously, probably the high entropy, 61 J/moleK, defined as
(AS*_ - AS#), exerts a greater influence on the chemical change than the reaction

enthalpy.
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TSt

Free Energy (kJ/mole)

Reaction Coordinate

Fig. 4.6.1 Free energy-reaction coordinate diagram for the sol-gel
processing of GeS, when [H,S]/[Ge(OEt),], is 9:1.
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4.6.3. Reaction mixtures containing [H,S], and [Ge(OE?)], in ratio 1:1.2

Initial mixtures for the chemical kinetics investigation were prepared with H,S in
a substoichiometric amount (< 2). The concentration-time plots indicate the presence of
an induction period, as shown in Fig 3.7.6, curve (M). During this period the reaction
was second order as demonstrated with the plots in Fig 3.7.8. According to this, it was
assumed that, during the induction period, thiolysis occurred with no condensation
interference.

Moreover, the concentration-time curves (Fig. 3.7.6) are similar to those obtained
for the pseudo-first order reaction (Fig. 3.7.2). That is, after the induction period, a
much faster reaction started when the intermediate mercaptide reached the critical
concentration. Further, none of the applied mathematical methods for the condensation
rate constant calculations gave a reasonable match with the experimental results.
Therefore, it is suspected that both hydrogen sulfide and alcohol forming condensations
simultaneously started after the induction period. Consequently, the proposed complex
reaction mechanism, given by eq. (4.6.1-4.6.3), is applicable for the sol-gel reaction with
low H,S content. For these conditions, the proposed rate law is

d[A)

- —— = KIAIE] + KIAIC) (4.6.36)
t

dIC)
— = KIAI[B] - L{CT - K[AC] 4.6.37)
t
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d[(M]
— = K[CP + K[AIC] (4.6.38)
dt

The best fit straight line for the thiolysis rate constant dependence on

temperature is represented by

Ink,(M-s)" = -(7360 K)/T + 10.3 (4.6.39)

The activation energy E, and the activation enthalpy AH# of thiolysis obtained for these
reaction conditions are very similar to those for the reaction with H,S in excess (Table
3.7.2). This result is reasonable since, in both reactions the same reactants, =GeOEt and
H,S, and same products, =GeSH and EtOH, are involved. Although the reaction
conditions were different, the same bonds are broken and formed during thiolysis.
Moreover, the activation entropy AS¥ was negative, indicating that thiolysis occurs by
an associative mechanism of two molecules (Sy2). The numerical value of AS+# was lower
than that for the pseudo-first order reaction (Table 3.7.2), increasing the thiolysis rate
constant ~2 times.

Therefore, it could be suggested that low H,S concentration influenced only the
simultaneous occurrence of both condensation reactions due to a significant increase in
the intermediate mercaptide concentration. However, it did not change the reaction type.
All of them followed the Sy2 mechanism. The increase in the thiolysis rate constant could
be assigned to the Ge(OEt), concentration change. From the similarities of the

concentration-time curves obtained for low and high H,S concentrations, it seems that
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both sol-gel processes occurred by slow thiolysis and fast condensations.

4.6.4. Reaction mixtures containing [Ge(OPr)] and [H,S]

The mass balance graph shown in Fig. 3.7.10 is indicative of consecutive reaction
occurrence. It means that the intermediate compound mercaptide (C) undergoes
subsequent chemical reaction to form a product, in this case sulfide (M). According to
the analysis of the reaction order (Fig. 3.7.11), it was found that the consecutive reaction
is of second order with respect to both reactants, germanium isopropoxide and hydrogen

sulfide. Hence, the rate law can be defined as:

dfA] d[B]
- = - = k,[A][B] (4.6.40)
dt dt
or in integrated form:
1 [AL[B]
In = kit (4.6.41)

[Bl-Al, [BLA]

It is obvious that the complicated rate laws (eq. 4.6.5-4.6.9) reduced to a simple one by
deduction from experimental results. Apparently, reaction conditions, concentration,
temperature and particularly the use of germanium isopropoxide, enforced some limiting
conditions.

The intermediate concentration [C] achieves a plateau (ranging from 2x103 to

3.4x10°* M). Since [C] <« [A] in this stage of the sol-gel reaction, it is possible to apply

171



approximation competition for the transient intermediate (CTI). It follows that:

k[A](B] < KICP + kIAJIC]

d[C]

—— = K[A][B] - k,[C][D] - K[A][C] - k;[CT

dt

If thiolysis is an irreversible process, the assumption

k,[D] < k[C] + k[A]

leads to the simplified kinetic equations

dfA]
- — = K[AJ[B] + K[AI[C]
dt
d[C]
——= KIAJE] - LICF - KIAIIC] =~ 0
t

The concentration [C], calculated from eq. (4.6.46) is:

2k(B]

B 3K [B]
ks (V[1+ -
k’[A]

[C]

+1)

If there is a limiting case:
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4k, k,[B]
k’[A]

<1 (4.6.48)

then equation (4.6.48) for the transient [C] reduces to

k
[C] =— [B] (4.6.49)
k

When this value for [C] is substituted in eq. (4.6.45), it becomes

dfA]
- ——= 2k,[A][B] (4.6.50)
dt
Experimental data (Fig. 3.7.12) proved that thiolysis is a second order reaction with
respect to reactants A and B. They could also show that the CTI approximation is valid.
However, another possible assumption is that the alcohol forming condensation
(eq.4.6.3) is negligible in this reaction due to steric effects. This consideration allows
simplification of the kinetic equations to
d[A]

-—— = k,[A][B] (4.6.51)
dt

d[M]
= kz[C]z (4652)
dt

Therefore, both CTI and elimination of the alcohol forming condensation assumptions
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lead to simple second order reaction. According to the CTI approximation k,,’ = 2k,,
while it is k.’ = k, if the second assumption is also valid.

