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ABSTRACT

A study was made of the possibility of synthesising sulphur
anelogues of the aluminosilicates, in which the oxygen in the framework
was replaced by sulphur, From the basis of a consideration of the
structures of the oxides and sulphides of the elements of Groups III b
and IV b, stereochemical and radius ratio predictions suggest that
such a substitution of sulphur for oxygen-should be possible, Two
approaches were adopted in testing this hypothesis, Firstly, attempts
were made to sulphide 13X zeolite (chosen as a representative and
stable framework aluminosilicate) with carbon disulphide at temperatures
up to 700°C, The results indicated that replacement of structural
oxygen by sulphur only occurred with a destruction of the framework
lattice, which was not reformed, Secondly, hydrothermal systems were
set up, in which synthesis of sulphides was attempted in 2 manner
analogous to the hydrothermal preparation of zeolites. Two experimentally
distinct methods were used, employing as solvent hydrogen sulphide and
water respectively. The work with hydrogen sulphide was conducted in
autoclaves under both sub-critical and super-critical conditions, the
maximum temperature employed being 35000. The agueous reactions were
conducted at atmospheric pressure below 100°C, The results in both
cases vere similar, OSolution of the Group III b and Group IV b
sulphides occurred in the basic solvent media, with the formation of
ternary sulphides analozous to sodiwm silicate. However, no tendency
wvas found for these ternary sulphides to interact in solution with the
formation of more complex phases, The materials formed were characterised
by chemical analysis, x-ray diffraction, infrared analysis, adsorption
and surface area measurements and tests of catalytic activity. The
results obtained confirmed the view that only low surface area ternary
sulphides were formed, bearing little relationship to framework

aluminosilicates.
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CHAPTER 1. INTRODUCTION

1.1 BACKGROUND AND ORJECT OF THE PROJECT

To a large extent the chemistry of the sulphides has
developed independently, and in many cases to a lesser degree,
than that of the oxides, it being usual to discuss the two
families of compounds from the basis of their differences rather
than their similarities. In part, this is due to the changes
in the stereochemistry and chemical properties found between one
element and ancther in the same group, and probably also partly
due to the separate distribution of the two classes of compounds
in nature, leading to their independent study and classification.

Mason's "Principles of Geochemistry" (1) lists the relative
gbundance of the elements, the three most commonly occurring being
oxygen, silicon and aluminium (46.60, 27.72 and 8.13 wt % respectively).
The preponderance of the earth's crust therefore consists of
silicates, with smaller amounts of oxides of aluminium. When
it is remembered that the sulphides of silicon and aluminium
hydrolyse immediately end irreversibly in the presence of water, it
ialnot surprising that they do not occur in nature, and that the
study of their chemistry has not been developed to the same extent
as that of the oxides.

Elements naturally occurring as sulphides are not normally
found also as oxides; Goldschmidt (2) classified the elements
that are 'chalcophile'-ie characterised by a strong affinity in
nature for sulphur and arsenic, and 'lithiophile' - ie associated

with oxygen, often in silicates. Consdering the elements of



groups IIT b and IV b, silicon and aluminium, and to an extent
gallium and tin, are generally found as oxides, while germanium,
tin, lead, gallium, indium, and thallium occur as sulphides.

These sulphides crystallise out quite separately from the main body
of the silicates.

It is therefore not unreasonable that sulphides should
be regarded separately from oxides, and even in the last few years
the existence of thio-analogues of the simple oxides (ie silicates
or aluminates) has been discounted by most texts on inorganic
chemistry (eg 3 and 4). However, fresh work is continually
furnishing new evidence to show that such distinctions are
provided more by circumstance than by nature, and it is with this
field of research that the present work is concerned.

Comment was made above of the instability of the
sulphides of aluminium and silicon towards water; it is apparent
therefore that any attempt to investigate the chemistry and
structures of the oxides and sulphides must be restricted either
to systems involving sulphides stable towards water, or otherwise
to anhydrous systems. It was with this latter topic that the
greater part of this work was concerned. If water is regarded
as the parént of the oxides and the medium from which silicates
and related structures are formed, then by direct analogy hydrogen
sulphide may be regarded as the parent of the sulphide analogues
of these compounds. It was a desire to find whether this material,
whose solvent properties have received only scant attention, could
form a medium from which sulpﬁidea could be crystallised in the
same way that silicates and aluminosilicates crystallise from

aqueous solutions,that was the starting point of this work. A
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second aspect of interest was the inherent nature of materials
formed by such a process. Almost without exception, sulphides

have been prepared by heating the elements in a sealed tube; -
this leads to dense materials frequently based on close packed
atoms - the 'conventional' sulphides of nature. These materials
are very different from many of the silicates and related oxides
that have crystallised from a solvent. The latter are character=-
ised by more open, framework structures based on interconnected
tetrahedra. The extreme case is found in zeolites, where channels
and cavities of precisely defined . dimensions are formed by the
structural tetrahedra of sioh andAﬁOhjoining in clearly defined
ways. No such structures are known in the sulphide systems, and

it was thought that this might simply be & reflection on the methods
of preparation previously adopted. The oxides only form these open
framework structures containing channels and voids in the presence
of a suitable ' mineralising' solvent, and it was thought that the
duplication of these structures in the sulphide system would also
require a solvent, and hydrogen sulphide would form the obvious

first choice.

Besides the inherent interest of any such framework
sulphides that might be formed, there is a strong industrial interest
in zeolites and related oxides. Zeolites themselves have found
widespread use as molecular sievesfor the separation of materials
according to molecular size, and aluminosilicates in general are
widely used as catalysts. The acidic properties associated with
these materials is rendered more useful in the case of zeolites
by the location of the activé sites within the molecular framework,

and these‘materials have found widespread use as catalysts for
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reactions demanding acidic conditions (ie cracking, isomerization).
Besides the use of selective poisoning by sulphur as a well
established means of enhancing catalyst selectivity, sulphided
zeolites have been shown to have particularly beneficial properties.
Therefore, great interest would be attached to the catalytic properties
of sulphur analogues of these campounds, with especial regard to
selectivity, resistance to poisoning by sulphur, and desulphurising
activity.

An alternative approach in the comparative study of oxides
and sulphides is to use sulphides which are stable under aqueous
conditions, rather than hydrolyssble sulphides under anhydrous
conditions. Therefore, besides an examination of the sulphides
of aluminium and siliconin liquid hydrogen sulphide, a further
basis for comparison is the examination of the sulphides of
gallium, indium, germanium and tinlin aqueous media. These materials
are stable with respect to hydrolysis under conditions similar
to those in which silicates and aluminosilicates are formed.

The known existence of oxides formed by these lower Group III b
"and IV b elements analogous to silicates and aluminosilicates
offered incentive to the attempted preparation of analogous
sulphides. The survey was ultimately completed by extending the
anhydrous studies with hydrogen sulphide to also cover these
elements.

A further approach in the preparation of sulphur
analogues of the aluminosilicates is to take an oxide with the
required structure and attempt to replace the oxygen atoms by

those of sulphur. Such a process is known to be possible in
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the case of simpler oxides, and partial or complete replacement

of oxygen by sulphur has been reported for silica, alumina and
certain aluminosilicstes. High temperature reaction with hydrogen
sulphide or carbon disulphide was used. Therefore, another aspect
of the research was the extension of these technigues to more |
complex oxides in the form of zeolites.

Thus, the aims behind the project may be summarised as an
examination of the possibilities of preparing sulphide analogues
of the silicates and aluminosilicates by several methods, but with
especial regard to the use of hydrogensulphide as a mineralising solvent.

The ultimate aim would be the formation of thiozeolites,
which could have great intrinsic and commercial interest. During
the course of this work, the general question of the interrelations
of the sulphides and oxides, and their similarities and differences,
was borne in mind, in the hopes of.contributing to a more complete
correlation between these two families of compounds.

An important aspect of any research project of this sort
is the characterisation of the materials formed. Besides chemical
analysis, X~ray powder diffraction was used as a quick and ready
means of assessing the extent to which reactions had proceeded, and
the type of material and crystallization obtained. In a project
where formation of a specific type of crystal structure is desired,
the importance of this technique as an analytical tool cannot be
overestimated, although it does not by itself give a complete
insight into the processes occurring. The formation of zeolitic
materials, for example, leads to large unit cell structures, and

the presence of lines corresponding to wide interplanar spacings
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on the diffraction patterns serves as an indication of the formation
of this type of material. However, zeclites are known which do not
give rise to lines corresponding to particularly wide spacings,

and conversely, widely spaced lines may be due to causes other

than the presence of zeolites. Thus, additional means of characteri-
zation are required.

Measurement of the surface area, and data on pore size and
shape, by nitrogen adsorption is a useful approach. Aluminosilicates
and related materials have comparatively large specific surface areas,
either on a macroscale (like certain sluminas), resulting from the
mode of preparation, or as an inherent feature of the structure,
as with zeolites. Mirthermore, measurement of the adsorption
capacity for molecules of graded sizes forms a convenient means
of agsessing the sieve properties characteristic of zeolites.

Cation exchange and stability towards dehydration are further
properties a material must possess to be regarded as zeolite-like.

The acidiec properties associated with aluminosilicates
may be measured by their reactivity towards mildly basic materials
such as pyridine, using either chemisorption or infra-red techniques.
These properties are also reflected in catalytic activity for
reactions such as cracking or isomerizstion, whilst sulphide
analogues of these compounds might be expected to show resistance
to polsoning by sulphur or especial activity for desulphurization
reactions. Whilst not all of these approaches were adopted in
the work undertaken, they serve to illustrate the range of
methods available for the characterization of the products obtained
by the various preparative technigues used. In practice,

chemical and x-ray analyses were backed up by measurement of the
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surface area and ca?alyst activity for typically acid catalysed
reactions, and other tests such as ion exchange were used as
appropriate. In this way, the nature of the products obtained
and the degree to which they resembled the corresponding oxides
was assessed.

1.2 LAYOUT OF THESIS

From the foregoing discussions of the work undertaken,
it will be appreciated‘that a large area was covered during the
course of the investigation, and the following shows how it has
been incorporated into the thesis.

Owing to the diverse nature of the topics studied,
these have been presented separately as different sections
(Chapters 3 - T), each comprising (1) Introduction, including
a survey of the background literature and objects of the work
undertaken; (2) Experimental Section, with the results and discussion,
and (3) Final Conclusions.

Following these chapters, a section of overall concluions
haes been included (Chapter 8), wherein are discussed the
gignificance of the results obtained in meeting the objectives
get. Also included are suggestions for further work on the more
interesting topics.

This is followed by the bibliography and an appendix
consisting of tabulations considered too bulky to be conveniently
incorporated within the text.

No matter how interesting and original a topic may be,
+time spent pursuing it will be wasted if the objectives are

theoretically infeasible. For this reason the first main section
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(Chapter Ziccmprises a theoretical discussion of the chemistry involved,
with especial regard to the comparative chemistry of the sulphides and
oxides, and the types of structures encountered and their modes of
formation. As the formation of zeolitic type materials was the
ultimate objective, some thought as to their mode of formation in the
hydrothermal system is given. The general question of analogue
compounds is reviewed - the isomorphous replacement of one ion by
another in a crystal lattice, and some mention is also made of the
establishment of novel crystallization systems in recent years,

and the development of new materials to serve as fluxes in such systems,
In addition to the discussion of the fundsmental chemistry, this
section also includeé a review of the relevant literature, fundamental
to the project as a whole.

This section is followed by the first experimental section,
comprising the work concerned with the sulphiding of conventional
zeolites at elevated temperature (Chapter 3). The literature
relating to the sulphiding of molecular sieves and the use of sieves
in sulphide-containing systems is reviewed here.

Meny of the materials required for the synthetic techniques
inveatigated were not available commercially, and in some cases
published methods for their preparation did not exist, or required
investigation. Therefore, the next section (Chapter 4) is devoted
to the preparation methods adopted for these materials. Especial
regard is given to the use of aluminium alkyls as starting materials
for the preparation of organo-aluminium sulphur compounds, and the
properties of the materials obtained.

Next follows a description of the main hydrothermal
experiments in hydrogen sulphide solvent (Chapter 5), and of the high

pressure equipment used. The background literature relating to
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hydrogen sulphide and its solvent properties is reviewed here.
This is followed by a description of the reactions carried out under
aqueous conditions (Chapter 6), and the final experimental section
(Chapter T) relates to the measurement of surface area and catalytic
activity as a means of further characterizing the products obtained.
" The known catalytic properties of the sulphides and aluminosilicates
are briefly reviewed here as a means of assessing the significance
of the results obtained.

"1.3 LITERATURE SURVEY

As the literature relating to the research topic is presented
in the sections to which it is relevant, the following general remarks
are made as an indication of the scope of the survey undertaken.

The retrospective survey was conducted using Chemical
Abstracts, which was searched from its inception to date. The
topies scanned included zeolites, ultramarines, thiols, all aspects
of sulfur and sulphides, molecular sieves, mercaptides, hydrogen
sulphide, crystallization and crystal growth, and catalysis, besides
all elements considered in the work. As a further check on the
completeness of this survey, Science Citation Index, published by
the Institute for Scientific Information, has been used with leading
references.

The current awareness search has been conducted using Chemicsal
Abstracts as published, and in addition, for a more up to date survey,
Current Chemical Papers, published by the Chemical Society (London),
has been scanned as published. When this ceased publication at
the end of 1969, Current Contents - Chemical and Physical Sciences
section, was used. This is published by the Institute for Scientifié

Information.
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Besides primary sources, reviews and text books have been
widely used, and these are referred to in the various sections. In
addition to the topies mentioned above, other references relate to

the methods of analysis, equipment and other subsidiary subjects

covered by the project.
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CHAPTER 2 THEORETICAL BACKGROUND

2.1 COMPARATIVE SURVEY OF THE SULPHIDES AND OXTDES

It is usual for members of the first row of the Periodic
Table to possess properties markedly different from lower elements
in the same groups, and so it is that major differences exist between
oxygen and sulphur. Nevertheless, it is hoped to illustrate in this
chapter that these elements do have properties in common, and that
differences are better represented as sharp transitions than
inpenetratable boundaries.

2.1.1 TFundamental Differences between Oxygen and Sulphur

Oxygen has the outer electronic structure 242 2Ph’ and
sulphur 342 BPh' From this, many of the stereochemical and chemical
features of the oxides and sulphides may be rationalised, and most
modern text-books of inorganic chemistry contain a discussion of this
sort. [Especially useful have been found those by Wells (5) and
Sanderson (3). Another text found invaluable is the comprehensive
review on inorganic sulphur chemistry edited by Nickless (6).

Although the outer electronic configuration of the two
elements is similar, there are fundamental differences, which may
be sumarised as follows. Firstly, there is the greater screening
of the outer electrons in the case of sulphur, with ten underlying
electrons, compared to only two in the case of oxygen. This reduces
the closeness of interaction and multiple bond formation characteristic
of oxygen compounds, and results in a preference for single bonds in
the case of sulphur. This is witnessed by the multiply bonded oxygen
molecule and the singly bonded ring of eight atoms constituting a
sulphur molecule. This behav{our is also responsible for the formation
of polysulpﬁides containing chains of sulphur atcﬁs, a situation never
found inlthe case of oxides, and is reflected in the structures of

many sulphides.
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Another major difference between the two elements ﬁpparent
from their electronic structures is their electronegativities. Sulphur
has a considerably more diffuse electron field than oxygen, and posgesses
a lower electronegativity. Pauling (7) assigned electronegativities
to oxygen, sulphur and selenium of 3.5, 2.5 and 2.4 respectively,
and the difference between oxygen and the lower group VIb elements
is immediately apparent. Bonds with sulphur therefore have considerably
less ionic character than those with oxygen, having more tendency
to become polarised, with structures tending more to those associated
with co~valency. The sulphur atom therefore frequently has a more
asymnetrical surrounding than oxygen, and layer structures are common
with sulphides, while the corresponding oxides generally have simple
ionic structures. The extreme is reached with those sulphides
(parﬁicularly of the transition elements) which have properties
more in common with metallic alloys, such as lustre, conductivity
and reflectivity. |

In general, the lower electronegativity of sulphur leads
to compounds that are less polar, and pcssess corresponding features
(eg, lower melting point, boiling point, dipole mﬁment, and dielectric
constant). Nowhere are these differences more marked than between
water and hydrogen sulphide. The properties of hydrogen sulphide
are fully considered in Chapter 5, but the unassociated, non-polar
characteristics of this material may be cited here as resulting
from the low electronegativity of sulphur compared to oxygen. Similarly,
its low boiling point compared to that of water is attributed to the
much lower degree of hydrogen bonding found in the sulphur system,
a direct consequence of the lower electronegativity of sulphur. Similarly,
the lower solute —solvent interaction through hydrogen bonding found

in the sulphur system is apparent in the limited solubility of the alkali
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metal salts of mercaptans in the parent mercaptan? compared to the
ready solubility of the corresponding alcohol salts in the alcchols.
Until comparatively recently, such facts were taken as
evidence that hydrogen bonding was not encountered in the sulphur
system, but later work, based chiefly on spectroscopic measurements,
has shown that it does occur to & limited degree with strong bases,
wheré the -8H group acts as a proton donor. More recently still,
it has been shown that hydrogen bonding can occur to sulphur (proton
acceptor), although the effect is very weak, sccounting no doubt for
its supposed absence in such materials as thiols. Useful reviews
exist on the topic (8, p 201 ;9 ). As a direct comparison to the
strong hydrogen bonding observed in the oxygen system, and its effect
on the solvent properties of water, the systems where sulphur acts
' as a proton acceptor are more interesting. Infra-red (10) and nuclear
magnetic resonance (11) measurements of dilution shifts have shown
this type of hydrogen bonding (SH ..;.. S) in thiols, albeit very weak
compared to that found in alcohols, where chains of molecules are
~ found (8,p19). The authors of (11) suggest that only monomers and
dimers exist in thiols to an appreciable extent. The structure of
water is typified by a three dimensional network of hydrogen-bonded
molecules (8, p 17), and by analogy with the water/alcohol system,
hydrogen sulphide would be expected to exhibit & greater degree of
hydrogen bonding than do the thiols. Evidence (12) suggested-that
no interaction existed when hydrogen sulphide was dissolved in carbon
disulphide, but more recent work on solid (13), liquid (14) and
gaseous (15) hydrogen sulphide indicates weak intermolecular interactions.
Monomer, dimer sand polymer species are reported in the solid state

from matrix isolation spectra (13), with a hydrogen bond strength of
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approximately half that of water in a similar system. From gas

phase measurements (15) the hydrogen bonding energy has been estimated

as 1.7 % 0.3 keal/mole; this may be compared to the value of 4.5 kcal/mole
quoted by Psuling (7, p 304) for water. Further evidence for the existence
of (S-H .....IS) hydrogen bonding was provided by a study of the solute=
golvent interactions of the tetramethyl ammonium hydrosulphide/ligquid
hydrogen sulphide end triethyl ammonium hydrosulphide/liquid hydrogen
sulphide systems (16) in.which complexes (SH ..... HSH) with hydrogen
bond energies of between T and 14 kecal/mole were encountered. This
gsystem is further considered in Chapter 5 in connection with the
hydrothermal reactions in liquid hydrogen sulphide,