The graphs in Fig. 3.7.13 were obtained by concentration-time integration of
eq.(4.6.52). They obviously show that the alcohol forming condensation is an
insignificant reaction in this mechanism and its elimination is a correct assumption.
Hence, the reaction mechanism for the sol-gel processing of germanium sulfide from

Ge(OPr), and H,S can be reduced to

k
=Ge-OPr' + H,S -» =Ge-SH + PrOH (4.6.53)
k,
=Ge-SH + HS-Ge= —+» =Ge-S-Ge= + H,S (4.6.54)

The corresponding rate laws are given by eq.(4.6.51) and (4.6.52).

The activation entropy AS# of thiolysis (Table 3.7.5) indicates higher disorder in
the transition state of Ge(OPr’), and H,S than in the transition state of Ge(OEt), and H,S.
There are two possible reasons causing higher AS#: bulkiness of isopropoxy groups and
formation of isopropyl alcohol. This steric effect is likely the cause also of a higher
thiolysis activation energy (Tables 3.7.2 and 3.7.5)

There is a slight decrease in the standard entropy of condensation in comparison
to the condensation reaction k; of Ge(OEt),. This could be also explained via a steric
effect. In the condensation (k,) transition state there are two molecules of =GeSH

instead of =GeSH and bulkier =GeOEt in condensation k;. Moreover, the smaller
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molecule H,S was formed during condensation k, contrary to EtOH in k;. A bigger space
requirement for formation of EtOH can disturb the rest of the structure within the
activated complex, leading to a more disordered transition state and more positive
activation entropy.

From the activation free energies (Table 3.7.5), the free energy-reaction coordinate
diagram was sketched in Fig. 4.6.2 for the proposed reaction mechanism, eq.(4.6.53)
and (4.6.54). From this diagram and the reaction rate constants (Table 3.7.4), it is
apparent that, in this sol-gel process, thiolysis is the rate-determining step.

Calculated negative enthalpy evidences that the sol-gel reaction of Ge(OPr), and
H,S is an exothermic process. Since the entropy of the reaction is low, -92.09 J/moleK,

the reaction enthalpy is a driving force which promotes spontaneous change.

4.6.5 Comparison of the Ge(OEt), and Ge(OPr), chemical kinetics

It has been demonstrated for many cases that steric crowding around electrophile
centres affects the rates of Sy2 reactions[118]. When large groups are located in a small
space, repulsion between reaction groups becomes severe increasing the activation energy
of the reaction. Thus, the energy barrier of the transition state of long chain or branched
molecules is higher than that of less stericly crowded molecules. Our results confirm this
principle. The thiolysis activation energy increased when germanium ethoxide was
replaced with germanium isopropoxide (Tables 3.7.2 and 3.7.5)
Furthermore, the inductive effect of substituting groups and substrate changes the

reaction rate constants in Sy2 reactions[31]. Bimolecular nucleophilic substitution, Sy2,
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Fig. 4.6.2 Free energy-reaction coordinate diagram for the sol-gel process
if [H,S)/[Ge(OPr),], is 2.25:1.
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occurs by exchange of ligands attached to the central metal atom. The bonds between
metal atom and ligands are formed through electron acceptor-donor mechanism. For
instance, the germanium atom has a 4s? 4p? outer shell electronic configuration. In a
molecule, such as germanium alkoxide, its four electrons are placed in four sp*-hybrid
orbitals. These orbitals are able to accept electrons from electron donors, alkoxy groups
(-OR), making four o-bonds.

Electron-donor characteristics of ligands depend on their ionization potential, proportional
to z/r{120]. Thus, the increasing order of ligands in regard to their electron-donor ability

is

-OH ( -SH ( -OEt ( -OPr

Hence, the bigger the radius and the lower the electronegativity of the atomic group, the
better the electron-donor properties of the ligand. Consequently, electrons are more
loosely attached to them, causing an increase in the partial negative charge, 67, on the
central metal atom and making the ligand more easily substituted. This provides an
explanation for the increased thiolysis rate constants of Ge(OPr),. It is ~ 30 times higher
at 30°C and ~20 times at 40°C than the thiolysis rate constants of Ge(OEt),. Besides,
the more electronegative -SH group is able to replace the more easily substituted alkoxy
group. However, if there is also -OH present in solution, the alkoxide will rather be
replaced with it than with -SH.

When the alkoxy group is substituted with the more electronegative -SH group, then
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the partial positive charge, 5*, on Ge increases. Thus, during condensation, more
polarizable molecules react. This is a possible cause of increased condensation rate
constants in comparison to thiolysis in the sol-gel reaction with either germanium
ethoxide or germanium isopropoxide. The condensation rate constants increased ~ 10°
times for both precursors.

The condensation reactions of Ge(OEt), and Ge(OPr), differ in two ways: in the
type of reaction and the reaction rate constant. The steric effect is likely the reason for
a different type of condensation reaction in the early stages of the sol-gel process. In the
sol-gel process with Ge(OPr),, the small -SH groups attached to the Ge atom provide
more accessible active sites for nucleophile attack on Ge during the H,S forming
condensation then it would be the case for the alcohol forming condensation. However,
both steric and inductive effects probably have an equally important influence on the
reaction rate constants. Decreased crowding in the transition state of the H,S forming
condensation and increased partial positive charge on the Ge atom, caused the
condensation rate constant k, to be ~ 80 times higher at 30°C and ~ 60 times at 40°C

than the condensation rate constant k;.
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4.7. INFLUENCE OF REACTION PARAMETERS ON THE
MICROSTRUCTURE OF THE GeS, GEL

4.7.1. Primary particle formation

The scanning electron micrographs reveal that all gels are colloidal xerogels
regardless of the concentration of H,S and Ge(OEt),, their ratio R and the reaction
temperature. The smallest particles observed in the micrographs have a diameter ~0.1
pm. It is evident that the particles agglomerated.

From the specific surface areas apparent, mean particle radii were estimated from
eq.(3.3.1). The particle radii range from 2 to 5.65 nm depending on the reaction
conditions (Tables 3.3.1-3.3.3). There is a discrepancy among the size of particles
estimated from SEM micrographs and calculated from BET surface area. It appears that
0.1 um particles are complex particles, consisting of the smaller ones detected by BET
analysis. The small particles are the primary particles and they are the building blocks
for the GeS, gels.

The apparent radius varies with the reaction parameters, concentration, ratio and
temperature. The results of the study of C and R influences on the GeS, gel particle size
can be interpreted on the basis of La Mer’s model of homogeneous nucleation of
monodispersed spheres, established from classical thermodynamic theory of phase
transformation, nucleation and growth[9]. According to the thermodynamic theory, the

free energy barrier of nucleus formation is defined by the following equation[121]
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where g is the solid-liquid surface tension and AGy is the volume free

energy of spherical nucleus formation. The radius of the nucleus is defined by{121]

2y,
r = = “4.7.2)
AGy
and
kT C..™
AGy = -—In—— “4.7.3)
Vo G

In eq.(4.7.3) k is Boltzmann’s constant, T is the temperature of nucleation and V,, is the
molar volume of the nucleating species. The concentration of monomer Cpi™ is the
minimum concentration required for nucleation to occur. The concentration Cs is the
solubility of monomer. The ratio C,,™/Cs is the critical supersaturation. According to
the LaMer’s model, nucleation occurs when the concentration of the nucleating monomer
C reaches Cg™. It stops when the concentration of the monomer C drops below C,™.
If the concentration of the monomer is within C,,™ and C;, the nuclei grow. When it
falls below Cg, the growth of particles stops.

On the basis of La Mer’s model, the formation of primary particles of GeS, gels
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can be explained. In this case, the monomer which nucleates is m=GeSH, generated
during thiolysis. It reacts by condensation reactions, forming complex molecules. If these
molecules contain SH groups they are able to further react by a condensation reaction
generating polymers. Once the polymers reach r°, they become the nuclei of the GeS, gel
primary particles. Therefore, the nuclei are formed by a condensation-polymerization
reaction.

The observed induction period in the sol-gel reactions performed with ratio R =
9 and R = 0.83, can be assigned to the time lag required for the formation of C,™ of
the =GeSH monomer. The concentration of SH determined at the end of the induction
period could be assumed to be C,.™. The nuclei grow by condensation reactions. Since
thiolysis is a slower step in the sol-gel reaction and thus the rate determining, it will limit
the growth of formed nuclei. Therefore, after the induction period when the critical
nucleation concentration of =GeSH is formed, there is a continuous source of monomer.
Its concentration is determined by the rate of formation d[C)/dt, eq.(4.6.32) and (4.6.37).
The formation of =GeSH occurs until the reaction reaches equilibrium. When this
happens, the concentration of monomer C<C,, which stops further particle growth.
Apparently, the size of the primary particles is determined by the initial concentrations
of precursors. Results indicate that the particle size changed when the concentration of
both H,S and Ge(OEt), were varied and their ratio kept constant, R = 2.5 (Fig.
3.3.10b), as well as when the concentration of Ge(OEt), was constant and the
concentration of H,S was changed (Fig. 3.3.12b).

The influence of temperature on the primary particle size is complex. First of all,
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the reaction rate constants of thiolysis and condensations are affected by temperature.
Thus, if the temperature increases, the concentration of monomer = GeSH formed during
thiolysis also increases. It is expected that the number of nuclei formed by condensation-
polymerization reactions is raised due to increased condensation rate. However, the
solubility Cs of monomers also increases at elevated temperature causing the
supersaturation ratio C,,™/Cs to decrease and probably the nucleation rate to therefore
stay approximately constant. Results of the primary particle radii of GeS, gels obtained
at different temperatures indicate that solubility was more influenced by temperature than
the nucleation rate was since larger particles were formed at higher temperatures.

Assume that the primary particles are formed of monoclinic GeS, unit cells packed
with long range order. Since the volume of the monoclinic GeS, unit cell is 0.1235
(nm)°[85], then a spherical primary particle with 5 nm radius would contain 2x10* unit
cells. Using the criterion that a substance has its characteristic XRD pattern with
broadened lines if the crystal grains include more then 10° unit cells[95], it is apparent
that the S nm primary particles of the GeS, gel would be crystalline. However, the XRD
pattern of all GeS, gels were amorphous for all primary particle sizes. There are two
possible reasons for the formation of amorphous structures. One is that they are formed
of not completely thiolyzed species, such as [Ge(OEt),,(SH),Jn, Whose linking results in
disordered structures. The other reason is that the monomer =GeSH reacts by
condensation reactions so quickly that it has no time to align properly and make regular
crystalline structures.