Another consequence of the lower electronegativity of sulphur
is th?t, in general, oxygen can easily displace it from most of its
compounds, and most sulphides soluble in water are readily hydrolysed.
This is attributed to the reduced stability-of the negative ions going
down Gp.VIb, as witnessed by the ready hydrolysis of the SE- ion in
aqueous solution to form SH or even H2S- - evidence of the strong
basic strength of the sulphide ion. A further consequence relevant
to the present work is the formation of thiosalts. Just as acidic
.oxides can form compounds with basic oxides (ie aluminium hydroxide
and sodium hydroxide form sodium aluminate), so similar compounds are
found in the sulphur system, albeit to & more limited degree. Sanderson
(3, pp 208 et seq) discusses this point, and cites a charge on sulphur
of less than -0.09 electron as necessary fér a sulphide to become the
anionic portion of such a complex. The data he presents is reproduced
in Table 2.1, and from phis it is concluded that only gallium, carbon,
germanium and tin are able to form camplex sulphides analogous to
silicates and aluminates, at least in agqueous solution. This proviso

seems necessary, for, as the author points out, with the exception of
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Group IIIb 3235 31253 93253 In233 ‘1‘1283
Charge gn Sulphur —0+13 | ~0+25 -0+09 -013% 011
o A s —t — — i =
Group IVb 032 3132 GeS GeS2 SnsS Sn?g
Charge(zr)l Sulphur | 5,03 | <0013 | ~0006 | -0404 | ~0+13| =0+09

Table 2,1 Charge carried by sulphur in Group IIIb and IVb Sulphides,
(3, p.208 et seq.)
Triangular Tetrahedral Octahedral Cubic
Co-ord. No. 3 | Co-ord. No. 4 | Co-ord, No, 6 | Co~ord. No. 8
0+155-~0+225 0+225-0+414 0+414-0+732 230-732

Table 2.2
types.

(5: P-72)

Radius Ratio of Cation to Anion for variocus structure
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indium and thallium, all of the above 'forbidden' sulphides are
hydrolysed in aqueous solution, and only exist in the anhydrouslstate.
Under anhydrous conditions complex sulphides of these elements can

be formed,and in fact wnder favourable conditions sparingly soluble
NaInS2 may be formed in aqueous solutions.

In spite of these limitations, this is a worthwhile criterion,
and it explains why stannous sulphide is oxidised in agueous sulphide
solutions to form stannic thiosalts while germanous sulphide can form
thiogermanites. Exceptions can often be explained as not being true
thiosalts, but rather complex sulphides based on sulphur atom arrays.

It is interesting to note that in the case of oxides the corresponding
eritical charge is about -0.45e, and is no restriction in the case of
the oxides of groups IITb and IVb, whose charges on oxygen lie between
-0.11 to -0.36e. The conclusion is that the lower negative charges
found with the sulphides means that these compounds have little tendency
‘to show the amphoteric properties associated with oxides such as alumina
as they are wnable to act as electron donors to more acidic sulphides.

Another important difference between the electronic structures
of sulphur and oxygen is the availability for bonding participation of
d~orbitals in the case of sulphur. Unlike oxygen, therefore, sulphur
is not restricted to a co-valency of four, d-orbital participation
frequently leading to 'structures impossible in the case of oxygen through
more complex hybridisation schemes, with co~valency of five or six.
Another way in which the d-orbitals in sulphur can modify the bonding
schemes is by participating in back donation from a cation also possessing
d-orbitals. For instance, this has been proposed as a reason for the
stability with respect to hydrglysis of the thioanions of Geh+ and th+
(6, p 672); back donation of electrons is proposed from the filled

d-orbitals of the cation to the empty d-orbitals of the anion.
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2.1.2 Structures of Sulphides and Oxides

From these differences between sulphur and oxygen much may
be learned about the types of structures encountered in the sulphides
and oxides, and the differences between them. The most important
factor is the nature of the bonding. The greater electronegativity
of oxygen compared to sulphur leads to bonds to sulphur having more
co~valent character than those to oxygen. Further, the higher
polariéability of sulphur compared to oxygen frequently leads to
asymmetric surroundings in the case of sulphides, while oxide ions
~generally occur in symmetrical environments. Oxides do not, for
instance, form the layer structures found with the sulphides, to any
appreciable extent, although such structures are known (eg MoOB).
Oxides range in bond type from the essentially ionic compounds of
thé less electronegative, generally metallic, elements, to the co-valent,
molecular oxides of the non—metals with higher electronegativity.

The electronegativity of the elements decreases in going from right
to left in a period, and from top to bottam in a group, and Wells
(5, p 481 uses this as a rough criterion for assessing bond type.
Group IIIb may be considered as forming essentially ionic oxides,
ét least from aluminium downwards. In Group IVb, silicon is a

border—line case, carbon forming co-valent, molecular CO and

53
germanium, tin and lead becoming ionic in their oxides. From a
theoretical standpoint, the corresponding sulphides may be regarded
as possessing a more.co-valent character than the oxides.

The only truly ionic sulphides are those of the alkali
and alkine earth metals, where the positive ions have low charge and
polarising power. It is here that the only established close
similarities between sulphides and oxides exist, and similar structures

oceur (eg Na,0 and Na,S both have the anti-fluorite structure (5, pLs8)).

2
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With cations of higher charge, the sulphides show increasing tendency
to co~valency, and in the type of structure adopted by pyrites, FeSs 0
discrete co-valent S2 groups are Tfound, & situation never encountered
in oxide systems. In general, the sulphide ion is not found in the
presence of cations of charge +4 or greater, such systems being
effectively purely co-?alent; although to describe them as exhibiting
simple co-valency with no other bond-type contribution would doubtless
bé an over simplification. The high polarisability of the sulphide
ion with cations of high field strength leads to bonds that are not
only co=valent, but possess free electron character, leading to metallic
properties such as high thermal and electrical conductivity, lustre,
étc.

The same characteristics are found in the field of especiel
interest in the present work = complex sulphides. Whilst in the complex
oxides such as the silicates, complex and discrete oxyions are formed,
in complex sulphides the bonds are essentiaslly co-valent, giving rise
to a large variety of structures, many possessing semi-metallic properties.
However, the silicate structures are not as ionic as other complex oxides
with cations of lower electronegativity, where aggregates of ions governed
by radius ratio considerations are formed rather than complex ions.

Thies leads to the concept of close packing and radius ratio
control of coordination. These factors are discussed in texts concerned
with structural chemistry (eg 5, pp 72 and 112), and are relevant as many
of the oxides and sulphides may be regarded as close packed arrays. The
structure adopted in a particular case is not necessarily related to the
mode of bonding; for instance, gelena has 2 sodium chloride type structure
that is associated with icnic ecrystals, and yet some metallic character
is found in the long bond distances, electric conductivity and metallic

lustre. Thus many sulphides (and oxides) that are not predominantly
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ionic adopt the simple structures of ionic crystals. Owing to the

fact that the sulphide (and oxide) ion is considerably larger than the
cations commonly encountered, many of the structures encountered may

be regarded as close packed arrays of anions with the cations in the
tetrahedral and octahedral holes. Replacement of one cation by another
ig common, (see Section 2.3). Considering the structure from the

point of view of the cations, the type of coordination that is possible
in a simple ionic crystal may be defined by the radius ratio between

the cation and anion. Thus the type of site that a particular cation
will occupy in a close packed lattice may be determined, or alternatively
the possibility of a particular structure being adopted by a particular
ion pair may be evaluated. The approach is discussed more fully by
Wells, and the data in Table 2.2 (which shows the ranges of radius ratio
for thé different structural types) is taken from this source.

Maﬁy reviews of the sulphides and classifications of their
structures have been published. A general discussion is included by
Nickless (6, pp 669-T47), whilst Wells (5, pp 510-532) includes structural
. details of the commoner materials. Useful compilations of crystal
structures of mineral sulphides have been made by Dana (118) and Bragg
and Claringbull (17). Much erystallographic data is to be found in
Wyckoffs' comprehensive work (18). Ross (19) has classified mineral
sulphides according to structural type, and Flahaut (20) and Hellner (21)
applied the concepts of anion close packing and radius ratio control of
the metal cation position. This has led to a better understanding of the
non-stoichiometric sulphide phases. In general such reviews indicate
the complex nature of sulphides, and the transitional nature of the
bonding, ranging from jonic to co-valent and metallic. Many structures
are based on close packing of the sulphur atoms, and much work has

been conducted in this area (20, 108).
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2,1.3 Sulphides and Oxides of Groups IITb and IVb

The basis of the present work was the three dimensional type
of structure adopted by aluminium and silicon in their oxides. Similar
properties are found with gallium, indium, tin and germanium, but boron
and carbon, being first period elements, differ markedly and are not
considered in this work.

The area of interest is the relationship between the sulphides
and complex sulphides of Groups IIIb and IVb with the corresponding
oxides. As the work was prima;ily concerned with the formation of
sulphide analogues of the silicates and aluminosilicates, the structures
of silica and alumina may be teken as the starting point, and the other
strucutres related to thenm,

Sulphides may be subdivided according to the number of elements
other than sulphur that they contain. For the purpose of the present
work, simple elemental sulphides (MxSn) are referred to as binary sulphides,
sulphides with two elements other than sulphur (Miﬁisn) are referred to
as térnary sulphides and sulphides with three or more additional elements
are feferred to as complex sulphides. Some authors refer to sulphides
with two or more elements other than sulphur as complex sulphides or
sulphosalts, and there is no universal system of nomenclature. In the
present work the term sulphosalt is'reserved for sulphides where there
is evidence for discrete sulﬁho-anions.

21,3, Bi05

There are three well established structures adopted by silicon
dioxide in its crystalline state with various degrees of close packing,
&8 witnessed by the densities. These are quartz, f»= 2.655, tridymite,
(o = 2,30 and eristobalite, r:= 2.27 g/ce (5, p 785). However, although
most silicates consist of close packed oxygen atoms with the cations in

the holes, it is possible to distinguish complex ions according to the
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arrangements adopted by these cations, although there is no reason for
supposing them necessarily to exist in solution. It is usual, therefore,
in considering silicate structures,to regard these as being built up

from Sioh tetrehedra linked together in different ways. TFrom this

point of view the three structures of silicon dioxide may be regarded

as Sioh tetrehedra linked via corners, with every oxygen atom ccmmon

to two tetrahedra, forming a three dimensional lattice. The different
forms vary in the arrangement of tetrahedra adopted, and in addition

od- end B~ modifications of the individual structures may be distinguished
(the B~ form being the high temperature form with higher symmetry),
having the same basic arvangement of tetrahedra, but suffering small
displacements of the constituent atoms, The various structures‘are
reviewed in detail by Wyckoff, volume 1 (18) and another useful account

is included by Bragg and Claringbull (17, p 84).

The main points are summarised in Table 2.3, together with
bond distances for the Sioh tetrahedra. Coesite and Keatite are more
recently discovered types, and the structure of the latter is not fully
established. A very high pressure modification has also been reported
(53), possessing octahedral coordination of silicon.

aell, 3.2 ggge

Germanium dioxide is found with two structures, that of
quartz described sbove (22 - éh) exhibiting L:2 coordination, and that
of rutile (28), exhibiting 6:3 coordination. The quartz - like
structure is of most interest in the present context. It is metastable
below the transition point of 1033°C, and its structure is considerably
distorted coupared to true guartz. The greater size of the germanium
ion gives rise to longer Ge-0 bBond lengths, but an irregular 0-Ge-0
angle produces better conbtact between the tetrahedrally dispersed oxygen

-]
atoms. The two distinct Ge=-0 lengths are 1.737 and 1.Thl A.



Type Name Symmetry VA Parameter Si=0 | 0-0
mol/unit
cell i G
i e e
o[_ guartz hexagonal 3 —.:4 91304 1e61 | 2060
=5 40463 2467
ﬁ auartz hexagonal 3 a =5 o1 1+62 | 2+60
-—5 47
‘,L tridymite hexagonal 864 --5o01 6
..8 18,8
;3 tridymite hexagonal 4 a =5 0% 152 | 257
c -8-22
‘L cristobalite |tetfragonal 4 a.o=4'9?35 1:59 | 2+58
pseudocubic c°=6-9262 =263
ﬁ cristobalite |cubie 8 a =7+16 1458
0
-.1.69
high | coesite monoclinic 16 a =b =T7+17 1460 | 260
pres, c =1Q-3a =163 w2067
keatite tetragonal a8 =7 456 157
co=8-604 ~1+61

Table 2,3

Forms of Silica.




%0

2:1.3.3 5n0, and FbO

2 2

The rutile modification of germanium dioxide is also the
structure adopted by tin (cassiterite) and lead (Plattnerite) in
thelir dioxides. The structures of these compounds are reviewed by
Wyckoff (18, volume 1), and the parameters of the tetragonal unit

cell (2 = 2) are given below:=

Ge02 B i 4.395 A c0 = 2.859{&
Sn02 B 4.737 A e 3.186 A
Pb02 8 L.o6k A G . ® 3379 A

Thése structures exhibit octahedral coordination of six oxygen
atoms around the metal stom, and cannot therefore be considered
as being analogous to silica with its tetrahedral coordination.
Thé rutile structure, increasingly adopted on going down the
dioxides of Group IVb, represents an increasing tendency to form
octahedral rather than tetrahedral hybridisation, consistent with
increasingd ~orbital contribution. It serves to indicate also the
increasing ionie character of these elements in their dioxides
from 8i to Pb, the bonds of Si-0 having appreciable co-valent
character.

2.1.3.4 AEQQ3:_@2Q3 ._&,@293

The most common structure adopted by eluminium oxide
in its dehydrated state, Alzos, is the caundum 8~) form. This
structure is reviewed by Wyckoff (18, volume 2), and is best regarded
as a nearly perfect hexagonal close packed array of oxygen ions with
aluminium ions occupying the octahedral holes. J =-alumina is a
distorted metastable modification, assigned a defect spinel structure
(25), and has a higher surface area and is more active chemically.
D{-Ga.203 possesses a similar structure tod —A2203, _and the parameters
for the rhom}ohedral unit cells (Z = 2) are:~

d-A 20

bL-Ga.gos 2

a

5 5.128 A ch= 55°20"

L

5.300 A A= 550L8!
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Gallium sesguioxide, Ga is polymorphic, and the system is

293>
described by Roy et al (26), who compared it to the similar system
formed by aluminium. Wyckoff reviews the established crystal
structures (18, volume 2). Just as in Group IVb, where a departure
from the silica type of structure is found in tin and lead dioxides,
germanium dioxide being a borderline case, so here, in Group IITb, one
of the modifications of Ga203, the so called 'C-rare earth' structure,

is the only structure reported for In20 (and T1203), and bears no

3
relation to the corundum structure. Wells (5, p 465) includes a
vseful discussion of this structure. The structure is cubic, and
the perameters for In,0; are & = 10.118A(Z = 10). It is characterised
by an incomplete cubic close packed lattice of oxygen ions.
2.1.3.5 8is,
The strueture of silicon disulphide, SiSQ, is well
éstablished, and forms a well known example of a chain structure.
It is similar to silica in that it is composed of tetrahedra of Sish’
but differs in that these tetrahedra are linked via edges to form
infinite chains, and not, as in silica, via corners to form a three
dimensional lattice. The chains of silicon disulphide are held
together only by weak van der Waals forces, and the materials is
fibrous in nature. Details of the structure were first published
by Zintl and Loosen (29) and Biissem, Fischer and Gruner (30), and

are included in Wyckoff's compilation (18, volume 1). The unit

cell is orthorhombic, with the following parameters (Z = k)

[~
Bo = 9.55 A
{ o]
bo = B.65 A
¢
ct> = 5,54 A

The adjaceqt tetrahedra are distorted, the shared S-S5 bond length
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being either 3.2k or 3.58 i, and the remaining (unshared) S-S bond
length being 3.62 E. The Si-S bond length is 2.1k i, and the
nearest approach of sulphur atoms bétween chains is 3.7T5 i. These
values are correspondingly larger than those found in the various forms
of Si02, corresponding to the increased size of the sulphur ion.
Pauling (7, p 398), discussing this structure, cited it as characterising
the essentially co-valent bonding found in the sulphide as compared to
the oxide, 3102.
More recently, & high pressure form of silicon disulphide has
been reported in which the tetrahedra share corners to form the three
dimensional network of cristobalite (31). Thus a direct analogy exists
between the dioxide and disulphide of silicon. The material was prepared
at 60 - 65 k bar and 1300°C.  The parameters of the tetrahedral unit
cell (2 = 4) may be compared to those of cristcbalite alone (Table 2.3),
when the greater size of the sulphide structure is apparent.

0.004 A

i+

I}

a
o

c
o]

o
The 8i=-S length is 2.13 R, and the § ~ S length 3.68 or 3.38 A.