The formation of thermodynamically metastable primary particles can be explained
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successfully using a kinetic approach to the nucleation and growth. For chemically
limited nucleation and growth, as is the case of the GeS, gel primary particle due to slow
thiolysis, the reaction limited monomer-cluster growth model can be considered[103].
This model was originally proposed by Eden{103] for the cell growth and then used for
the first time in sol-gel processing by Keffer[103] for a growth model of silica colloids.
This model enables one to predict the structure of the primary particles according to the
reaction conditions.

The chemical kinetics results of GeS, synthesis by sol-gel processing performed
with a concentration ratio R = 9 show that the alcohol producing condensation reaction
is dominant. If the OEt groups are the terminal groups on the surface of the growing
particle, they probably will not be prohibited sites for further particle growth. In this
case, the primary particles of GeS, gel are homogeneous structures with a small surface
roughness relative to their size (Eden model). This growth model is expected when H,S
is in excess and the fully thiolyzed monomers, Ge(SH),, are formed (gels VIII and IX
in Table 3.3.3).

Nonetheless, when the condensation reaction occurs per both alcohol and hydrogen
sulfide forming reactions, such as in the reaction with R = 0.83, it is more likely that
OEt terminal groups on the growing particles and OEt groups in partially thiolyzed
monomers will prohibit further growth of the particles at some OEt sites by steric
hindrance. As a result of prohibited growth, an inhomogeneous, rough surface on the
GeS, gel primary particles is generated (poisoned Eden model). This growth model may

occur when a shortage of H,S generates partially thiolyzed monomers such as Ge(OE?),
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(SH),. Therefore, it is expected that homogeneous particles are formed if R > 2 and
inhomogeneous if R < 2.

Besides growth by the monomer-cluster rate-determining mechanism, the primary
GeS, gel particles also decrease their surface energy by aggregation. The results of
aggregation are secondary particles with diameter —~0.1 um observed in SEM

micrographs.

4.7.2. Aggregation-gelation

The results of SEM examination of the dried gels prepared at different
concentrations of Ge(OEt), and H,S, ratios R and temperatures indicate that all gels are
colloidal xerogels. The average radius of primary particles is 2-5 nm measured by BET
nitrogen adsorption on the dried gels after aging of 24 h. In order to reduce the high
surface energy these small particles grow and aggregate.

Since the sol-gel synthesis of GeS, gels was performed in toluene, an aprotic, low
dielectric constant (¢,=2.23) solvent, it is expected that the primary particles are neutral,
forming an unstable sol. They undergo rapid aggregation as soon as they are generated
due to lack of a charge. Consequently, growth and aggregation of the primary GeS,
particles occur simultaneously, resulting in secondary particle formation. The particle
radii estimated from the SEM micrographs are ~50 nm.

The rapid aggregation is interpreted on the bases of Brownian and London-van der Waals
forces[91). The primary GeS, particles driven by Brownian motion diffuse and collide.

When brought into close contact by collision, van der Waals attraction forces keep them
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together. At their interface they probably attach via formation of = Ge-S-Ge= bonds by
condensation of terminal SH groups with either SH or OEt groups located on the particle
surface. At the particle contact, a curvature with a negative radius is formed. Since
thiolysis is slow, monomers are continuously formed during the sol-gel process. They
first deposit at the contact point which is a high tension area[104] and react by the
condensation reaction with terminal SH or OEt groups. Thus, once the primary particles
are linked, their individual growth stops and the growth of necks continues. The primary
particles connected in this way form a micropore network within the secondary particles.

The percentage of the gel micropore volume given in Table 3.3.1-3.3.3 indicates
that the secondary particles are dense structures. For concentrations used and
temperatures considered, the microporosity decreases if both parameters, C and T,
increase. These results indicate neck formation whose growth may densify the secondary
particles. Increased concentrations of precursors and reaction temperature raise the
concentration of monomers resulting in faster growth rate of the necks. Moreover,
growth of secondary particles by the monomer-cluster reaction-limited aggregation model
can also produce dense structures. In this case, the primary particles are the
monomers([31].

It can be expected that the secondary particles aggregate in the same way as the
primary ones. Therefore, the proposed mechanism for the contact, linking and neck
formation of the primary particles can be also proposed for the secondary ones. The
secondary particles can be considered as microgel spheres since they consist of connected

colloidal primary particles in a 3-dimensional solid network within the liquid. Since they
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also have high surface energy and no charge, they rapidly aggregate forming the GeS,
gel within toluene. Rapid aggregation probably caused open random packing of the
secondary particles resulting in formation of highly porous gels. The results shown in
Tables 3.3.1-3.3.3 evidence that the mesopores, formed by linking of secondary
particles, are the main contributors to the gel porous structure. The pore distribution
indicates that the secondary particles have a wide range of distribution and that they are
irregularly packed.

According to Smoluchowski's equation[91], the reaction rate of uncharged particles,

dN/dt, is proportional to their initial concentration, N,, that is

dN/dt = -k N? 4.7.9)

where k. is a second order rate constant for rapid aggregation. This equation is limited
to the onset of aggregation where the only particles present are N,, uniform spheres.

The plot of gelation time vs. the Ge(OEt), concentration shown in Fig. 3.3.4isin
agreement with this equation. From the graph it is obvious that, in dilute solution,
gelation is slow although the particles are not charged. However, all samples with the
same concentration gelled at similar times regardless of temperature.

During the sol-gel process the Tyndall effect appeared (Fig. 3.3.1a). This is
indicative of aggregate formation, size < 300 nm. As aggregation-gelation proceeded
further, the solution developed a milky appearance indicating aggregate growth.

Depending on the initial concentration of Ge(OEt), these aggregates formed gels with
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different appearance. For concentrations >0.044 M, aggregates connected into gel
completely and included toluene within the network (Fig. 3.3.1c). However, when the
concentration of Ge(OEt), was reduced to < 0.044 M the aggregates first precipitated
and then gelled. Moreover, for a low concentration ratio, R = 0.7, and low Ge(OEY),
and H,S concentrations, a semi-transparent gel was prepared as shown in Fig. 3.3.3a.
In this case the aggregates also first precipitated and then gelled. Apparently, during
rapid aggregation in more concentrated solutions, the aggregates made of secondary
particles are more dense structures than those formed in dilute solutions. Results
demonstrated that gels prepared from higher Ge(OEt), concentrations (gels obtained at
different temperatures and gels IA, VII and IX) have similar macropore volume,
indicating that they were formed by dense agglomerate linking. Therefore, there must be
some critical concentration of aggregates causing gelation without precipitation.
However, if their concentration is low, then the aggregates can be brought within a short
distance by precipitation, where they are able to make links and thus to gel. Therefore,
it can be suggested that gelation in this sol-gel system occurs per a reaction limited

cluster-cluster aggregation mechanism.

4.7.3. Aging

The BET analysis results of gel IA, aged 24 h and 30 days at room temperature,
are shown in Table 3.3.2. It is apparent that the surface area and pore volume decreased
during aging. The average particle radius increased (from 2.88 to 17.00 nm) as well the

pore radius (from 8.68 to 30.58 nm). Aging altered the pore volume distribution. Thus,
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the macropore volume increased, whereas the meso and micropore volume decreased.
One of the possible explanations for these drastic changes in the microstructure of
gel IA is continuation of the chemical reactions, thiolysis and condensation, during which
the particles and contacts continue to grow. Since thiolysis is a very slow reaction, it is
expected that chemical equilibrium is achieved slowly. The equilibrium is represented by

the overall reaction

=Ge-OFt + HS-Ge= 2 =Ge-S-Ge= + EtOH 4.7.5)

When equilibrium is reached, then probably Ostwald ripening begins. This process is the
second possible reason causing changes in the microstructure of the GeS, gels during
aging. This is a process in which small primary particles tend to decrease their surface
area by dissolving and reprecipitating on the larger particles and their contacts. It is
expected that, as a result of this dissolution-reprecipitation process, the number of
initially present particles decreases and the average particle size increases. Consequently,
the average pore size will also increase.

It could be suggested that dissolution-reprecipitation of the GeS, primary particles
occurs by the equilibrium reaction represented in eq.(4.7.5). The results of the BET
analysis of the aged gel IA confirm these expectations based on the Ostwald ripening
(Table 3.3.2). Since growth of the necks occurred, this probably caused a decrease in the
micro and mesopore volumes. The micrograph, Fig. 3.3.6e, demonstrates coarse,

irregular, sintered globules. The XRD analysis showed that the gel was still amorphous
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even after aging for 30 days.

Such change in the microstructure mostly caused by Ostwald ripening evidences
that rapid agglomeration of the primary particles occurred resulting in a broad size
distribution in comparison to the average calculated value. Therefore, Ostwald ripening

is an important process controlling microstructure development in gels formed by rapid

aggregation.

4.7.4. Drying

Drying of the prepared gels was carried out in 2 vacuum oven at room temperature.
In cases when gel precipitated, the liquid above it was first poured off and then it was
placed in the oven. During drying, enormous shrinkage was observed. For instance, from
gel 1A, whose initial volume was 50 mL (Fig. 3.3.1a), the dried pieces occupied only
~2mL.

There are huge structural changes associated with gel shrinkage during drying,
explained by capillary pressure that brings non-reacted terminal groups together and
allows further condensation to proceed. As liquid evaporates from the gel surface, the
gel network becomes exposed to the vapour. A solid-vapour interface appears at the place
where a solid-liquid interface had been before. This raises the energy of the system,
because ysv>7sL, SO liquid tends to flow from the interior of the gel to cover the
exposed solid. As it stretches toward the exterior, the liquid goes into tension. This has
two consequences. One is that the liquid flows from the interior along the pressure

gradient, while the other is that the tension is balanced by compressive stress in the
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network that causes shrinkage. The rising capillary pressure forces the particles to
rearrange into closer packing. It is initially easy due to the weak structure of the
network. As shrinkage proceeds, the particles become too crowded to rearrange further
and shrinkage stops. The tension in the liquid in the pores reaches a maximum when
shrinkage stops and further evaporation of liquid drives the meniscus into the body.
Cracking of the gels begins at that moment. If the pressure in the liquid was uniform,
the network would be uniformly compressed and there would be no tendency to crack.
However, the low permeability of the gel gives rise to a pressure gradient, meaning the
tension in the liquid is greater near the drying surface. This produces differential strain
leading to cracking.