5. 420

0.004 A

|
1+

8.718

The same material was independently reported by Silvermenn and Soulen
(32), who, working under similar conditions, reported further (uncharsct-
erised) glass-like structures, which hydrolysed only slowly. All the
other forms of silicon disulphide hydrolyse immediately in the presence

of water to form silicon dioxide and hydrogen sulphide.

2.1.3.6 Ges,

The crystal structure of the disulphide of germanium was first
elucidated by Zachariasen (33, 34), and details are included by Wyckoff
(18, volume 1). The structure is essentially similar to the various
forms of silica, and is thus of great interest in the present work. It

consists of a three dimensional framework of corner linked GeSh tetrahedra.
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It is similar to the structure adopted by gquartz, although rather more
complex due to distortion of the tetrahedra. Zachariasen discussed

the structure in some detail (33), attributing en essentially co-valent
charazcter to the bonds, without the ionic contribution found in quartz.
This he concluded from the distorted structure, the average Ge-S-~Ge angle
being 103o as against 144° in A ~quartz. (these values may be compared to

\

80° for the Si82 low pressure structure discussed above (30)). The

Ge~S distance is 2.19 E, only slightly larger than the Si-S distance
in 8182 (see above). The parameters of the orthorhombic unit cell of
Ge82 (z = 24) are:

o

11.66 + 0.05 A

&o =

b, = 22.34 = 0.10 A
+ o

c, = 6.86 T 0.034A

The structure has been confirmed more recently (35), and this paper is
useful in that it incorporates the powder diffraction data omitted by
Zachariasen.

Recently, a high pressure form of gemmanium disulphide has
been reported (31), exactly analoébus to the high pressure form of
silicon disulphide discussed above.

The parameters of the tetragonal unit cell (Z = k) are:

5.48 A Ge-§ = 2.21 A

I}

a
o]

c, = 9.1sA §5-85 = 3.78 or3.52 A
Thus, there are two well established structures of germanium disulphide
analogous to quartz and cristcbalite,albeit somewhat distorted and with
more co-valent character in the bonds, which form a firm basis for
comparison of the sulpﬁide and oxide systems of Group IVb. A further
similarity is found in another high temperature modification of

germanium disulphide recently discovered (36). Just as germanium

dioxide can adopt both the structure of silicon dioxide (quartz) and
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stannic oxide (rutile),'so it was found that by high temperature
vapour transport (up to 845°C) a further form of germanium disulphide
could be formed having what the authors suggested to be a highly
deformed modification of the cadmium iodide layer structure adopted
by stannic sulphide (see below). The monoclinic erystals (2 = 16)
have the following parameters:-

11.56 % 0.05 A

a0=

b, = 16.1 £ h.s A
c, = 6.69% 0.08 A
B = g u8 Ly

26143, T §2§2

Silicon and germanium disulphides, like the respective oxides,
exhibit 4:2 coordination, and just as the transition through germanium
dioxide to stannic oxide (with the rutile structure) represents an
increasing tendency for 6:3 coordination, so the cadmium iodide structure
found in stannic sulphide represents a similar trend in the sulphur system
It may be represented as a hexagonal close packed matrix of sulphur atoms
with the metal atoms occupying half the octahedral sites (ie those
bétween every second pair of layers of sulphur atcms). The rutile
structure adopted by stannic oxide is not related to close packing,
but rather to a distorted body centred cubiec type of arrangement with
octahedral coordination of the metal atom by oxygen in & three dimen-
sional framework. These structures represent the preference for co-valency
and layered (asymmetrical) structures found in moving from oxide to
sulphide. The structure of stannic sulphide is described by Wyckoff
(18, volume 1) and was originally published by Oftedal (37, 38). The
parameters of the hexagonal unit cell (Z = 1) are :-
3.639 A
5.868 2

a
o

C
o]
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2.1.3.8 A%S,

3 exists in three well established forms,aL, ,B and &f.

The structures of these materials were first reported by Flahaut (39,

A8

4o, 41), and are mentioned by Wyckoff (18, volume 2). The/l- form is
the the stable, low temperature modification, and possesses an ordered
super~structure of the wrtzite type.

The parameters of the hexagonal unit cell (Z = 6) are:-

6.423 3

]

8

c 12.27 A

o

The structure is best regarded as a hexagonal close packed array of
sulphur atoms, with aluminium occupying tetrahedral holes. The S=Torm,
stable at high temperstures in the presence of carbon, consists of a
similér distribution of sulphur atoms, with the aluminium atoms

displaced to form a random wurtzite structure. The parameters of the

hexagonal unit cell (Z = 1) are:

3.579 A

[}

a
o}

CO

5.829 A

The ¥=form is obtained by heatingck-A8233 over HlOOOOC, and may be
retained by quenching. It is of most interest in the present work,
as it possesses the corundum structure of&L-A&eos, and may be regarded
as & hexagonal close packed array of sulphur atoms with aluminium atoms
occupying the octahedral holes. The parameters of the unit all are:-
a, = 6.861, oL= 56.16
They are quite similar to those of«L—A€203 (e £), allowing for the
larger size of the sulphur atom, and Flahaut suggested appreciable ionic
character in the bonds (41). More recently, a cubic modification of
aluminium sulphide has been reported (42). Approximately two per cent
of the aluminium is replaced by arsenic in this material, which was
prepared by reaction of the elements at hSd - 650°C.

a, = 9.93 ¥ o0.01 A
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2.1.3.9 CaS,
The various forms of gellium sulphide, Ga253, are reviewed
by Wyckoff (18, volume 2), and Sheka, Chaus and Mityurera (43 Chapter 5).
The original structure determinations were by Hshn et al (LL, 45 and L6).
Like A¢12$3, three well defined structures are found, o, B and ¥ (L6).
The ¥ ~form is the type obtained by normal preparation, and may be
regarded as the low temperature modification. It possesses the zinc
blende structure, and thé parameter of the cubic wnit cell (Z = L) is:=
ag = 5,441 A
It is best regarded as a cubic close packed array of sulphur atoms with
- gallium atoms in random occupation of the tetrahedral holes. Annealing
at ~1000°C leads to the stable, ¥-form, which has an ordered super=
structure of the wurtzite type, similar to o(.—AGzSB. The parameters

for ::'(---C‘rzal.as3 are:=

6.389 A

a
o

C 18.089 A

(o}

:5-(}&.283, like B-A€ S,, has a random wurtzite structure, and is made by
annealing ¥Ga S, at 550 = 600°C.

3.685 A

a
(o}

C

o 6.028 A

L}

These structures characterised by random distribution of the cations in
the close packed anion lattice are all unstable, and revert on heating
sufficiently to the stableD(-A'CeSB and ol-Ga.253 respectively.

In all three forms of Ga2S3, the coordination of the metal is

tetrahedral, and no structural modification has been reported possessing

the octahedrally coordinated corundum structure of K—AQESS ando{-—A£203.
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As a result of a fresh analysis of the structure of 0(—03.283,

using both single crystal and powder data, Goodyear et al (47) assigned
monoelinie symmetry, and concluded that space group requirements ruled
out the possibility of the wurtzite structure previously assigned to
this material. However, in a reappraisal of the structure, these
authors later assigned a modifiea monoclinic unit cell (L48), based on
wurtzite with shrinkage of sulphur tetrahedra leading to some departure

from close packing. The parameters given to the unit cell (Z = L)

were:=
a, = 1.4 A f= 121.22°
b, = 6.1 A
c, = T7.034

From the point of view of this discussion, the general conclusions
of Hahn presented above may be regarded as essentially still valid.
2:1:3.,10 "_.1_112§3_

The crystal structure of In S, was also first elucidated by

3
Hahn et al (49), and is reported by Wyckoff (18, volume 2). There
‘are two modifications,di~ and S-, corresponding to the low and high
temperature forms respectively, with a transition temperature of ca
300‘00. Both these structures Hahn considered were similar to those
of ¥-alumina (¢ f), being defect spinel structures. They are
characterised by cubic close packed sulphur atoms, and instead of the
ideal metal atom occupation of eight of the 64 available tetrahedral
sites and 16 of the 32 available octahedral sites, as found in spinel,
thed\-form has metal atoms in 15 octahedral and 6 tetrahedral
positions, and theﬁ—form has the 21 metal atoms in completely random

positions. These structures correspond to two distinct forms of

Y-alumina (L9). Theg-~form is metastable, and the transformation to
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tﬂmeﬂform is non-reversible. 'The parameters of the cubic unit cells
are given as:-

A ~In a, = 5.36 A

2533
B -InySs; a = 10.72 A

However, more recent examination of the structures (50, 51, 52) have

shown these proposals of Hahn to be incorreét and it is now fairly

well established that thel-form has a random cation distribution

in the close packed lattice, and the I.E}-—fc:rm has a tetragonal

(ordered) superstructure of the spinel structure. Therefore

qun283 and;}lness are not iscstructural with the two forms of

\(-AQ203.

2.1.3.11 Hydrolysis of the Sulphides of Groups IIT b
and TVD

The sulphides of aluminium andsilicon are immediately

and irreversibly hydrolysed by water to liberate hydrogen sulphide:=-

ALS, + 3,0 — 31,8 + AL,0,

Si82 + 2H0 —32H,5 + Si02
The lower sulphides of the two subgroups are more resistant to
hydrolysis. Germanium disulphide is very slightly soluble in
water, and is only slowly hydrolysed, with the liberation of
hydrogen sulphide. It may in fact be precipitated from strongly
acidic solutions of germanium salts by hydrogen sulphide. Stannic
sulphide is quite stable in aqueous media, being insoluble and
precipitated from Eolutions of tin(IV)aalts by hydrogen sulphide.
Similarly indium (III) sulphide may be precipitated from agueous
solutions of indium(III)salts, but gallium(III)sulphide is partially
decomposed by water. However, the liberated hydrogen sulphide presents

precipitation of Ga(OH)3, and the hydrolysis is incomplete.
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No disulphide of lead,PbS, is known, and thallium sulphide

2
T9.S., is only formed by high temperature reaction of the elements.
3

Oxidation of hydrogen sulphide occurs in aqueous conditions.

2.1.4 More Complex Sulphides and Oxides of Groups IIT b
and IV b

Having considered the structures of the simple (binary)
oxides and sulphides of Groups III b and IV b, the relations these
materials bear to the more complex sulphides and oxides will be
considered. The main emphasis is placed on alkali metal salts
of these materials, the classes of compounds of which the parents
are the alkali metal silicates and aluminates.

Finely divided silica Or alumina is readily soluble in
alkaline solution to formm silicates and aluminates, Complex ions
exist in solution, and interaction of these ions leads to the
formation of complex aluminosilicates. A consideration of the
mechanism of formation of these compounds is given in the second
part of this chapter, but an extended discussion of the types of
material that are formed would be inappropriate. Many excellent
reviews and classifications have been published, and the books
by Wells (5) and Bragg (17) contain material of this sort.

2.1.4.,1 Silicates snd Aluminosilicates

Like the various forms of silica, silicates are
generally classified according to the kind of silicon-~oxygen
framework they possess. These structures are built up, like
silica, from Sioh tetrahedra, and the various types of structure
encountered represent different arrangements of these tetrathedra.
According to the net negative c¢harge on the framework so formed,

various other cations are present to ensure electrical neutrality.
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Partial replacement of silicon by aluminium is ancther freguent
caugse of change inbalance requiring the presence of additional
cations in the lattice. The various categories of materials
distinguished may be summarised, according to the arrangement

of the Sioh tetrahedra:-

i. Sioh units discrete

2 Sioh units share one corner (ie two units only)

3. SiOu units share two corners ( ring or chain formation)

4., Alternate SiOh units share two and three corners (double chains)
S SiOh units share three corners (sheet structures)

6. sioh wnits share four corners (three dimensional structures)
All these forms are characterised by the tetrahedral building blocks
sharing corners, and it is apparent that this type of coordination
is essential for a material to adopt this type of structure.
According to Pauling (T p, 396), the existence of edges, and partic-
ularly faces, common to two anion polyhedrs decreases the stability
of the structure due to coulombic interaction between the cations.
Considering the edge sharing of SiSl'tetrahedra in Sisa, Pauling
suggests that this confirms the covalent character of this material.
From the point of view of the present work, the latter class of
structure is of most interest, representing the. three dimensional
type of framework found in silica. The chief classes of compound
of interest having this framework structure are the felspars,
zeolites and ultramarines, and these all possess relatively open
structures. The are all characterised by up to one half of

the silicon atoms being replaced by aluminium, in similar tetrahedral
sites, and positive ions are present to neutralise the charge

generated.



41

The felspars have relatively compact structures (5,p 808),
with the cations required to ensure electrical neutrality
accomodated in holes running through the structure. The zeolites
have much more open structures, however (5 p 810), containing large
voids both within and between the complex structural wnits, often
pblyhedra., formed from the A_QOh and SiOh tetrahedra. Up to 50
per cent substitution of aluminium for silicon may occur in the
tetrahedral MOh units, and in the zeolites the positive ions
necessary to neutralise the net charge on the framework are
gsituated within the wvoids. In felspars, on the other hand, these
cations are far more closely surrounded by the framework. Also
accomodated within the zeolitic cavities are loosely held water
molecules, and the ultramarines (otherwise similar to the zeolites)
contain in addition finite negative ions- eg 82_, SOE—, cL .

These voids are connected by channels, in one, two or three
directions, and the volume of the cavities may be 50 per cent

or more of the volume of the crystal. The water, which is only
loosely held, may be removed without the structure becoming
destroyed, and other molecules of appropriate size may enter the
framework. This property has led to these materials being used
as molecular sieves, for the channels have precisely defined
dimensions, and only those molecules of a smaller size will
become adsorbed from & mixture. Furthermore, these materials
have a strong tendency to regain the water molecules if these
are removed during 'activation', by heating, preferably under
vacuum, and thisgives them strong desiccating properties. Also,

the cations present to ensure electrical neutrality are readily
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exchanged by other cations, of similar or diséimilar charge

(the number of ions present changing in the latter case), and thig
gives these materials a further use as lon exchanging medig.

An extremely large amount of literature exists on these very
important materials, and somekey references are listed below.

The abéorbent properties of zeolites were first studied
in the early years of the present century, but not until the
crystal structures of a few zeolites were determined in the early
1930's and Professor R.M. Barrer begen his pioneering studies
on these materials in the latter part of that decade, was their
science properly established. Since then, many different
zeolites have beensynthesised and characterised, some not known
in nature, and the full erystal structures of many elucidated.

A review by Breck (54) gives a comprehensive introduction to all
aspects of the subject. Barrer haé reviewed the crystal structure
(55) and molecular sieve properties (56) of these materials.

Much useful data, especially on the commercial and
industrial side, is to be found in the book by Hersh (57).

The book by Sokolova (58) gives data on the Russian work in this
field. The proceedings of the first and second International
Conferences on Molecular Sieves form a convenient compilation
of recent information (60, 225). 1In a further discussion (59),
Barrer has considered the degree of porosity found in alumino-
silicates. At one extreme are the felspars, with no inter-
crystalline voidage, and with the change balancing cations
immobilised within the framework. The crystalline silicas,

containing no aluminium and therefore no cations, have a small
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amount of voidage resulting from unoccupied interstices among
the tetrahedra. Finally, the zeolites have a large degree of
porosity resulting from the crystal structure and the fitting
together of the structural units.

It is possible for some of the characteristics of
porosity on a molecular scale to exist in other types of structure
besides three dimensional lattices. For instance, layer type
aluminosilicates have charge balancing cations situated between
the layers which may be ion exchanged. An example is montmorill-

onite, represented as:-

! ~0,33
[“%.33 ALy gn 81),0,4(0H), ] Nag 35

Besides exhibiting cation exchange, this material forms adsorphtion
complexes with a variety of organic liquids, which penetrate between
the structural sheets, forming 'two dimensional liquids® and expanding
the structure (110).

2,1.4.2 Complex Oxides of the Lower Subgroup Elements
of ITII b and IV b

As the present work was concerned with the formetion of
salphide analogues of the aluminosilicates, the most important
aspect of the structures of the oxides of the lower subgroup
elements was the degree to which these elements may be substituted
in the aluminosilicate frameworks. The concept of iscmorphous
substitution is considered in the final section of this chapter,
but from the standpoint of their known oxide structures only germanium
and gallium would be expected to undergo such a substitution.

This is because, of the Group IV b elements, only high temperature



Ge0Q, resembles silica with the quartz structure, and of the Group III b

2
elements, onlytkGa, 0, posseses the corundum structure ofo{-AQBOB.-

273

A further area of comparison is the amphoteric properties
of these oxides, and the formation of complex oxides analogous
to the soluble silicates and aluminates. Aluminium dissolves
readily in solutions of metal hydroxides, with the formation of
complex anions such as

[AQ(OH)h " or AQ(OH)h(Heo)a]'
(3). Gallium and indium also possess similar amphoteric
properﬁies, but while G3203 is more strongly acidic than AQ203,
dissolving in ammonia, In203 is primarily a basic oxide, dissolving
initially in base, but tending to precipitate out on standing (3).
Thallium oxide, T£203, shows no acidic properties.

Considering Group IV b, gemmanium dioxide is more acidic
thangilicon dioxide, and is readily.soluble in bases to form
germanates that are usually isomorphous with the corresponding
silicates. Similarly, stannates and plumbates are obtained
by dissolving the oxides in basic solution, but these materials,
together with the indates, tend to octshedral coordination in
such systems, and are not strictly analogous to the silicates
and aluminosilicates. (Therefore, the view is supported that in
the light of their oxide structures, only gallium and germanium

are capable of forming analogues of the silicates and alumino=-

silicates.

2.1.4.3 _Ternary Sulphides of Aluminium

There is little direct similarity between the ternary
oxides and the ternary sulphides of aluminium (aluminates and
thioaluminates). As aluminium sulphide is hydrolysed by water,

aqueous methods of preparation of ternary phases cannot be used,



and there have been few attempts to prepare thicaluminates by non-
aqueous or high temperature methods. The only well characterised
ternary sulphides of aluminium with the alkali metals are

L1A9558 (61) and LiAQQSh (62), obtained by high temperature
reaction of the elements with sulphur or hydrogen sulphide.

They have spinel structures, the former having two distinct
modifications, above and belown1200°C. Many of the complex
sulphides of Group ITI b have normal, inverse or disordered spinel
structures, but uniike the corresponding oxides, simple structures
with tetrahedral coordination of the M3' cation are not found in
complex sulphides of aluminium with the alkali metals. For
instance, LiAQO2 and NaAQ02 have wurtzite structures, and the
analogous K, Rb and Cs compounds the cristobalite structure, all
with tetrahedrael coordination of aluminium (63), but analogous
sulphides are not reported. Such sulphides, with tetrshedral
coordination of the aluminium, are found only with metals other
than thoge of Group I. It has been reported, for instance, that
MIIAQESh (MII = Zn, Cd, Hg, Cu and Ag) have tetragonal, zinc
blende structures, with tetrahedral coordination of the aluminium
(64, 65), although earlier a normal spinel structure was assigned
below 800°C (octahedral coordination of aluminium) and a wurtzite
structure above this temperature (97). A similar view was
published by Steigmann (98), although he proposed a type of

layer structure as the high temperature form, based on a close
packed network of sulphur atoms (exhibiting some distortion),

with the MST cation ocecupying b?th octahedral and tetrahedral

sites. No doubt, much of the confusion concerning this type

45
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of system arises from the prevalence of non-stoichiometric phases,
which can readily occur in structures based on a close packed
anion array. Flshaut (100) discusses this point, with especial

regard to the systems A)_S.-%nS and Ga,S.~7nS, which exhibit

553 253
wide regions of homogeneity.

Other thioaluminates reported include those of the rare

2 » g . Ce

earths; Flahaut (103) describes the double sulphide 6AQ10X3Slh’
formed by the high temperature reaction between aluminium,
Ce283 and Hy8. Two types of coordination of aluminium were
found - tetrahedral, and distorted octshedral with 66 per cent
occupation. The thiocaluminates Crﬂﬂgsh (104) and CuAQBSB and
AgARSSB (61) were found to possess spinel-type structures.
Also mentioned in these works were analogous thiogallates and

thioindates = CrGa,S), CrIn8) (104) and CuIn.SSB and AgInSSS (61).

2.1.h.4 Ternary Sulphides of Gallium

Whilst there are no sulphur analogues reported of the
simple ternary oxides MAQ02 (M = alkali metal), these are found if
dlﬁminium is replaced by gallium (63). Thus, LiGaSE, NaGaS, ,
KGaS,; LiALO,,

exact structure adopted in these ternary compounds is governed

and ﬁ-Na.AQOe all have wurtzite structures. The

largely by ion size considerations, and it is likely, therefore,
that the aluminium ion is too small to be stabilised within the
tetrahedral holes of the close packed sulphur array. The larger
gallium ion, (together with indium and thallium) is better able

to fulfill this role.

It has been suggested (66) that these ternary sulphides

formed by gallium should be represented as M26a2sh (M = alkali
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metal). The existence of the thio-anion
S
AN el N
[% Ga \\S‘/,Ga %]

was proposed in these compounds, the difference from aluminium
being attributed to the electronic structures of the two metals.

In view of the resistance of gallium sulphide to hydrolysis,
the possibility exists af preparing ternary sulphides of gallium
with the alkali metals by reaction of the sulphides in aqueous
media. However, materials reported to have been prepared by such
a process are not well characterised, or free from the effects of
hydrolysis (67). In general, the thiogallates described above
are insoluble in water and non hygroscopic; this is in contrast
to what would be cxpected from anslogy from the simple ternary
oxides. The only exception is the sodium salt, which forms the
crystal hydrate,NaeGazsh.2H20, and hydrolyses in aqueous solution.
The other thiogallates are only decomposed by strong acids.

2.1.4.5 Ternary Sulphides of Indium

The thioindates MInSQ(M = Li, K, Rb, Cs) are reported
by Hoppe (63), and, like their gallium counter-parts discussed
gbove, all have the wurtzite structure.

The analogous oxides are also discussed in this paper =
LiInO2 has a superstructure of the NaC{ type with octahedral
coordination of the cations. The Na, K and Rb derivatives

have similar structures. Therefore tetrahedral coordination

of the In3+ jon is only found in the sulphide; this is a direct
reflection on the larger size of the sulphide ion compared to
the oxide, and the larger tetrahedral holes found in the sulphide

close packed array.



NaIn82 differs in structure fram the Li, K, Rb and Cs
analogues, and has the same structure as NaInOa, with octahedral
coordination of the metal (68, 69). It has been reported that

LiInS, also adopts this structure at 300° - LOOOC under pressure

2
(70). In general, other ternary sulphides of indium adopt a
spinel structure (99).

These complex sulphides of indium are readily prepared
by high temperature reaction of the sulphides, or the reaction of
sulphur or hydrogen sulphide with suitable metal salts. However,

indium sulphide In is not hydrolysed by water, and therefore,

23
as in case of gallium, the possibility of aqueous preparations
exist. It has been shown_(Tl, 72) that reaction of a solution

" of an indium III salt with alkaline sulphides yields the

sparingly soluble compounds M(Insa).xH2O, where x = L when

M= Na+ or K+, and x = 0 when M = NH#+. The system has bLeen
examined (73~T7) as a function of composition and pH. In
general, it was found that low ratios of Mzs:mc;z3 (1 to 1.5)

led to the formation of In253, and that over ratios of w2.0,

MIn82 was formed, redissolving in excess of the alkali metal
sulphide. The stability of the ternary phase was found to
decrease in the order Li<Na<K<Rb<Cs. The intermediate
region with M23:In023 ratios "’ 1.5-2.0 is characterised by surface
reactions leading to products of uncertain composition. The use
of alkali metal polysulphidéa in these systems was found to lead
to polysulphide compounds of the type Ina(sx)3 and MIn(Sx)z.
Durrant (4,p 578) considers systems to be characterised by

digonally hybridised indium ions: (S~-In-S) .

48
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2.1.%.6 Ternary Sulphides of Silicon

Very little is known of the alkali metal thiosilicates.
As silicon disulphide is hydrolysed by water, it would be expected
that these compounds might only be formed by high temperature or
non-agueous methods. The formation of sodium sulphosilicate,
Na28i83 (and also incidently the sulphoaluminates, Na6AQ2S6 and
KGAQQSG) is discussed by Mellor (78, 6, p 986 and 5, p 331).

The thiosilicate was formed by melting the sulphides of sodium and
silicon together, and the thioaluminates by heating the oxides

or carbonates in an atmosphere of carbon disulphide. However,

the products obtained were ill characterised, the original literature
cited by Mellor dsting from the last century, and they are

not further discussed here. This type of system is considered

in Chapter 3, in connection with the high temperature sulphiding

of zeolites.

Li28i33 and LihSiSh (and also calcium and magnesium
thiosilicates) were prepared by heating metal silicates in a
sulphur atmosphere (79). They contain tetrahedrally coordinated
sishh' groups, the latter as discrebte groups and the former as
chain anions. The selenium and tellurium analogues were also
prepared.

With the exception of these compounds, the only well
characterised thiosilicates reported are those with sulphides other
than those of the alkali metals. In general, such compounds
contain the tetrahedral Sish group in a more or less distorted

form, with Si-8 bond lengths similar to those found in SiSQ.



50

This grouping was established using X-ray techniques in, for instance,
Mgaslbh, Ca281sh (80), Mn2818h (80, 81), and in the rare earth

3812 and Lngs;s5 (82, 105, 107).

compounds Ln68i2.581h, thsi
Infra-red daté gave similar results for the thiosilicates
cahsiss, Hg) 8iS¢ (83) and Ba,5i8) , Sn,8i8) (461). This type of
grouping is apparently typical of this class of compound. Other
thiosilicates reported ipclude CuSSiSG, CUGSiST and CuhSiSh;
AgésiST, AggSiS, and AgasiSB (109).

2,1.4.7 Ternary Sulphides of Germanium

The alkali metal thiogermanates are quite well known
compered to the thiosilicates, and one reason for this is undoubtedly
that germanium disulphide is not appreciably hydrolysed by water.
Ternary phases are therefore readily prepared by dissolving
the sulphide in an aqueous solution of alkali metal sulphide,
in direct analogy with the solution of amphoteric oxides in
alkaline hydroxide solution. This leads to germanium disuiphide,
like the oxide, being regarded as primarily acidic in character.

Like many other ternary sulphides, those of germanium
with the alkali metals may also be obtained by high temperature
reaction of the sulphides or of the elements and sulhpur. For

instance, Maslov and Polyvyannyi(84) prepared Na,GeS, from

2

GeS,, and Na S at 950°, and NaGGe2S5 at 100°C,. by varying the

2
proportions of the reactants. But by far the most common method
of preparing this type of material is the agueous technique, and
these same authors obtained a further thicgermanate NaGGe257~5H20,
by this methéd. Schwarz and Giese (85) obtained crystals

corresponding to NaGGeZST.gHao (and its potassium analogue) by
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dissolving the disulphide of germanium in sodium sulphide solution
and evaporating the solution. By a rather more complicated process,
involving precipitation with acetone, Willard and Zuehlke (86) were
ghle to separate KgGe,BS5

et a1l (87) carried out a more complete examination of these systems,

- xH,0 (x=m3). More recently, Sevrykov

using both high temperature reaction of the oxides with HES (SOOOC),
and also aqueous methods similar to those already described. The
materials obtained corresponded to various compositions, but the

following phases were indicated:-

NahGeSh.xﬂzo 3 x ="7, 15, 16

Na.QGeSB.XH2

NaEGeZSB.ngo; x =11
Na6G8287°xH20; x = 19

0y x=1, 10, 13

8..3 : % =

NaSGea6.xH20 85X =23
The results of conductance measurements of aqueous solutions
indicated the presence of Ge532“
solution j; x-ray diffraction patterns confirmed the individuality

ijons (probably as Geessz-) in

of the different families of compounds, but no attempts at structure
elucidation by x-ray techniques was made., The potassium compound
was also prepared, K26e235.hH20 being obtained by a method similar
to that of Willard and Zu¢hlke described above. More recently,
Sevrykov and Salikova have published details of the isothermal
solubility diagram for the aqueous Na,S:GeS, system at 25°%¢ (93).
From this data, they proposed confirmation of the phases :-
NahGeSh.lBHQO, HaaGESB.lOHzo and Na2GeQS§.llH20.
Nanobashvili et al have examined (92) the M 8:GeCt)

system by potentiometric titration, in a similar investigation to
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to that described above with the analogous indium system. It was

found that precipitated GeS_. was soluble in excess M_S, the

2 2
solubility decreasing with change of M in M5 (LiCNa¥{mKCs). The
compound MBGeSG was isolated by precipitation with acetone, and was
found to possess cubic symmetry.

It is apparent that the chemistry of these materials is
far from well defined, no doubt largely due to their very hygroscopic
nature snd the consequent reluctance to crystallise and lose non-
stéichiometric water of crystallization. Moreover, these materials
tend to be unstable in the solid form. However, more orderly
attémpts at the classification of this class of material have been
made by Ribes et al (88, 89 and 90) and Krebs et al (91). The
first paper of Ribes work comprises an account of the synthesis of
NahGeSh, NaEGeS3 and NaEGeES5 by high temperature reaction of the
binary sulphides at 500°C, and presents infra-red and powder diffraction
date of these materials. He stresses the ready hydrolysis of these
materials in moist air, which are therefore less stable than Gese.
This is in contrast to the ternary sulphides of aluminium, which are
considersbly more resistant to hydrolysis than AiéSB. The latter
papers of Ribes work relate to the single crystal analysis of the

structure of these materials. ﬂazGeQS5 possessed orthorhombic

. + . 2l ; .
symmetry, and consisted of Na and Gehsloh ions. These anions

congist of four Gesh tetrahedra connected via three of their apexes
(Figure 2.1) with a Ge=-S bond length of between 2.137 and 2.2L0 A.
The other two ternary sulphides isolated were shown to possess mono-
¢linic symmetry.

Krebs et al (91) used the agueous methods of preparation,

precipitating the ternary salts with an excess of acetone at pH T.8.
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)4" ion. (89)

Fig. 2.1 The structure of the (Ge4510
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He obtained the material HahGEQSG 1Ly O which was shown to have
triclinic symmetry and to possess the anion Gezsﬁh—. This consists
of two GeSh tetrahedra sharing edges in the manner of dimeric
AEQXS (X*=halide). This is more in common with Si82 than GeSe.
In addition to the slkali metal thiogermanates, the
matérials CaaGeSh, SnaGeSh, BaQGeSh, BaGeS3 and BaG9285 have been
reported (101, 102, 464, L65), and found to possess tetrahedral
GeS) groups. Ba,GeS) was found to be isostructural with BaQSiSh,
a continuous series of solid solutions existing (Lk66). Similarly,
the thiogermanates of the rare earths (82, 106, 107), of cadmium and
mércu:y (83), and of manganese, calcium and magnesium (80, 81) were

found to be isostructural with the corresponding thiosilicates.

2.1.4.8 Ternary Sulphides of Tin

The metathiostannate ion, SnS3 " (formulated as Sn S u6 iy
has a similer structure to Ge256h_. The sodium salt was prepared (91)
by & similar method to that used to prepare the thiogermanate. It
was also found that the orthothiostannate ion (Snshh-) possessed
discrete SnS) tetrahedral ions. These materials are typified by
NahSnES6.th20 and RahSnSh.thEO.

The presence of tetrahedrally coordinated tin in these
compounds is especislly interesting in view of the octahedral
cOordination‘found in SnSQ. A different type of structure was found
by LeBlanc (463), who reacted SnS2 with solutions of alkali metals
in liquid ammonia. M5n82 (M=Li,Na,K,Rb,Cs) was formmed, where the
alkali metal was intercalated and retained its high activity. This
type of material was decomposed by water to form Snsg.
The chemistry of the alkali metal thiostannates is similar

to that of the analogous germanium compounds, and similar methods of
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preparation have been used. Early work of Jelley (94) has been
largely superceded by the work of Krebs (91) discussed above. Babko
and Liselskaya (95) examined the solubility of SnS, in alkali and
alkaline sulphide solution, end found that in an alkaline solution

not containing H,.B, the ion {SnSQOHj- is formed. In the presence

2
of HES or in alkaline sulphide solution the metathiostannate ion,
[Snsa'_] i is formed. The system Naas— SnSz—HQO was also examined by

Sevryukov (96), who obtained two compounds, Na Sn83.8H20 and

2
NahSnsll.lSIieO. These materials obviously correspond to the meta=-
and ortho-thiostannates obtained by Jelley and Krebs. Like the
thiogermanates, the thiostannates are found in various degrees of
hydration, no doubt explaining the rather contradictory nature of
the literature relating to them.

Other thiostannates reported, besides those of the alkali

metals, include those of calcium, strontium and barium (467, 468).

2.1.4.9 Complex Sulphides of Groups IIIb. and IVb

Besides the ternary sulphides of Groups IITb and IVb discussed
in the preceding sections, more complex sulphides containing at least
three elements besides sulphur have been reported. (MX.JM- ;ssz3Sn) s
It is with this type of compound that one might expect to find analogues
of the aluminosilicates (eg Naxﬂlg‘%iz()n), but very little such similarity
éxists. No direct analogues of the more open typeof framework oxides
have been reported, and most complex sulphides may best be described
as ternary sulphides (MlefSn) based on close packed sulphur atoms,
where a certain amount of cationic substitution has occurred, some of
}Jl:L or Ma being replaced by M3.

Nevertheless, this process is very similar to the substitution

of aluminium for silicon in the more densely packed aluminosilicates,
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where alkali or alkaline earth metal ions are introduced to maintain
electrical neutrality. For instance, a continuous phase exists
28i53 as aluminium is replaced by silicon (20,
111, 112). The sulphur (close packed) framework is unaltered by

between YAQSB and Y

this process, and the number of Y ions alters to maintain electrical
neutrality.

Many of the complex sulphides exhibiting terahedral
coordination of the cations are derived from the zinc blende or
wurtzite structures, both of which are based on simple close
packed sulphur lattices. Substitution of the zinc in zinc blende
(Zn8) leads %o CuFeS2 (chalcopyrite) or CuaFeSnSlJr (stannite), with
all the cations in the tetrahedrally coordinated sites occupied by
zine in ZnS. This type of structure is considerably more compeact
than those of the silicates, sulphur atams being common to four
tetrahedra. In the framework siliéates, oxygen atoms are common
to only two sioh tetrahedra.

There have not been many reports of complex sulphides of
aluminium and silicon, doubtless as a result of the reactive nature
of SiS2 and.Ai283. Structures including other Group IIT b and IV b
elements are also rare. Attempts were made (119) to introduce
sulphur vapour into mﬁlten aluninium and aluminium-silicon alloys,
but no composite phases were found. A.Qz(sis)3 was reported (120)
to result from the fusing together of AQbS3 and SiSZ’ but nothing
is known of its structure. Similarly, the In2s3—GeS system has
been briefly examined (121), but no new phases were found.

The eclass of compounds represented by Lnﬁcuzsilzslh
has been well characterised (113-116). This structure is based

on a close packed array of sulphur atoms, the Sitesoccupied by
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copper being octahedral and those occupied by silicon tetrahedral.
Substitution of Cu by Fe, Ag, Ti, V, Cr, Mn, Fe, Co, Ni, Mg, and
Zn; of Si by A%, and of S by Se is knowm.

Other camplex sulphides reported for the elements of Groups
IIT b and IV b are of similar close-pascked type. A family of

compounds CuMIMIIXh (MI = A, B, Ga, In; MII

=5i, Ge; X =8, Se, Te)
is based on the sphalerite (zinc blende) structure (122). CUECdGeSh
has a wurtzite structure, and MnIn Cr,_ S) has a spinel structure

(124%).