All prepared GeS, gels cracked during drying regardless of reaction conditions C,
T and R. This is a consequence of the wide pore size distribution in the gels. Fig 3.3.3a
represents a gel monolith in equilibrium with the vapour, before cracking started. The
capillary forces caused this gel to crack (Fig. 3.3.3b).Additional cracking of this gel is
restrained by the contact of the gel with the flask walls. When drying was completed,
yellowish pieces of the GeS, gel were obtained (Fig. 3.3.3c). Gels prepared from
Ge(OEt), with concentrations =0.044 M and R = 2.5, had common drying
characteristics. The gel pieces formed after drying had the appearance as shown in Fig.
3.3.5. This structure is a reminiscent of the crystal growth around a screw dislocation.

Since during drying particles rearrange and assemble to a structure with higher

coordination number, it is expected that gels have even more open structures before

drying[9,31].
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CHAPTER §

CONCLUSIONS

5.1. SUMMARY

It has been shown that metal alkoxides, germanium ethoxide, germanium propoxide,
zinc tert-butoxide, tungsten ethoxide and tungsten dichloride etoxide react spontaniously
with hydrogen sulfide in toluene at room temperature. Tungsten ethoxides W(OEt), and
WCI,(OE), yield products with different morphology and stoichiometry: a gel WS, ; and
a powder WS, ,. The prepared powder and gel have amorphous structures. The reaction
of zinc tert-butoxide, Zn(OBu'), and H,S in toluene exhibits solution/geleation behaviour.
At the Zn(OBu"), concentartion of 0.024 M, a semi-tarnsaprent yellow colloidal gel is
formed. Energy dispersive spectrometry (EDS) shows that the dried gel has a Zn/S
atomic ratio = 1:1. Germanium ethoxide and hydrogen sulfide produce GeS, gels of
different appereance: white coarse grain to semi-transparent white monolith. The
apperenace of the gels depends on the reactant concentartions. The semi-tarnsaprent GeS,
gel is prepared from 0.029 M of Ge(OEt), and 0.019 M H,S whereas the white smooth
gel is synthesised from 0.220 M of Ge(OEt), and 0.550 of H,S.
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The thin films prepared from GeS, and ZnS colloidal suspensions by dip process are
smooth, transparent and well adhered to the substarte. The microstructure of the thin
films is similar to that of the corresponding bulck gel.

The effective preparation of metal sulfide relies on preventing metal alkoxide hydrolysis
by drying precursors and by maintaining a dry atmosphere during the reaction. Hence,
germanium ethoxide and dried hydrogen sulfide yield GeS, with oxygen content <0.17
wt% if the GeS, gel is heat terated. However, the sol-gel reaction of germanium ethoxide
and non-dried hydrogen sulfide produces a mixture of GeO, and GeS, gels. The efficient
preparation of GeS, from the resulting gel mixture is possible by conversion of produced
GeO, with sulfur. Oxidation of H,S by oxygen from the air in the presence of
concentrated sulfuric acid (pH=-2) yields elemental sulfur and water. Both products are
introduced into a toluene solution of germanium ethoxide by the H,S gas and
homogeneously distributed in it. The heat treatment product has two types of bonds Ge-S-
Ge and Ge-S-S-Ge. Therefore the complete consolidation of GeS, gel and reduction of
GeO, gel with sulfur occurs by heat treatment at 630°C.

Complete consolidation of GeS, gel into GeS, occurs during heat treatment at 630°C.
In the presence of OH and O groups, amorphous GeS, consolidates by viscous sintering.
However, in their absence, it transforms into monoclinic GeS, by homogeneous
nucleation and sinters via a diffusion mechanism.

The chemical kinetics study of the sol-gel processing of GeS, from either Ge(OEt), or
Ge(OPr'), and H,S in toluene solution confirme that the reaction occurs in three suggested

steps: thiolysis, the hydrogen sulfide forming condensation and the alcohol forming
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condensation. The intermediate germanium mercaptide formed during thiolysis is a stable
product identified in the dry gel. The reaction conditions, concentration of reactants, their
ratio and type of the alkoxide, enable the simplification of the proposed mechanism. The
reaction occurs by three suggested steps when the molar ratio of H,S and Ge(OEt), is
1:1.2. However, for the ratio 9:1 it simplifies to thiolysis and the alcohol forming
condensation. Moreover, when germanium ethoxide is substituted with germanium
isopropoxide, the sol-gel reaction occurs by thiolysis and the H,S forming condensation.

Regardless the reaction conditions, thiolysis is a slow step and condensations are fast.
If Ge(OE), is a precursor, the thiolysis rate increases ~ 2 times when the concentration
changes from 0.044 M to 0.264 M. The reaction rates of thiolysis and condensation
drastically increase when germanium ethoxide is substituted with germanium
isopropoxide.

The study of the temperature effect on the reaction rate constants shows that their
behaviour is in good agreement with Arrhenius law and the transition-state theory in the
observed temperature range (25°- 50°C). The thiolysis activation energies obtained for
two different concentrations of Ge(OEt), are similar indicating rapture and formation of
the same bonds. However, the higher activation energy of the Ge(OPr), thiolysis
indicates that more stable bonds are broken and formed.