All these complex sulphides, if synthesised, were prepared
either by high temperature reaction of the elementary sulphides,
reaction of the elements gith sulphur in sealed tubes, or reaction
with hydrogen sulphide in a flow system. In general, it might be
supposed that more open structures would only be formed in systems
employing a solvent. No such system has been encountered.

2.1.4.10 Thicanions

A characteristic of many of the complex oxides of the
groups under consideration is the formation of complex oxyanions.
The ionic complex oxides may be regarded as aggregates of ions, and
the more covalent materials may be regarded as possessing complex
ions. The silicates.are essentially borderline cases, although
they are generally thought of as possessing complex anions. It
was indicated above (2.1.4.1) how these materials may be classified
according to the wey in which the Sidh2_ tetrahedra are linked
together to form more complex anionic arrays. It mvst\be remembered
however, that there is no reason for supposing the such ions
exist in solution, or that they are derived from hypothetical

acids, notions that were widespread when complex oxides were first

examined.
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If such complex ions exist in the silicates, then it is to
be expected that similar systems will be found among the analogous
sulphides, where the bonds are considerably more covalent in
chsracter. The similarity between germanium disulphide, the high
pressure modification of silicon disulphide and the various forms
of silice has been noted above (2.1.3.5 and 2,1.3.6). The
presence of various thioanions hes also been noted in many of the
complex sulphide structures discussed. The discrete Sishh— groups
found in Ii;8iS), and the chain anions built from these groups in
. has also been noted (2.1.4.6). This is in direct analogy

3
with the discrete siohh' ions found in the orthosilicates (eg

lesls

olivine, M,510), M = Mg, Fe, Mn) and the various chain ions,

(Sios)n found in the metasilicates (eg Na28i03 and L125103 (125-126)).
Although the germanium-sulphur system appears to bear

a closer resemblance to the silicates than does the silicon=-sulphur

system, very recently structural analyses have shown that the

thicanions formed are frequently different to the oxysanions found

in the silicates. The structure of the discrete ions [?ehs;é]h-

found in NEEGeéBS (89) was illustrated above (2.l.h.7)5there

is no directly analogous finite ion found in the silicates (5,

p 790). Similarly, the work of Krebs (91) showed the presence of

the thiocanion [Geesé]h- in NahGe256.th20, consisting of two

tetrahedra joined by their edges - a system more in camon with

low temperatbure SiS2 than the silicates. The same structure

was reported for the metathiostannate ion, and indeed, in some

respects this aspect of the cthistry of germanium bears more

regemblance to tin than to silicon. This illustrates the

increased covalent character of the sulphides, and is reflected



in meny complex sulphides adopting layer structures in which infinite
thiocanion layers are held together by ions of the opposiie charge.
However, the structures formed are not sufficiently open to pemmit
exchange of these ions in the manner described for the layer type
of aluminosilicate (2.1.4.1). TPor instance, the structure of
KCuhBS consists of double layers of CuSh tetrahedra interspersed
by K" ions at the centre of a cube of eight sulphur atoms (127).

A three-dimensional framework of composition (CuTSh)" is found in
NHhCuTSh (128), in which cubic holes between eight sulphur ataoms
are occupied by the ammonium ions, in what is in effect a
distorted CsCl lattice. This structure, like those of the other
fremework sulphides, is not developed to the extent that it takes
on the character of the oﬁen framework aluminosilicates.

2,2 CRYSTALLTZATION AND FORMATION OF ALUMINOSILICATES AND
SULPHIDES OF TNTEREST

2.2.1 Aluminosilicates

A large impetus has been given to the study of
crystallization processes in recent years by the need to produce
single crystals of controlled purity for semiconductor technology
end solid state research. Although the formation of single
crystals was not an object of the project, nevertheless, many
of the novel systems used with sulphides and other materials are
worthy of consideration within the context of the present wcrk,l
and could well be applied to erystallization in the wider sense
of the word. As regards the oxide systems discussed in this
section, the fundamental chemistry of the growth of amphoteric
oxides from alkaline solutions is the same whether the ultinmate

aim is the production of new phases or the production of large
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single crystals of an existing phase. The main difference is that
in the latter situation the phase in question will generally be
used (in a finely divided or amorphous state) as the starting
material s while in the former case the starting materials will
. differ from the products, and one or more chdmical reactions are
an essential additional part of the process.

In a review of recent developments in crystal growth
(129), distinetion is made between the two processes most widely
used. These are flux (high temperature solution) and hydrothermal
(high pressure solution) processes. Many high temperature liquids
have been used as fluxes. Included are borates, used as solvents
for materials containing larger ions which occupy network
modifying sites in the melt, and Bi203 and Pb0 which have been
used to grow oxide materials in view of the presence of ionic
‘bonds in the liquid state. Varioué halides have also been
used as fluxes, but in general such techniques are not used for the
erystallization of aluminosilicates, hydrothermal methods being well
established here. This type of process is used widely, both
for the growth of single crystals and the crystallization of new
pheses,

Hydrothermal processes generally involve operation in a
region of temperature where the vapour pressure of the solvent
(or flux) is such as to require a sealed system when the vapour
phase plays an essential part in the equilibria occurring. The
term hydrothermal is taken almost without exception to imply

the use of water as solvent, and in geology and minerology a



61

distinction is made between reactions below and above the critical
point of the sclvent. Reactions below critical are referred to
as hydrothermal and above eritical as pneumatolytic (130).
However, there is little evidence for discontinuity at the eritical
point in terms of solubility, and for this reason the temm
hydrothermal in chemical texts is taken to imply any aqueous
reaction conducted under conditions of elevated temperature and
pressure. There is no fundamental reason why water should be
regarded as the sole solvent permissible for such systems. Its
extensive use stems from the fact that such techniques were
originally used for the laboratory synthesis of naturally occurring
minerals, where attempts were made to simulate the conditions
under which such materials are formed in nature. However, for
the synthesis of other types of material, water may well not be
the most suitable solvent. True hydrothermal techniques
employing non-aqueous solvents havenot received much attention.
Besides the few systems used for the preparation of sulphides,

and described in the next section, the crystallization of selenium
from supercritical ammonia (183) is a rare example of the more
general application of the hydrothermal technique.

In this context it is slightly misleading to distinguish
between hydrothermal and flux techniques. A flux may be regarded
as a non aqueous hydrothermal solvent with a very low vapour
pressure, and indeed, many supercritical hydrothermal syntheses
may be run at temperatures approaching those of conventional molten
salt = 'flux' systems, although the types of ion present will

obviously be very different.



62

Many reviews have been written in recent years on the
hydrothermal technique in genmeral (129, 130), and on the formation
of single crystals (131, 132, 134). The basic operating
factors of the method may be appreciated fram a study of the systems
used to prepare large single crystals, without the additional
complication of chemical reaction involved when the hydrothermal
technique is used as a means of preparing new phases. The main
feature of hydrothermal systems is the mineralising solvent, by
means of which the temperature for crystallization is reduced
to less than that required for melt growth. Indeed, melt
growth would not be possible for.aluminosilicate materials containing
water or hydroxyl groups, and even where it is possible, the
hydrothermal technique will generally lead to better, strain
free crystals.

The growth of large crystals of quartz serves to illustrate
the hydrothermal technique whereby materials insoluble under ambient
conditions are dissolved and recrystellized (131, 132). 1In
general, the solubility in pure water is insufficient, and comp-
lexing agents dre added to increase it. Alkali is the usual
choice for silica and aluminosilicates, generally in the form of
sodium hydroxide or carbonate. Temperatures of a few hundred degrees
centigrade are established, a slight temperature gradient
generally existing so that material is dissolved from the
polycrystalline feedstock and deposited on the crystal being
grown. In general, the solubility will increase with increasing
temperature, but decrease in the solvent density may cause the
weight percentage of solute dissolved to pass through a maximum.

Thus, at 250 atm, the maximum solubility of quartz in water
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oceurs at 350°C (137), but at 1000 atm the solubility increases
relatively wniformly with pressure. Therefore, & choice of
operating conditions may be made which is of great importance,
assuming such data is available.

Very little is known of the species existing in solution
in these systems. Laudise and Kolb (131) propose ions of the
type

ESiOQ.E(OHEI £ 313072" or si032'
Brady (133) considered that in water the predominant species over a
few hundred atmospheres was Si(OH)h, a species of higher molecular
weight (possibly SiEO(OH)6) existing at lower temperatures.

Many types of crystal have been grown in this type of

system, not all simple oxides like 8i0 Garnets are examples

o
of aluminosilicates crystals grown by both hydrothermal and flux
methods (the latter employing lead oxide flux) (134).

The wider application of hydrothermal synthesis is in
the preparation of new phases, generally oxides. Water with
an added alkali is generally the solvent, and mixed oxide gels
are fréquently used as starting materials. Generally, only
microcrystals result from such procedures, designed to produce
éither naturally occurring minerals or new compounds. Earlier
work of this sort had generally employed melt growth (135).
Various other low pressure processes have been developqd for
the synthesis of minerals, slthough such techniques are not
relevant to ‘the scope of the present work. Crystallization
from the melt, sintering and the Verneuil flame fusion

technique are examples. Spinels, rutile and sapphire are

all examples of materials made by this latter technique (134),
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which involves fusion of the reactants in an oxy-hydrogen flame,
and was first used for the synthesis of corundum,

The hydrothermal technique as applied to the growth
of large crystals has been discussed with reference to quartz,
and the principles are essentially the same when the process is
used to prepare new materials in polycrystalline form. The
key factor is again the mineralizing solvent, usually a basic
aqueous solution. In the formation of silicates, it is the
presence of this solvent that gives rise to the more open type of
structure. Water molecules may become incorporated, as in
zeolites, or hydroxyl groups may enter the lattice as in clays.

Professor Barrer has written a useful review on
mineral synthesis under hydrothermal conditions (136), in which
he describes his own work in this field. Besides naturally
occurring minerals, analogue compouﬁds exhibiting isomorphous
substitution have been formed, as well as some minerals with
no naturally occurring conterparts. Types of materials formed
include layer silicates, felspars and zeolites. In general,
such materials were formed from hydrous gels which occurred

from interaction of the alkaline silicate and aluminate solutions:=

NaOH + Na}\.Q(OH)h + Na,8i05 + Hy0

\/2500

Eqa A(Jaumz)ﬁ(sioa)c , NaOH, Hao] (gel)

0°-450°C
\w/9 50

Zeolite, Na E&Oa)y(swa); RE0 + mother liquor



The species present in sclution in this type of system
have been considered by Barrer (136; 60, p 39). The essential
feature of such systems is the mineralising solvent, and water
is a good choice for several reasons. Firstly, being chemically
reactive, it may alter the defect structures of crystal lattices,
both on the surface through chemisorption, and in the internal
structure through bond hydrolysis, Thus bonds may become re=-
organised and crystal growth nucleated. Secondly, the normally
low concentration of hydroxyl groups in glassy silica phases is
greatly increased under hydrothermal conditions, and a further
beneficinl property of water is its good solvent power which
facilitates transport and mixing of the reagents.

A somewhat différent role of water in these systems
is that of stabilising the cavaties of porous crystals such
as zeolites. This type of structure will not form in the
absence of a stabilising guest molecule, althoughthis does not
have to be water. Salts present in solution may fulfill this
role (ie NaCQ, Na,50,), and in addition to this the salts
themselves may be used as fluxes (in melt growth), when they
must fulfill the dual role of solvent and stabilising (guest)
molecule. Besides molten salts, it is suggested (60, p 39)
that ammonis or even argon should be able to stabilise porous
lattices of the type found in zeolites, in & similar situation
to that found in clatharate gas hydrates.

The mode of growth of complex aluminosilicates in

hydrothermal systems is also of interest. It is assumed (136)
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that the gel may become supersaturated with the phase precipitated,

leading to a high nucleation rate end the observed preponderance



of small crystals. It is unlikely that crystallization proceeds
through the linking together of single AlQh and SiOh tetrahedra,
as this would not be likely to result in the open and elsborate
structures of the zeolites. The formation of intermediate,
polyhedral enions is a more plausible explanation. BSuch polyhedra
may be distinguished in this type of structure - ie fourw~cornered
rings on felspars, cubes in Linde A zeolite, cubo-octahedra in
faujasite, ete (136). Concrete evidence for the existence of
such anions in solution prior to crystallization is not forthcoming,
although the discrete polyhedral anions found, for instance, in
beryl (six cornered ring) and osumulite (hexagonal prism)
constitutes evidence for the presence of such ions in solution.
Similarly, molecules based upon cubic and hexagonal prisms are
known in the silesquioxanes (138, 139), of which an example is
(Rsi)8012 (R = alkyl or aryl group).

Tt has also been suggested by Zhdanov (60, p 39 and
p 20) that the pore structure of zeolites is at least partially
formed in the gel stage, as these gels possess ion exchange
and adsorptive properties more in character with zeolites than
silica or alumina gels. This view is also supported by
spectroscopic evidence (344) and studies of crystallization
from glasses (225, p 51).

Although the solubility of the solid feedstocks used
in hydrothermal synthesis generally increases with temperature,
it has been found that the most hydrated zeolites are formed

at lower reaction temperatures. Indeed, many zeolites can
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be prepered below 100°C, at atmospheric pressure. It must be

remenmbered that most of the zeolites prepared are not true

equilibrium phases in the systems from which they precipitate.
2.2.2 Sulphides

2.2.2.1 Solvent Methods

Many attempts have been made to extend the techniques
for the hydrothermal growth of oxides to the growth of sulphide
materials. Initial attempts were made during the last war
when the processes for the growth of quartz crystals were being
developed. It was shown by Smith (1%0, 1k1) that lead
and tin sulphides could be crystallized from aqueous sodium
polysulphide or sodium hydrosulphide solutions at 4100-425°C.
This was quite a general technique, although only microscopic
crystals.were obtained, the starting materials generally being
the metal halides. Other sulphides crystallized were FeS, Cu,s,

Ag2S, Bi.S AusS, HgS, Sb283 and As It must be remembered

253 283
than when sulphides are deposited from aqueous solutions, they
are generally obtained as largely amorphous phases, exhibiting
very little crystallinity, and therefore the demonstration
that such materials could be crystallized in this way was of
great importance as a means of understanding the crystalline
gulphide deposits found in nature,

More recently, attempts have been made to grow single

crystals of such phases by methods analogous to those already

described for the growth of oxides. Thus Laudise and Ballman
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(142) grew both zinc oxide and zinc sulphide from 1M NaOH solutions.

Little tendency was noted for the zinc sulphide to hydrolyse under

these conditions, and in fact it was stable in hydroxide solution
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of strengths up to 10 M. These authors alsc crystallizsd ZnS

from sodium sulphide solution This stability of zinc sulphide

in hydroxide solutions is somewhat surprising, and it is by

no means wniverally found. TFor instance PbS hydrolyses wmder

these conditions (132), and it was found necessary to use z solution
of ammonium polysulphide to recrystallise this material. Conversely
ZnS has been crystallized as 2 ju crystallites in water alone at

" 3509C and several hundred atmospheres (168).

Since this work there have been many reports of similar
processes, some with additional ions present, which it is claimed
enhance solubility or promote crystallization. Unlike the
analogous process for the crystallization of oxides, these methods
do not always use the sulpﬁide as starting material. Halides are
sometimes preferred, alkali polysulphide furnishing the
additional sulphur required. The crystallization of lead and
zine sulphides from Qqueous polysulphide solutions containing sodium
and lithiumhalides at 4509, was described (143). Laudise et al
made a comprehensive study of the hydrothermal solubility and
growth of sphalerite (ZnS), (1Lk4), from KOH and NH), 2 solutions.

They suggested Zn(SbH)- to be the predominant species in alkaline
solution, and confirmed earlier observation of the resistance

to hydrolysis of this material. Concentrations up to 6 per
cent w/w were used. This work has since been extended to an
examination of the potentiality of using the hydrothermal
technique for the preparation of single crystals of ZnSe,

ZnTe, CdSe and CdTe. PbS and CdS hydrolysed under these

conditions (1L5). Cadmium sulphide has been crystallized from
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many solutions, including Nthl, CaCRa and Na Mo0), (146).
Antimony sulphide (147) and molybdenum disulphide (158) have also
been crystallized in this type of system.

These examples serve to show the scope of the work in
this field undertaken during recent years, and arenot intended
to be exhaustive in their coverage. In general, such processes
have been used to crystallize sulphides rather than to form new
phases by means of chemical reaction, although in cases where
halides, etc are used as starting material a chemical reaction
will obviously occur. A rather different approach to the
hydrothermal sysnthesis of sulphides has been developed by Cambri
et al, and is described in a comprehensive review (148). The
technigque, by which new phases and complex sulphides have been
prepared, is based on the effect of sulphur in aqueous media on
the related oxides, in the presence of base to neutralise the
sulphuric acid developed by sulphur suto-oxidation:-

§s0 -%332— + g
The conditions.used were 180°-343°C, at 10-150 atmospheres. The

general process may be represented as:-=
3Me0 + 4S8 + BO i‘; 3MeS + BSO)

vhere MeO = heavy metal oxides and BO = base (NHB, Mg0, Na,CO,,

7n0, etc). Thus zinc, sulphide has been formed:-
3700 + 4S5 + Mg0 ° 37nS + MgSO,

and the formation of complex phases is illustrated by:-

39u20 + Asg05 + 105 + 2Mg0 E; 3{31125‘:..#&5255 + 2MgS0),
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The authors believe that most of the sulphosalts of nature are
formed by these processes. The sulphurization tothicgermanates
and thiostannateé is very interesting from the point of view
and 8n0, are not transformed

2 2
into sulphides by the process described, they are sulphided

of the present work; although GeO

in the presence of metals able to form a sulphosalt (149) - eg
Ag or Cu.

A more recent development in the use of acidic media
for the growth of sulphide crystals (150-154). Many sulphides
hydrolyse in basic hydroxide media and are insufficiently soluble
in alkaline sulphide solution. Under these circumstances
concentrated solutions of hydrohalic acids have been used as solvents
at temperatures up to 500°C. Behind this approach was the known
ability of many sulphides to dissolve in acids with the formation
of HyS, end the tendency of heavy metals to form complexes with
halcgens. As the reactions were conducted in autoclaves, loss
of H,8 could not occur, which remained to take part in the
equilibrium. CuS, Cu985’ cds, Sb283 HgS and PbS were grown in
2-12M HCL or HBr, and the technique has been applied to other
materials (eg halides, Te, Pt, As).