The negative entropy, indicative of association of two molecules in the transition state,
confirms that thiolysis and condensations occurs by Sy2 mechanism. Moreover, the
second order reaction obtained for thiolysis and condensations regardless of the

conditions is in agreement with this data.
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Calculated standard activation free energies AG* demonstrate that the rate-determining
step is thiolysis in the sol-gel processing of GeS, from either alkoxide. The same
conclusion is reached from the experimentally determined reaction rate constants.

Based on scanning electron microscopy and BET analysis results, it could be suggested
that all GeS, dried gels are colloidal xerogels, having approximately the same
hierarchical pore morphology made up of two sizes of particles, primary and secondary.

The primary particles are condensed structures. They nucleate and grow per the
classical LaMer’s model. The decrease in their surface areas occurs simultaneously by
growth and aggregation. Since the particles are formed in a neutral solution, aggregation
is rapid. As the result of rapid aggregation, secondary particles are formed.
Concentration of Ge(OEt), and H,S and reaction temperature influence the primary
particle size. For formation of both primary and secondary particles, the monomer-cluster
reaction-limited aggregation model can be invoked since they are compact structures as
seen from low microporosity. The concentrations of precursors and their ratio affect the
manner of packing of the primary and the secondary particles during aggregation. The
secondary particles also decrease their surface areas by rapid aggregation. These
aggregates are formed within domains and their connection into a solid 3-D network
cause gelation. For Ge(OEt), concentrations >0.044 M the gel includes the entire liquid
within it. However, for the lower concentrations the gel is formed during aggregate
precipitation. Therefore, for gelation, the cluster-cluster reaction-limited mechanism can
be proposed. The gelation time is affected by the concentration of reactants. However

it is not influenced by temperature in the examined range.

194



Potentiometric titration is a suitable method for the quantitative determination of
germanium sulfide and germanium mercaptide formed during sol-gel processing of GeS,
before gelation. It is accurate and reproducible. Although the accuracy is satisfactory,
it could be improved only by choice of more precise equipment for measuring samples
and adding the titrant. The error caused by interference of the ions during precipitation
can be neglected due to the high selectivity coefficient.

Results obtained for the detection limits are in excellent agreement with the literature.
When the electrode responds to the free GeS™ or Ag* ion, the detection limit is controlled
by Ag* defects in the electrode membrane surface. However, if the electrode responds
to the free S> ions, the detection limit is equivalent to the solubility of Ag,S from the
membrane. A corrected equation E={[log(Cs,Cg;)] is in a good agreement with the

experimentally obtained results.

5.2. CONCLUSIONS

The following conclusions can be drawn from the results discussed in Chapter 4:
@ Tungsten ethoxide yields a gel WS, ; when it reacts with hydrogen sulfide in toluene
at room temperature.
® Reaction of tungsten dichloride ethoxide and hydrogen sulfide in toluene yields a
powder WS, ,.

® Semi-transparent yellow colloidal ZnS gel is prepared from zinc tert-butoxide and H,S
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at room temperature if the concentration of the alkoxide is 0.024 M.

® Semi-transparent GeS, gel is prepared from 0.029 M of germanium ethoxide and
0.019 M hydrogen sulfide in toluene at room temperature.

@ The thin film prepared from GeS, and ZnS colloidal suspensions by dip process are
uniform, transparent and well adhered to the substrate.

® The effective preparation of metal sulfide relies on preventing metal alkoxide
hydrolysis by drying precursors and by maintaining a dry atmosphere during the reaction.
® It is possible to prepare pure monoclinic GeS, from a mixture of GeO,-GeS, gel by
conversion of formed GeO, with sulfur at 630°C.

® The chemical reaction of germanium ethoxide and hydrogen sulfide simplifies to
thiolysis and the alcohol forming condensation when the ratio [H,S]/[Ge(OEt),] is 9:1.
® The sol-gel reaction of germanium isopropoxide and hydrogen sulfide occurs by
thiolysis and the hydrogen sulfide forming condensation if [H,S)/[Ge(OPr),] is 2.25:1.
® Regardless the reaction conditions, thiolysis is a slow step and condensations are fast
in toluene.

® The negative activation entropy confirms that thiolysis and condensations occur by an
Sn2 mechanism.

® All GeS, dried gels are colloidal xerogels, made of primary and secondary particles.
® The concentration of precursors and reaction temperature influence the size of the
GeS, primary particles.

® Primary and secondary particles of GeS, gel decrease the surface area by rapid

aggregation in toluene.
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® Gelation time of GeS, gel is affected by concentration of precursors and not by
temperature in the range examined.

® Potentiometric titration is a suitable method for the quantitative determination of
germanium sulfide and germanium mercaptide.

® Selectivity coefficient calculated from the solubility products determined from the
plots E = f[log(C;] is in an excellent agreement with the coefficient determined by a
method suggested in literature.

® A corrected equation E = f[log(Cs, Cgy))] is in a good agreement with the

experimentally obtained results.

5.3. FUTURE WORK

This work on sol-gel processing of metal sulfides can be continued on the following
way:
® Synthesis of ZrS, and SrTiS, from Zr[O(CH,)CH;], and SrTi(OC,H’), at different
reaction conditions (concentrations of alkoxides and reaction temperature).
® Processing of the thin films using metal alkoxides and hydrogen sulfide.
® The study of influence of the polar solvents on the thiolysis and condensation rate
constants.
® The examination of the isothermal and non-isothermal heat treatment of metal sulfides

prepared by this method.
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® Determination of physical, chemical, electrical and optical properties of metal sulfides

prepared by sol-gel processing.
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APPENDIX I

Table Al: Concentration of H,S and Ge(OEY),, the concentration ratio R and reaction
temperatures used for study of their influence on the microstructure of GeS,
gels. Corresponding gelation times are also shown along with these data.

GEL [H.S] [Ge(OEY).] R tyctation
™) M)
IA 0.550 0.220 2.5 3 hours
m 0.110 0.044 " 12 hours
v 0.073 0.029 " 2 days
\'’ 0.055 0.022 " 5 days
A 0.019 0.029 0.66 6 months
X1 0.027 " 0.93 -
vl 0.038 " 1.32 2 weeks
v 0.073 " 2.50 2 days
vl 0.146 " 5.00 3 days
X 0.293 " 10.00 3 days
30°C 0.220 0.264 0.83 12 hours
40°C " " " 11 hours
45°C " " " 10 hours
50°C " " " 11 hours
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Table A2: The concentrations of sulfide (M) and mercaptide (C) evolved in

the sol-gel reaction, when [H,S],/[Ge(OE)], is 9:1. The
concentrations are in 10° M.

30°C 40°C 45°C 50°C

t(h)

™Ml (€] ™Ml [C ™M ([ ™M [C
1 0 0.20 0 3.0 0.04 0.49 0.10 0.74
2 0 0.40 0.05 0.50 0.08 0.60 0.28 1.05
3 0 0.70 0.08 0.15 0.81 0.15 0.60 1.21
4 0.07 0.71 0.12 0.98 020 1.11 0.96 1.24
5 0.11 0.75 0.18 1L.15 030 1.21 1.52 1.29
6 0.15 0.83 026 1.25 0.66 1.31 2.32 1.41
7 0.30 0.88 0.51 1.43 0.83 1.62 333 273
8 0.45 0.96 0.84 1.81 149 222 520 4.04
9 0.51 1.31 1.23  2.10 2.85 455 8.10 6.08
10 073 1.8 1.80 2.42 455 5.55 11.10 8.08
11 0.89 2.02 2,50 3.10 6.56 7.07 17.20 12.14
12 1.07 2.32 3.70 4.80 11.62 8.58 29.30 14.14
13 1.32 3.04 485 6.90 19.19 13.13 - -
13.5 1.77 3.54 - - - - - -
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Table A3:  The concentrations of mercaptide (C) and sulfide (M) evolved in
the sol-gel reaction, when [H,S}/[Ge(OE)], is 1:1.2. The
concentrations are in 10> M.

30°C 40°C 45°C 50°C

t(h)

™M] [C ™M [C ™M (€] M) (¢
05 O 0.45 0.13 0.52 020 1.34 0.22 2.63
1.0 0.09 1.00 0.20 1.40 045 2.00 0.78 3.63
1.5 020 1.15 0.53 1.37 0.71 3.10 098 5.15
2.0 030 1.40 0.67 1.62 090 4.9 1.30 6.36
25 051 1.60 1.10 2.02 1.20 4.90 1.49 8.69
3.0 053 1.90 .20 2.22 140 5.90 1.80 10.30
3. 071 2.20 1.30  2.63 1.60 8.10 2.50 12.12
4.0 1.30 2.80 .32 3.03 1.80 13.30 3.10 14.70
45 1.60 3.20 1.82 343 2.01 16.20 4.00 16.30
50 2.00 4.50 253 545 2.80 18.10 5.30 19.30
55 270 5.50 2.83 6.87 - - 7.80 24.70
6.0 3.60 6.00 4.55 747 5.00 22.20 12.00 34.70
6.5 4.80 7.00 545 9.29 7.00 27.80 18.40 64.50
7.0 5.80 8.00 9.10 11.10 10.00 32.00 28.90 90.80
7.5 650 8.90 11.10 1495 15.50 40.40 42.00 135.80
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Table A4:  The concentrations of sulfide (M) and mercaptide (C) that
appeared during sol-gel reaction of Ge(OPr’), and H,S . The
concentrations are 10 M.
25°C 30°C 35°C 40°C

t(h)

M] [C] Ml [C ™M) € M] [C]
0.5 0.02 0.05 0.04 047 0.02 0.07 0.16 0.94
1.0 0.03 0.45 0.08 091 0.07 0.45 0.40 1.50
1.5 0.04 0.63 0.14 1.69 0.11 1.15 0.68 2.10
20 0.07 0.63 0.25 1.94 0.26 1.65 0.90 2.60
25 0.12 0.68 0.45 2.00 0.50 1.95 1.10 3.00
3.0 0.18 0.73 0.70 1.90 0.80 2.00 1.25 3.40
3.5 023 0.79 095 2.10 1.10 2.40 1.35 3.70
40 0.25 0.86 1.00 1.90 1.30 2.60 2.00 3.90
4.5 0.28 0.95 1.2 2.00 1.60 2.80 2.60 3.90
50 035 1l.21 145 1.80 1.90 3.10 3.60 4.00
5.5 038 147 1.7 1.70 220 3.20 4.80 3.90
6.0 042 1.78 1.90 145 3.00 3.20 6.80 4.00
6.5 0.50 220 230 1.20 3.50 3.20 - -
7.0 0.56 2.60 - - 4.50 3.20 - -
7.5 0.60 3.00 - - 5.50 3.25 - -
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