In all the hydrothermal preparations or crystallizations
of sulphides discussed so far, complete analogy with the corresponding
reactions with oxides is not obtained, as the 'oxide' solvent,
water, is still used in the sulphide system. Therefore, the
possiblity of hydrolysis still exists even if alkali sulphide is
used in place of the hydroxide as the basic complexing reagent.
Admittedly such hydrolysis can be further suppressed by the

use of excess sulphur in the form of polysulphide, but the main
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drawback still exists, and the technigue cannot be used for
sulphides unstable in the presence of water (eg, Aﬁ'ﬁss, sisz).

The true parent of sulphides,atany rate from a theoretical
standpoint, is hydrogen sulphide, and the hydrothermal systems
discussed above for the preparation of oxides can only be regarded
as completely copied in sulphide systems when water is replaced
by hydrogen sulphide as solvent. Scant attention has been given
to such systems in the literature. The intermediate situation
where a solution of 1,8 in water forms the solvent was investigated
by Popolitov and Litvin (155), who crystallized SbSI at 250°-
300°C and 400°-600 atm from such a system. Only two attempts
to use hydrogen sulphide alone as the solvent for such a system
have been published. In 1963, Fredericks et al (156) attempted
without success to grow potassium chloride from hydrogen sulphide ag high
temperatures and pressures. Measurements of the gsolublity of
cadmium sulphide and zinc sulphide in this solvent indicated that
the technique should be more successful with these materials, although
results of such experiments were not reported. In 1968, the results
of a detailed investigation into the crystal growth of the heavy
metal sulphides from liquid hydrogen sulphide were presented by
L.C. Lewis in the form of a thesis (157). This work is discussed
in some detail in Chapter 5, and it will suffice to say here that
limited success Gas obtained in the growth of silver sulphide,
lead sulphide and stannic sulphide from supercritical st at
pressures up to 15,000 psi using seed crystals in a temperature
gradient. The use of higher pressures was not beneficial, The
feedstock was amorphous or polycrystalline sulphide, and although

there wss no appreciable growth of the seed crystals, crystallization
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of the amorphous feed and the deposition of micro-ecrystals from
gsolution was indicated in many of the experiments. There was no
mineraliser present in the majority of these experiments. As
will be seen in Chapter 5, the use of the simple analogues of the
mineralisers used in comparable agueous syntheses (eg sodium sulphide
or sodium hydrosulphide) is of little use,as these materials possess
very limited solubility in liquid hydrogen sulphide. Organic
bases possess higher solubilities in this material, and salts
mey be formed by such reactions as

(CoH5) N + HyS _91502}15)91}1 *ou~
For this reason Lewis added various concentrations of triethyl~
amine to a few of his crystal growth experiments to attempt to
increase the solubility of the metal sulphide through complex
formetion. Although it was demonstrated that appreciable solubility
of ‘the metal sulphide could be cobtained by this means (eg with
cadmium sulphide), crystal growth in the supercritical system
was not aided. From the results of conductivity measurements
on the cadmium sulphide complex solution so formed, a high
concentration of the hydrosulphide ion was indicated. TFrom the
amount of ethylamine required to completely complex a given amount
of cadmium sulphide, the author proposed the following structure

for the soluble species:=

ECZ'HS ) 31‘IHEI 3 _SH-Cld-S

SH
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Therefore, such results are encouraging for setting up more camplex
systems in which new phases might be formmed in direct analogy to
the formation of complex oxides from basic agueous hydrothermal
systems, Such systems would not suffer from the possibility

of hydrolysis which is always likely to occur whenever sulphides
are prepared in aqueous media.

2.2.2.2 0Other Technigues

Beside hydrothermal techniques, there are many other
non-aqueous processes that have been used to prepare sulphides
in erystalline form. These include growth from the melt, sub-
limation , chemical transport, and the use of molten salt 'fluxes'
in various systems. In general, only flux systems, where there
is a 'mineralising solvent' present, could be expected to give
rise to sulphides analogous to the more open aluminosilicates
formed in hydrothermal systems.

Melt growth of crystals suffers from the disadvantage
that relatively high temperatures are required, which can lead
to crystal imperfections as well as operating difficulties.
Nevertheless, the technique has been applied to the growth of
lerge crystals - ie ®=HgS (159) at 120 atm and 1100°C.  ZnS
was grown by controlled cooling of the melt (160), but the
similar technique of vapour phase growth, involving sublimation
rather than melting, has been more widely applied to sulphides.
For instance, CdS and ZnS have been grown in an HE/HZS gas system.
(161, 162), the metal or metal sulphide serving as starting
material, A related technique (163) was used to grow the
gulphides, selenides and 'belluride’s of zinc, cadmium, gallium

and indium. The sulphide was grown in a melt in the presence
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of C8, at 30-40 stmospheres, an autoclave being employed.

Another commonly used method of sulphide crystal growth
is chemical transport. This relies on the presence of a
gsubstance that reacts reversibly with the compound to be
crystallized, and which is used to transport it in a volatile
form and redeposit it, generally on cooling. It is thus
related to 'sublimation techniques. TFor instance, gallium
sulphide crystals were grown at 8000-95000 in an H28 stream

containing iodine vapour (164), and zinc sulphide was grown by

heating zinc chloride in an H_§ stream (165). Zinc sulphide

2
hag also been grown by iodine transport (166), and chlorine transport

has been used to grow FeSe, CoS. and Ni52 (167).

2
Chemical transport has also been used to prepare crystals
of new phases of complex sulphides. Thus AQIBIICIVﬁh (A = Cu;
B = Zn, Cd, Fe, Mn, Ni,; C = 5i, Ge, Sn and X = 8, Se) were grown
by iodine transport (169). The structures of these phases were
described as tetragonal superstructures of the wurtzite system,
Similarly, thSiSG was prepared by iodine transport at T75°-875°C
(170°C), and similar reactions employing aluminium chloride were
used to producé'XIn2Sh (x = Zn, €A, Hg) (170); XCr,8), (X = 2n,
Cd, Mn, Ni) and related materials (171). In general, such
systems used as starting materials a mixture of the elements.
Vapour-liquid transport has been used to grow CoCrQSh
and FeCr,§) from CoS or CrCQS and FeS, in sealed tubes at 906°C
(172).  Similarly, ACr X, (A= 2n, Cd; X = 8, Se) were grown
from AX end CrCQ, at 1000°¢ (173), and CdInS), ZaIn,S, and

CdGa,S) have been grown from the gas phase (17h4).
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These methods have been mostly used to produce well
defined crystals rather than crystelline masses, and for purposes
of comparison with oxides produced by hydrothermal methods, only
technigues employing a mineralising solvent are likely to be of use.
It is doubtful whether vapour, liquid or chemical transport methods
could fulfill this rdle, and only +techniques employing some
sort of flux are likely to be epplicable. Zinc chloride was used
as flux in the attempted growth of zinec sulphide (175). The
solubility was 0.344 M at 730°C and 0.0831 M at 530°C. Successful
results were not obtained, but crystallization of pyrites and related
disulphides oecurred fromfluxesof the metal bromide or lead
chloride under an atmosphere of sulphur vapour (176). The presence

of sulphur was necessary to prevent dissociation of the disulphide:=

Msz-—§>ms + 8

Zine sulphide has been grown from potassium chloride flux (177)
or by slow cooling of a lead chloride melt (179). Mixed fluxes
have also been used - ie KI-ZnCQ2 (178). The formation of
complexes (ie 2KI.ZnS, KCU~KI-ZnS) is supposed to occur in this
type of system._

A variation of this approach has been the use of molten
metals as fluxes. Zinc sulphide and cadmium sulphide crystals
have been grown from Ga, In, T{ and Sn melts (180). Two mole
per cent solutions were obtained at 1180°C in vacuo. Tin has
been widely used in this type of system (181), and the appraoch

has been reviewed by Luzhnaya (184).
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The use of flux growth techniques for the preparation of
oxides has already been discussed (2.2.1). The use of lead borate
and oxyfluoride fluxes to prepare garnetsis in direct analogy with
sulphide growth in this type ofmedium (182). As certain zeolitic
materials (eg noselite, sodalite) contain salt molecules instead of
water molecules in the structural voids, there seems a good chance
that such materials could be prepared in molten salt media,

This is therefore a worthwhile line of approach that can
readily be duplicated in the sulphide system. The use of non-agueous
hydrothermal systems for the preparation of complex sulphides is a
relatively unexplored field. The use of hydrogen sulphide as a
golvent in such systems is considered in Chapter 5, but unfortunately
lack of timé prevented the inclusion of molten salt and other high
'banpéra.ture flux techniques. Aqueous hydrothermal systems used for
attempted preparation of complex sulphides are discussed in Chapter 6.

2,3 ANALOGUE COMPQUNDS AND THE SUBSTITUTION IN
ALUMINOSILICATE LATTICES

In the first part of thischapter mention was made of the
fact that many oxides and sulphides may be regarded as close packed
arrays of either oxygen or sulphur anions, with the cations occupying
interstitial spaces. This type of situation was then developed to
include the more open type of framework structure typified by the
zeolites. It is apparent that two types of isomorphous substitution

may occur in such systems:=

1. Substitution of the cations by other ions of similar

2. Substitution of the anions size and charge

2.3.1 Cation Substitution

This is quite common among oxides and sulphides. Assuming

the element in question is capable of forming a cation with charge
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similar to that of the cation it is intended to replace (or that

charge imbalance may be neutralised within the structure), the chief
eriterion for substitution to occur seems to be the radius of the

ion formed. If this is similar to the radius of the ion it is
intended to replace, then substitution is likely to be possible and
frequently occurs. The concept of redius ratio has been considered
above (2.1.2), and it is simple to predict from it whether a particular
substitution is possible. Such calculations are included for the
structures of interest in section 2.3.3.

Substitution of cations in oxides is an extremely common
occurrence, and is responsible for the varying composition found
am;ngst naturally occurring minerals, Besides repiacement of, for
instance, silicon in silicates, ion exchange of charge = balancing
cations is generally possible, and forms a further type of substitution
encountered in these materials. Cationic substitution may be
illustrated by reference to hornblende, which has the ideal composition
(OH)E Ca, Mg5 (Sih°11)2' A typical sample contained (5, p 789):-

Si 5.98 i o i Na 0.37
8.30 TIT
A 2.32 Fe 0.90 K 0.66 | 2.87

Mg 0.46] L.75 Ca 1.8%

FeII 3.16

Ma™ 0.10 |

The increase in overall negative charge resulting from substitution
of aluminium for silicon is witnessed by the increase in the number
of positive ions (Na, K, Ca) present. Thus apparently complex
silicates may be explained in terms of cationic substitution, and
materials may be prepared syntpetically containing elements not found

in the naturally occurring counterparts.
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The general similarities between the oxides of silicon and
germanium and of aluminium and gallium lead to substitution of both
of these elements in synthetically prepared aluminosilicates. In
the most complex aluminosilicates (eg, zeolites, felspars) it is
obvious that partial replacement of silicon by aluminium is an
éssenﬁial part of the system, and therefore cationic substitution in
these compounds may be taken to imply further replacement of these ions,
This type of substitution is not nearly so common as that found in
the more compact type of structure (eg, hornblende, discussed sbove),
where the more closely packed anion array is not so dependent upon
the cations in the interstitial spaces for strength. Further, the
'dégree of co~valent character present in the bonding of the silicates
suggests that replacement of silicon will involve more than only
size and charge considerations.

In 1950, Goldsmith (221, 222) reported the synthesis of
felspars and related minerals with gallium and germanium in place of
aluminium and silicon. In 1959, Barrer (185) reported the hydro=
_ thermal crystellization of zeolites with similar substitutions.
Slightly larger unit cells were found to result. An attempt (186)
to replace silicon by phosphorus (similar ionic radius) was not
successful although this has since been &chieved (225, p 76). More
recently, Barrer has extended (187) his work to include the synthesis
of micas with gellium and germanium replacing aluminium and silicon,
and there have been several later reports of zeolites exhibiting this
type of substitution. Generally, such materials are prepared by
incorporating the appropriate oxide in the gel, and the resulting
materials differ from conventional zeolites only in small changes in
lattice parameters and adsorption properties. The relevant data

' for well characterised zeolites is summarised in Table 2.L.



Substituted element

Reference

Total replacement of aluminium

Ga
T4, Zr, Bf

Partial replacement of aluminium

or silicon

Ga

B

Cx

P

v

Be, lg

B, Ag, Py, V

188, 189, 192, 193
194, 195

190, 191
196
197, 198
199
202
201
200

Table 2.4 Cationic Substitution in Zeolites,

79
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The complete replacement of silicon is not common, as
this would involve change of the basic structure of an alumino=
silicate. Possibly germanium (as claimed by Barrer (185)) is the
only element with properties sufficiently like those of silicon to
fulfil this capacity.

| A series of alkali metal germanates has been given
considerable attention over the last 20 years (203 - 219), and as
they possess zeolitic p%operties, they may be considered as zeolite
analogues, although they are established materials in their own
right and do not possess analogue compounds among the silicates.

They may be represented as M_ H GeTOlﬁ.hHQO, vhere M is an alkali

3
métal atom. They were shown (208) to be isostructural with minerals
of the Pharmacosiderite group (220), which includes KFEM(ASOh)B(OH)h'
6-8H20, the parent compound. The two classes of material have
analagous structural frameworks, with the alkali metal and water placed
in channels running through the structure. NMR measurements of the
germanates revealed that both alkali metal and water are capable of
diffusionsl movement within the structure (216, 218), and the alkali
métal moy be ion exchanged (206, 214), showing these materials to be
like zeolites in their properties. It is interesting to note that
isomorphous substitution of germanium by silicon was found to be
possible in these materials (207), up to~5:1 Si to Ge atomic ratio
being obtained before the structure became weakened sufficiently for
side products to predominate. It was also found possible to sub-
stitute phosphorus for silicon in small amounts (212), the amount of
hydrogen present decreasing to maintain electrical neutrality.

The substitution of cations in sulphides is very common,

and the processes whereby many complex sulphides are built up by
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cationic substitution of simple sulphides was outlined above (2.1.%.9).
Whilst in oxides, ionic size is the chief criterion for substitution,
the more co~valent character of the sulphides requires more consideration
to be given to the chemical characteristics of the substituting
elements., Thus, in the substitution of Cu, Fe and Sn in ZnS to form
CuzFeSI;S2 with the ZnS (zinc blende) structure, Cu, Fe and Sn form
similar numbers of bonds as 7Zn, besides having similar ionic radii.,

Whén As or Sb substitute into this type of structure (CuBAssa, CuBSbSB),
only three quarters of the positions are occupied as Sb and As form
only three bonds. This is in contrast to the replacement of, for
instance, Na+ in oxides. Substitution by Ca2+ is more frequent than
substitution by K* as the calcium ion is more similar in size to the

sodium.

2.3.2 Anion Substitution

This is considerably less common than cation substitution,
and does not occur in systems of any complexity. It is a fundamentally
different process in that it involves replacement of the close packed
anion array in the compact structures, or modification of the tetra-
hedrel building blocks in the more open, framework, structures. It
is the anions that form the basis of these structures, with the cations
situated within the structural units., Therefore any change in the
anion framework is likely to result in a drastic change in structure.
Nevertheless, providing charge, radius ratio and possibly bonding
characteristics are favourable, there seems no reason why substitution
of this sort should not occcur.

Within the context of the present work, anion substitution
may be taken to mean the replacement of oxygen in an oxide by sulphur.

This has not been reported in structures of any complexity. Only very
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simple compounds hsve the same structures in both oxide and sulphide
(eg alkali and alkaline earth oxides and sulphides). In so far as
certain structural and chemical similarities exist between the binary
sulphides and oxides of Groups IIIb and IVb (see 2.1.4.3 - 2.1.4.8),
these materials may in certain ceses be regarded as analogues. Howvever,
theseisimilarities do not persist in the more complex sulphides
(2.1.4.9).

The spinels form one of the few families of oxides with
clearly defined sulphur analogues. These are compact materials based
on close packed anion arrays (224, p 92). The sulphur analogues have

larger unit cells:—

8.437 A

i

FeCr,0) , a = 8.377 B mCrpo, ,a

n

FeCr,S) , a=9.998 A  MnCr,§) , a = 10.129 A

In principle, sulphur analogues of oxides may be formed by
either direct sulphiding of the oxide, or alternatively by synthesis
of the sulphide in a system analogous to that in which the oxide is
formed. A few reports of partial sulphiding of ternary oxides do
exist, and are discussed in Chapter 3. However, no reports have been
encountered of the sulphiding of the more open structured msterials
such as zeolites. Wells remarks (5, p 794) on the stability of the
Sioh tetrahedra in silicates, and indicates how, in the chondrodite
series of minerals, m[MgesiOh].n[:Mg(OH)z] , whilst anion substitution
by F may occur, it is always the anion associated with Mg that is
replaced (OH), never that associated with silicon.

A degree of similarity does exist between oxides and
aulpﬁides in chalcogenide glasses (223), where sulphide, selenide
and telluride analogues of oxide species exist. No direct boundary

occurs between the anionic species, and mixed oxychalcogenous glasses

are known.
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2.3.3 The Feasibility of the Formation of
Sulphur Analogues of the Silicates

Throughout the foregoing discussions, emphasis has been
placed on the tetrahedral coordination of the cations found in the
silicates, and it is therefore apparent that for thio-analogues of
these compounds to be formed a similar coordination scheme must be
possible. It has been shown that this type of structure is in
fact found for many of the simple sulphides of Groups IITb and IVb,
and it has been suggested that both geometrical and chemical
consideratipns must be satisfied. Whilst it is not easy to predict
éxactly chemical effects, geometrical factors may be predicted with
a fair degree of accuracy by the use of the concept of radius ratio,
This has been described briefly above (2.1.2), where the limiting
values for tetrahedral coordination (0.225 - 0.41}4) were stated.

This means that if this ratio is less than 0.225, the cation becomes
too sgmall to be accommodated stably within the tetrahedral cavity
formed by four anions (cation-anion contact is impaired), and the
structure becomes triangular and an anion is eliminated., Similarly,
if the radius ratio exceeds 0.414, anion contact is impaired by the
large cation gnd extra anions are incorporated to yield octahedral
coordination. It must be emphasised that this is not an exact law,
and one of the main reasons for at least some of the exceptions is
polarisation. This means that the larger and more diffuse ions
become distorted by the electrical field of the counter ion, and no
longer remain the theoretical size. This is quite common in sulphides
(see 2.1), but nevertheless the concept of radius ratio is useful as
a general guide in predicting the feasibility of structures.

The values of ionic radii of the relevant elements, and the
radius ratio (radius of cation/radius of anion) for the Group I1Ib and

IVb sulphide and oxide ion pairs are included in Table 2.5. It
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Tonic Radii ()

c (+4) 015 B (+3) 0+20
Si (+4) 0-41 A1 (43) 0+50
Ge (+4) 0+53 Ga (43) 062
Sn (+4) 071 In (+3) 0+81
Pb (+4) 0-84 T1 (+3) 0495
0 (=2) 140
S (-2) 1+84

Radius Ratios

Sulphides Oxides
C 0082 0+107
Si 0222 * 0292 *
Ge 0288 * 0379 *
Sn 0. 385 * 0507
b 0+ 456 0-€00
B 0109 0143
Al 0e272 * 0+357 *
Ga 00337 * 0+443 **
In 0+440 ** 04579
T1 " 0515 0679

¥* guitable for tetrahedral co-ordination,
0225 Lradius ratiog 0414

** gee text

Table 2,5 Ionic Radii of the Elements of Groups IIIb and IVb and
Radius Ratios for the sulphides znd oxides of these
Elements,

Tonic Radii taken from Greenwood ( 224,
pp. 40 - 41 ), and are values for octahedral

co-ordination.
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is apparent that the criterion accounts for the observed ready
substitution of germanium for silicon in many silicates, both

ratios lying well within the range for tetrahedrsl coordination,

as does aluminium. However, gallium is omitted, whilst structures
with gallium replacing oxygen are guite well established., A
possible source of error is change in ionic radii associated with the
change of coordination number from +6 to +4. Greenwood (224, p 42)
suggested a three per cent reduction in ionic radius is to be expected
in going from octahedral to tetrahedral coordination.

The overall conclusion is that, from a geometrical stendpoint,
sulphur analogues of the aluminosilicates are feasible for silicon,
germanium, tin, aluminium, gallium and indium. This latter element
is included in view of the existence of gallium substituted silicates
with similar radius ratio.

The chemical considerations are in general agreement with
these conclusions. It has been shown above (2.1.3) how high pressure
8ilicon disulphide and both low and high pressure germanium disulphide
posgess tetrahedral structures analagous to silica. Although stannic
sulphide adoptsloctahedral coordination of tin, the ternary sulphides
do possess tet;ahedral coordination. Similarly, the ternary sulphides
of aluminium, gallium and indium adopt tetrahedral coordination, and
should therefore be able to replace cations in a Group IVb sulphide,
to form a complex structure. The octahedral corundum structure of
A€203 is also adopted by forms of A£283 and Ga283, a further similarity
between these two classes of compound. Indeed, the similarities between
these sulphides and oxides are much more marked than those between similar
pairs elsewhere in the periodic table (eg NiO, with the sodium chloride

structure and NiS with the nickel arsenide structure).
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Therefore, from a consideration of the structures adopted by
the elements of Groups IIIb and IVb in their oxides and sulphides, it
seems that the more co-valent character of the sulphide bonds does
not prevent sufficient similarity existing between the two classes of
compound to enable direct analogues to be formed.

In general terms, oxides or sulphides of & periodic group
of elements become more ionic in character on descending the group

(ef ©S, and SnSz). Therefore, some degree of compensation for the

2
increasing co-velency experienced in replacing oxygen with sulphur

may be obtained by using a cation from further down the periodie group.
This is well illustrated by the greater similarity between GeS2 and

SiO2 than between 8152 and 510 Radius ratio considerations also

o
favour this. However, in view of the fact that the silicates possess

a considerable degree of co-valent character, the presence of
appreciable co-valency in the bonds of analogous sulphides is not
sufficient reason to assume that thio-analogues of the aluminosilicates
cannot exist.

Therefore, the formation of thio-anelogues of the alumino=
silicaﬁes would appear to be feasible from a theoretical point of view,
and well worth the time expended in pursuing the topic experimentally.
The points made concerning the synthesis of this type of material (2.2)
must be observed in setting up experimental systems. The use of &
hineralising solvent is essential, and lower temperatures should favour
the formation of more open types of structure. The ability for gel
formation is also highly desirable, as evidence suggests that this is
an essential intermediate in the formation of complex phases. The use
of hydrogen sulphide as a solvent enables the whole range of cations to
be used, while germenium, tin and indium sulphides may also be used in

agueous systems.
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CHAPTER 3 SULPHIDED ZEOLITES

3.1 INTRODUCTION AND LITERATURE

A few reports exist from the last century of the partial
conversion of alumina to aluminium sulphide by high temperature
treatment with carbon disulphide (227). Similarly, Na6A€286 wa.s
reported to be formed when sodium carbonate and alumina were
heated in carbon disulphide vapour to elevated temperatures (228).
This literature is reviewed by Mellor (Ref: T78; 5, 331), and
although the technique is of limited value for the synthesis of
complez sulphides analogous to zeolites, as it does not employ a
mineralising solvent, nevertheless it is potentially useful for the
modification of existing structures. A few such preparations have
s, Ba ZnS_ and other alkaline

3 3

earth thiozirconates were prepared in this way at temperatures

been reported. For instance, Ba TiS

over T00°C (229).

Thus, with the relatively compact oxides at lsast, there
is good evidence for the practicality of direct sulphiding at
elevated temperatures, and it was considered desirable to extend
this type of reaction to zeolites. An extensive literature exists
relating to the sulphiding of zeclites under a variety of conditions,
although replacement of structural okygen has not been reported.

3.1.1 Ultramarines

A possibility that must be considered when a zeolite is
sulphided is that an ultramarine will be formed. These materials
are based on aluminosilicate frameworks similar to zeolites, but
contain in addition anions within the framework cavities. In the
case of ultramarines sulphide ions are present, although other ions

are found in related materials (eg sulphate or halide ions). The
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net ionic charge must balance the framework charge, as in zeolites,
and anion as well as cation exchange is possible,

It must be emphasised that the sulphur, whilst an essential
part of the ultramarine, is not incorporated into the framework lattice,
and remains a separate part of the structure. The established process
for the preparation of ultramerine is well documented (230, 231, 2hl).
A source of aluminosilicate (frequently china clay) is heated to
850° = 900°¢ with sulphur, sodium sulphate or sodium carbonate, and
a reducing agent (frequently carbon). A pale green material results,
and subsequent heating in air converts this to the blue ultramarine.
It is suggested (232) that only about 30 per cent of the sulphur used
appears in the product, the remainder being lost as sulphur dioxide,
which plays an important part in the reaction.

Ultramarines have also been prepared from mixtures of
silica and aluwmina with sodium carbonate and sodium sulphide (233).
Various mechanisms have been proposed for the process that occurs in
these reactions (234). Sodium aluminosilicate is first formed,
which then reacts with either sodium sulphide to form the green
ultramarine precursor, or with sodium polysulphide to form ultra-
marine blue directly. The structure proposed for ultramarine was
2| ma 0 -A1.,0,.3510, ] Na,8),.

Further light was thrown on these reactions by a thermo-
graphic study of ultramarine formation (235). Polysulphides were
formed from sulphur and sodium carbonate, and reacted with alumina/
silica to form a yellow, sulphur containing aluminosilicate (pseudo-
nepheline) between 40O and 75000. This was converted to a more
open (zeolitic) lattice at 720°C, when ultramarine green wae formed.
Heating in air between 350 and hSOOC formed ultramarine blue, with a

slightly larger crystal lattice. It is apparent that in these
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preparations the salts present are serving as a flux for the formation
of the zeolitic lattice. Further, the bulky anions present will
hélp to stabilise this lattice as it forms around them.

In view of the close similarity between ultramarines and
zeolites, it is not surprising that ultramarines have been formed
by direct sulphiding of zeolites. Attempts at preparing ultra-
marines by boiling zeolites in sodium polysulphide solution were
only partially successful (236). It was necessary (231, 237) to
heat the zeolite with sulphur and sodium acetate at 850°¢C, and
subsequently to caleine the product at 500°C in the presence of
sulphur dioxide to form ultramarine blue. Reconstruction of the
zeolite lattice occurred during the process, with formation of the
framework around the polysulphide linkages. Thus the process does
not simply involve the incorporation of sulphur into the zeolite
structure.

Other workers have used (238-240) sulphur vapour and hydrogen
sulphide atmospheres in the preparation of ultramarines from alumino-
silicates, and found benefits to result. The presence of polysulphide
seems an important factor, and it has been suggested (231) that the
second (oxidaiion) stage in ultramarine formation involves removal of
godium oxide from the lattice, leaving a vacant space. Sulphur trioxide,
formed by oxidation of sulphur dioxide was believed to promote this
through the formation of sodium sulphate. Similarly, it has been
found (242-2L45) that while sulphur-ultramarine bonds are strong, and
resist oxidation even at 60000, the polysulphide bonds are much weaker
and sodium may be readily removed. It was found that ultramarine is

stable to 1200°C in an inert atmosphere.
Whilst it is well established that the colour in ultra-—

marines is due to sulphur, the specific nature of the species involved
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has attracted a considerable amount of speculation. Colloidal
sulphur (247) or the incompletely oxidised parent compound (246)
were two early theories. This latter interpretation was in line
with the observation that the colour depends on the degree of
calcination employed (248). It was not found possible to produce
ultramarines with a sulphur content less than about nine per cent
(249). As a result of an examination of the decomposition of ultra-
marines by acid (250), the colour was also attributed to sulphur
molecules econtaining several atoms.

The application of E.P.R. to ultramarines showed them to
possess strong paramagnetism, attributed to sulphur radicals (251).
g values between 2.028 and 2.029 were found. Dudzik (252), as part
of a comprehensive study into catalysts containing free radicals
(see 3.1.2), reported the g-values of ultramarines as 2.08%, with
3:5 B4 0.5 sulphur atoms per spin. Many other reports of this nature
have appeared, and the active species identified ss S or 8. (255),

3

or 82- (256). 33_ is probably the correct interpretation, as the

g-value of ultramarine was found to agree closely with that of alkali

2
of Dudzik (25é) based on U.V. fluorescence, and Raman spectra confirm

halide trapped S, ions (257). This is in agreement with conclusions

this view. It has been suggested (303) that the oxidation step in

ultramarine preparation consists of the conversion of SE to 83 .

Further details of these species are to be found in a recent review
of homonuclear sulphur species (469).

Sulphur radical anions are also found in aqueous and organic

polysulphide solutions (302, 308, 309), molten salt systems (303, 30L,

310) and liquid sulphur (253). Sulphur cations (8162+’ 582+: Sh2+)
are found in highly acidic media containing strong oxidising agents
(eg, oleum) (254, 297-301). These systems are discussed in more

detail in the review mentioned above (469).
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Analogues of ultramarines are known, similar to those
discussed sbove under aluminosilicates (2.3.1). Germanium and
boron containing ultramarines have been reported (258, 259), and the
sulphur has also been replaced by selenium (233, 260) giving red-
brown products. No report exists, however, of sulphur or selenium
replacing oxygen in the structural lattice.

3.1.2 Sulphided Zeolites

Ultramarines mey be regarded as a special class of sulphided
zéclite, and a large amount of work has been published on the topie
of sulphided zeolites in the wider sense. The work of Dudzik discussed
above represents a comprehensive study of the nature and catalytic
getivity of this type of material. Reactions studied were the activity
of ultramarine for the dehydrogenation of isopropanol and the hydro=-
desulphurization of thiophen (261, 262, 285, 286, 263), and the
cracking of 2-3,dimethylbutane over both ultramarines (264) and
sulphided zeolites (267, 268). Considerable enhancemen® of activity
over thet of unsulphided zeolites was obtained, and the activity was
rélated to the paramasgnetic strength rather than the sulphur content.
A product distribution was obtained typical of a free-radical mechanism,
and differing from the carbonium—ion mechanism found over a hydrogen
Y-zeolite. In view of the diffusion controlled nature of the reactions
observed, and a dependence on molecular size of the resgent, it appeared
that the free-radical site was buried deep within the framework structure.
The considerable high temperature stability of the free-radicals was
congidered to be added confirmation of this, the radical function being
éffectively locked within the aluminosilicate framework, and quite
separate from the usual acid%c function associated with these materials.
Therefore it seems likely that the catalytic activity for the reactions
studied i; due to sulphur free radicals trapped within the alumino-

silicate framework.
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Zeolities impregnated with sulphur at temperatures over
300°C were found to be intensely paramagnetic (266) although the
active centre was quite different to that found in ultramarines,
The latter gave rise to a single line even at hoK, while sulphided
zeolites showed fine structure. Further, the 'sulphur atoms per spin'
ratio was two orders of maegnitude greater for the sulphided zeolites,
and was attributed to chains of ca €600 sulphur atoms with a free
radical at either end, frozen into the lattice., Stability on exposure
to air decreased with increasing pore size, silicas with pores of
4o - 90 A being considerably less stsble than the zeolites, but other-
wisé similar in properties.

The ESR signal strength obtained from these compounds was
. dependent upon the mode of preparation and rate of cooling, confirming
the concept of radicals frozen within the framework. However, the
abnormal stability found for the smallest pored sulphided zeolite
used (3A) was not accounted for. The pores will be large enough for
. easy access of the oxygen and water molecules which destroy the sulphur
radicals in the larger pored sieves (4A, 5A). It is perhaps significant
that stability was only achieved by completely saturating the zeolite
with sulphur;- partial blocking of the pores by sulphur is suggested,
Catalytic activity of these materials was attributed to perturbation
of the electric field on the catalyst surface rather than direct inter-
action of the reactant molecule with the free radical.

The stablisation of free radicals by the zeolite framework
is quite a general phenomenon. For instance, radicals generated by
the thermal decomposition of dibenzoyl peroxide have been stablised
in this way (269). Conversely, aluminosilicates other than zeolites
can give blue colourations with alkali sulphides on polysulphides (270),
and the formation and stablisation of sulphide radicals within alumino-

gilicate frameworks appears to be a well established phenomenon.
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The adsorption of sulphur (and phosphorus) by various
zeolites has been investigated by Barrer (271), who obtained evidence
that the sulphur diffused as chains, no change being noted in the
structure of the zeolite after sulphiding. The luminesence and
tenebresence of certain sulphur containing aluminosilicates (sodalites)
was attributed to-the presence of sodium polysulphide (272, 273), thus
distinguishing them from ultramarines.

Several reports have appeared on the oxidation of hydrogen
sulphide over zeolites, which are particularly active catalysts for
this reaction. The types of reaction occurring are closely related
to the reactions between sulphides and zeolites already described.

Kerr and Johnson (274, 275) described how a stream of hydrogen sulphide
jgnited when passed over 13X zeolite in air at room temperature.
Controlled oxidation at 2h5°C led to the formation of sulphur with

very little sulphur dioxide. The zeolite became deep blue during the
reaction, but the colour faded if the reaction was stopped, doubtless
due to oxidation of the radicaels responsible. X-ray diffraction did
rnot indicate any structural modification of the zeolite. Direct
oxidation of hydrogen sulphide to sulphur trioxide has been observed
in zeolites at 100 - 200°C (276, 277).

Various zeolites have also been used to promote the oxidation
of hydrogen sulphide by sulphur dioxide (Claué reaction), (éTB):

2H23 + 802 — 2H20 + 38

High surface area ¥ -alumina was also a good catalyst for this reaction,
also developing sulphur radicals (with characteristic blue colouration)
during the reaction. Zeolites have also been used to promote the
formation of carbonyl sulphide from carbon monoxide and sulphur (279)
and from carbon dioxide and carbon disulphide (280).

Many commercial applications of sulphided zeolites as

catalysts have been reported, an increase in activity or selectivity
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resulting from the sulphiding process. A five to tenfold incresse

in cracking activity has been reported (281, 282) to result from
sulphiding a zeolite catalyst. Sulphiding may be achieved through

the addition of hydrogen sulphide or methyl mercaptan to the feedstock
(287), but more commonly the catalyst is presulphided, the zeolite
being impregnated with sodium sulphide solution, molten sulphur,

carbon disulphide or an organic sulphide (288). Besides cracking,
reactions promoted inciude alkylation, isomerization and polymerization.
A mixture of hydrogen and hydrogen sulphide has been found (289, 290)
particularly useful for activating zeolites for hydrocracking, and
vltremarines have also been used in this type of reaction (291).
Dehydrogenation catalysts have been prepared by sulphur treatment of
zeolites (292), and the hydration activity of silica-alumina has

been enhanced by treatment with hydrogen sulphide (293). Selective
poisoning by sulphur has also been reported — for instance the inhibition
of olefin polymerization (294). In general, selenium treatment of
zeolites produces similar effects to sulphur treatment, but tellurium
trestment has been found (283, 284, 295, 311) to produce very selective
dehydrocyclization catalysts for the conversion of n-hexane to benzene.
It seems that the active species is tellurium in a negative oxidation
state, coordinated to zeolitic cations in the supercages.

A large number of publications exist relating to the use of
zeolites as adsorbents in sulphur-containing systems, where the sulphur
compound ig adsorbed from either gas or liquid phase. No permanent
interaction is observed in most cases, and the subject is not further
discussed here. Only occasionally has interaction, with the formation
of radical species, been observed (296) in these systems.

There was therefore an extensive literature on which to base
the present sulphiding experiments on zeolites. No report was encoun-

tered that might imply replacement of lattice oxygen to form a sulphide
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structure, the chief reaction noted being the formation and
stabilisation of sulphur radicals within the zeclite framework.
However, there is no reason to rule out the possibility of replacing
structural oxygen with sulphur. For instance, the liberation of
hydrogen sulphide with acid treatment of ultramarines (250) is
attributed to the presence of sulphide and polysulphide ions,
although it could equally well be due to the hydrolysis of aluminium-
sulphur or silicon-sulphur bonds.

The various processes used to prepare ultramarines are
well documented (see Section 3.1.1), and it seemed unlikely that
appreciable structural sulphiding could be achieved using this
approach, which was therefore not investigated.

A series of experiments was set up in which direct sulphiding
of 13X zeolite with carbon disulphide at elevated temperatures was
attempted. 13X zeolite was used in view of its high reactivity
towards sulphur, which was apparent from a study of the literature.
Carbon disulphide was used in view of the reports that sulphiding of

simple oxides had been achieved using this material.

3.2 EXPERIMENTAL SECTION

3.2.1 Dry Box Handling Techniques

As it was likely that many of the products formed by
sulphiding zeolites would be reactive towards air, a glove box was
assembled for handling these materials under dry nitrogen. The box
was a commerical unit, measuring 3 foot 3 inch x 2 foot 3 inch x 2 foot,
with a cylindrical entry port 1 foot in diameter and 1 foot long. It
was manufactured by Lintott Engineering Limited, Horsham, Sussex, and
mounted on a Dexion stand. !

.The gas purification system was arranged beneath the box,

and was built in glass from standard Quickfit components. Vacuum
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grade taps of wide bore were used throughout. The arrangement is
shown in Figure 3.1. A re-cycling system was employed, a small
electric diaphragm pump with a throughput of three litres per
minute being used. This was arranged to draw the gas through
the purification system, which was therefore slightly below
.atmospheric pressure. This avoided any tendency for éhe joints
to ease open due to internal pressure.

Under normal operation, gas left the box through the
upper tube and tap T1l, the right angle limb of this three-way tap
being isolated (as was that of Th, the return tap). It then
passed through a cold trap, chilled with liquid nitrogen when
solvents were being used in the box, and passed to the bulk drier.
This consisted of 3 kg of Hopkin and Williams 'Drierite', (specially
prepared anhydrous calcium sulphate) arranged in a large desiceator,
the gas entering at the base of the bed, which was supported on
metal gauze. From the top of this bed the gas passed to the oxygen
removal unit, which consisted of a tube (2 foot x 1 inch) packed with
copper wool and heated to 35000 by means of a thermostat controlled
furnace. From this the gas passed to six 9 x 1 inch 'Drierite' tubes
to remove final traces of moisture. The desiccant used in‘these tubes
was the self-indicating variety available commercially, and the colour
change indicated when the bulk drier was becoming exhausted., A
final 9 x 2 inch YA molecular sieve drier served to remove final traces
of moisture, this material being an effective desiccant at low ambient
moisture level. The gas then passed through the pump and was returned
to the box through T3, Th and the lower distributor. By rotating
T1 and T4 through 90° and opening V2 and V3, the entry port atmosphere
could be passed through the purifying system, although this mode of
operation was not required in normal use. When taking articles into

or out of the box, the entry port was filled with purified nitrogen,
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before the inner door was opened. A Rotary Vacuum pump was connected
to the vacuum inlet, and Tl was left in an intermediate position so
that all the lines attached to it were shut off, V3 and V2 were opened,
and Th was rotated so that gas could pass to the mancmeter (i), but

not to the box. T3 was closed so that the purification system was not
evacuatéd, and T2 opened to render the circulating pump inoperative.
Vacuun was then applied through V1, the pressure drop in the entry port
being monitored on manometer (:); the barometric limb served to
indicate the zero position. When the entry port was evacuated, V2 and
V3 were closed, and nitrogen was allowed into the system through N3.
Nitrogen (BOC 'White Spot' oxygen = free grade) was dried with two
sulphuric acid bubblers and an alumina tower. The nitrogen passed
through the main purifying system, T3 and T4 being opened again, and
was bled into the entry port through V2, so that a slight pressure was
maintained on the supply manometer (:).

It was possible to conduct vacuum filtrations, etc, in the
box by using the tap Vi, which was connected directly to the vacuum
pump. By conducting the entry port evacuation procedure with T3
open, the main purification system was evacuated and could then be
refilled with‘nitrogen. This was the procedure adopted when the
desiccant was changed. When taking solvents into the box, the entry
port was purged with dry nitrogen rather than evacuated. Nitrogen
entered via Th and‘VE, and was vented through V3, V1 and the vacuum
inlet, By rotating Th when in this mode of operation, purging of the
box with fresh nitrogen was possible. It was vented through T1 and
V1. When emptying the cold trap, it was isolated by TT and T8 and

evacuated through T9 before being reconnected into the system.
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A automatic balance reading to 0.l mg was installed
within the box. Moisture level was recorded with a Negretti and
Zambra hair hygrometer (0-100 per cent relative humidity), zerced
in a dessicator over P205. After purging the box with dry nitrogen
for & week, and operating the atmosphere-circulating system for s
further month, a reading of <1 per cent relstive humidity was cobtained.
Desicecant life was about 6 months, but the much smaller volume (due
to furnace size) of copper wool required renewing every 3 =~ 4 weeks.

Oxygen level in the atmosphere was monitored with a
'Hérsch' cell (305) constructed in the leboratory (Figure 3.2). It
was connected to T6, end Th closed. Gas was pumped through the
cell at 100 ml/min, being adjusted by the needle valve. It is
reported that the scale-reading is proportional to oxygen concentration
in the range 0 = 100 ppm, although it was found possible to obtain
an indication up to 500 ppm if accurate calibration was not required.
BOC oxygen-free nitrogen was taken as the zero point, and the author's
approximete calibration factor (2-3,quppm 02) used. This was felt
to give sufficient accuracy for the purpose required. The oxygen level
was 300 = 500 ppm during normal use.

The anode consisted of 2 inch iron tube wrepped with lead
foil., The electrolyte (KOH solution) was impregnated in porous PVC.
(0.75 mm Porvie S, supplied by Pritchett and Cold and EPS Company Limited,
107a, Pimlico Road, London S.W.1) wrapped around the lead foil, and the
anode consisted of silver gauze wrapped around this. A 1mA fsd ammeter
in series with a 100 ohm resistor was connected across the cell.

The electrochemical reactions may be represented as:=-

1 oy, + HO * 2e —> 20H

Fb + 30H ——> Pbozn" + HO +2e
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The silver cathode is partially in contact with both the KOH
electrolyte and the surrounding atmosphere. The current flowing
through the milli-ammeter is proportional to the oxygen corncentration
of the atmosphere, and the device may be described as a fuel cell
for converting the free energy of oxidation of lead into & galvanie
current.

The device proved a simple and effective way of checking
oxygen levels at low concentration. The lead foil required periodic
réplacement, and this necessitated replacement of the PVC which became
brittle during use.

3.2.2 Analysis for Sulphur

As a reliable and convenient method of quantitative analysis
for sulphur was of basic importance to the project, various techniques
were examined end tested. The initial experiments to test the validity
of thé methods were made on mixtures of sulphur and molecular sieve,
as this was the type of system encountered in the work described in the
present chapter, where the sulphur was likely to be in either elemental
or sulphide form. Analysis of both these forms of sulphur is similar,
snd may be regarded as 'inorganic' sulphur. Analysis of the organic
and organometallic sulphur compounds encountered in subsequent parts of
the work is described in later chapters.

In considering analysis of sulphided zeolites, attempts were
made to distinguish between

(a) combined (sulphide) sulphur or strongly bound elemental
sulphur.
(b) adsorbed or loosely bound elemental sulphur.

The general method Fecummended for analysis of sulphur ores
(306; p 573 and U66) involves oxidation of the sulphur (or sulphide)
to sulphate, and the determination of this gravimetrically as barium

sulphate. The conventional method of carrying out the oxidation is
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by fusion with sodium peroxide and sodium carbonate;
3 T b T
ie 2FeS, + 15Na,0, —> Iee203 B lmagsoh + 11Na,0
Other methods employed invelve liguid phase oxidation, for inste=ge

with bromine/carbon tetrachloride solution and nitric acid:=-

ie 2FeS, + 6HNO3 + 15Br, + 16}120 ~—32Fe(NO

o + thsoh + 30HBr

3)3
The sodium peroxide fusion method was tested on synthetic mixtures of
sulphur and the powdered (without binder) grade of 13X molecular sieve
uséd for subseguent e#periments. 0.5 g of a mixture of flowers of
sulphur and zeolite (~5%) was heated with the fusion mixture (1 g sodium
carbonate + 5 g sodium peroxide) in a nickel crucible for 30 minutes,
and then boiled with water for 15 minutes to extract the sulphate.

The solution was then boiled with bromine water to oxidise any sulphide
present to sulphate, filtered and the residue evaporated to dryness.

The residue was dissolved in dilute hydrochloric acid, and the sulphate
precipitated with dilute barium chloride solution, and determined
gravimetrically in the usual way (306). Low results were obtained by
this technique, which was also extremely time~consuming, and not well
suited to a routine procedure. The low results were probably due to

a loss of sulphur during the fusion stage; the melt was coloured yellow

for some time, and the elemental sulphur appeared slow to react and

prone to loss as S0,.

2
Example
wt of sulphur = 0.0112 g (5% in 13X sieve)
wt of ignition crucible = 32,1457 ¢
wt of ignition crucible + barium sulphate = 32,1978 g
wt of ignition crucible + barium sulphate = 32.2001 g
(2nd heating)
.'. wt of precipitate = 0.54k g
'« % recovery of sulphur = 0.05h.0.137k. 100 = 66.7%

0.0112




103

An slternative method was based upon the well-known
qualitative test for organic sulphur compounds, involving fusion
with metallic sodium to form sodium sulphide, and seemed well suited
to materials likely to contain considerable quantities of elemental
sulphur. The sodium sulphide is then determined by any of the
standard methods for soluble sulphides. The application of this
technique to quantitative analysis is discussed by Ingram (307).
The method of sulphide analysis used was to extract the fusion product
with water or dilute sodium hydroxide solution, and to determine
the sulphide by reaction with excess of standard iodine in the presence

of acid. The excess iodine was then determined by titration with

thiosulphate.
Naes + P2HCE —————— HES-!- 2NaCe
HS + I, ———> 2HI + S

I'IaQS + 2HCC+ I PHI + S + 2NaC{

2
It is generally recommended (306, p 370) that the sulphide is added
to excess of acidified iodine solution so that loss of hydrogen
sulphide does not occur. Another source of error is the formation
of polysulphides that will not react quantitatively with the iodine:-
Naassx + 2HCE + I, ——2HL * 8 s - ¢ 2NaCE

This error may be eliminated by estimating the sulphur remaining
(6, p 215), although evidence suggests that, at least in the case
of organic sulphides where carbon is present, complete reduction to
monosulphide occurs (307).

The method was checked on mixtures of sulphur and 13X
zeolite. A 0.2 g sample placed at the bottom of a tube made from
6 mm pyrex glass tube, sealed at one end and about 5 em long. A
pellet of sodium was placed on top of the sample and the tube heated

just above the sodium until this melted and covered the sample. 1In

this way, loss of sulphur was eliminated. The sample was then heated
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strongly uvatil red hot, allowed to cool slightly, and then plunged
into water so that the glass was shattered and the sodium sulphide
extracted. No improvement to the accuracy was found if the tube

wes totally sealed before the initial heating, and therefore this
potentially more dangerous approach was not adopted. After
extraction, the mixture was boiled, filtered, and made up to a
convenient volume. Aliguots were then added to excess of acidified
0.1N iodine, and back-titrated with 0.1N sodium thiosulphate,
employing starch solution as indicator. The technique is illustrated
in the following examples, which were made on a ~5 per cent mixture

of flowers of sulphur and 13X molecular sieve. A blank determination
vas found to be necessary, using molecular sieve only. The 0.1N
iodine and thiosulphate solutions were prepared from BDH ampoules

cef concentrated volumetric solution.

Example
(1) Blank:~ (0.20 g 13X molecular sieve).
Fused, extracted and made up to 100 ml. 25 ml aliquots
added to 10.0 ml 0.1N I, acidified with 5 ml 20 per cent HC< .

Excess iodine back-titrated with 0.1N thiosulphate.

il

(i) Excess iodine

(ii) " "

9.91 ml 0.1N thiosulphate

9.74 ml 0.1N 8

-~

« = JIodine used

10.00 - 9.82 = 0.18 ml1 0.1N
0.18 x 0.001602 g S = 0.000288 g

.'. wt sulphur in 100 ml = 4 x 0.000288 = 0.001152 g sulphur
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(2) Synthetic Mixture of~5 per cent Sulphur
+ 13X Molecular Sieve. Method as for blank.

wt of sulphur = 0.0055 g. .

wt of molecular sieve = 0.20 g

(1) Excess iodine 8.96 m1 0.1N thiosulphate

(ii) 4 . 8.97 ml 0.1N "

.« Iodine used 10.00 = 8.97 = 1.03 ml

u

1.03 x 0.001602 g sulphur =
0.001668 g

.. Wt sulphur in 100 ml = 4 x 0.001668 = 0.006672 g

o « Wt of sulphur in sample

0.006672 « 0.001152

il

0.005520 g

« « % Recovery of sulphur = 0.005520%100
0.0055

100. 4%

It is apparent that this method is capable of giving quite accurate

results for sulphur (and also sulphides), providing a reagent blank

is subtracted, and was therefore made the standard procedure for

determination of sulphur content of sulphided zeolites. Modification

of parts of this procedure were also used for various analyses in

later parts of the work; these are covered in subsequent chapters.
Experiments were also conducted on the use of solvent

extraction to estimate adsorbed rather than combined sulphur in the

products obtained. Although initial experiments were conducted

with carbon disulphide, xylene was subsequently found to be a considerably

more satisfactory solvent for elemental sulphur, a golden soluticn being

readily obtained on warming. Attempts to measure the concentration

of the dissolved sulphur colourimetrically were not very satisfactory

as the absorption was found to border the solvent absorption and to

change with the method of preparation of the solution. Interaction

with the solvent, or modification of the dissolved species was indicated.
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Chemical methods of estimating the dissoclved sulphur were

therefore investigated. A known solution of ~0.3 per cent w/w sulphur
in xylene was therefore prepared, and various techniques used to*
enalyse it so that their accuracy might be assessed. Initially,
an aliquot was diluted 20 times, and the resulting solution refluxed
over sodium pellets for ~30 minutes to promote reaction of the dissolved
sulphur to form sodium sulphide. The xylene was then removed under
vacuum, and the residue extracted with water for analysis titri-~
metrically, as described above. This technique was later modified,
water being added directly to extract the sodium sulphide from the
xyléne mixture without removing the solvent under vacuum. The lower
water layer was then run off and analysed as before. However, low
results were obtained and it was suspected that a coating of sodium
sulphide on the sodium pellets was preveanting complete reaction,
This difficulty was overcome by using the following technique. To
the solution of sulphur in xylene an equal volume of water was added,
followed by a few pellets of sodium. The xylene formed a layer over
thé water, and the sodium floated on the water surrounded by the xylene.
The sodium reacted with the dissolved sulphur to form sodium sulphide,
which dissolved in the water, keeping the surface of the sodium clean.
Sufficient heat was generated by the water to keep the sodium molten,
and the colour of the solution passed from the xylene to the water
layer. When the reaction was complete, the water layer was run off,
and the sulphide determined as previously. Reasonably accurate
results were obtained by this procedure.

Example

(1) 0.3505Ig flowers of sulphur dissolved in xylene by warming,

and made up to 100 ml. 10 ml extracted with sodium, and made up to
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100 ml with water. 25 m1 of this solution were then added to 25 ml

0,1N iodine scidified with hydrochloric acid, and the excess iodine

-

back~titrated with O.1N thiosulphate.

(i) TExcess iodine 19.37 m1 0.1N thiosulphate

(ii) " X 19.57 ml 0.1N "

<«

« « Iodine used

25.00 = 19.47 = 5.53 ml 0.1N
. «'« Sulphur in extract = 4 x 5.53 x 0.001602 g = 0.03542 g
"« Sulphur in original solution = 0.03542 x 10 = 0.3542 g

(2) Solvent Blank. 10 ml of the Xylene treated as above

(i) Excess iodine 24.79 ml 0.1N thiosulphate

(ii) 2 5 24.87 m1 0.1N i

.'. Iodine used

25.00 - 24.83 = 0.17 ml 0.1N s

« « Sulphur present in 100 ml = 0.17 x 4 x 10 x 0.001602 g

0.01091 g

.. wt of sulphur in sample = 0.3542 - 0.0109 = 0.3433 g

0.3433 x 100
0.3505

.' « % Recovery of sulphur = 97.9%

This method was used to check for the presence of free sulphur in
the products from the sulphiding of zeolites.

3.2.3 Sulphur Treatment of 13X Zeolite

This zeolite has been deseribed in detail by Breck and
Flanigen (60, p 47), and possesses a structure similar to that of
faujasite. The framework is exceptionally rigid, being stable to
at least TOOOC after dehydration, and yet it possesses the largest
voidage (51% v/v) of any known zeolite, with an effective pore
diameter of 10 AR. It was obtained in powder form (without binder)
.frum Hopkins and Williams, and its x-ray powder pattern (Figure 3.1k,
Appendix Al) was in good agreement with thatpublished (60, p UT).

The x-ray technique is described in section 3.2.3.5.
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The equipment used to conduct the sulphiding is
illustrated in Figure 3.3. A 1 inch silica tube fitted with a
silica sinter (obtained from Quadrant Glass Blowers, Harlow)
was heated by a tube furnace, controlled by an external thermo-
couple, with maximum temperature 1000°C.  This furnace could be
raised to enable the sample to be examined during reaction.

A gilica thermbcouple pocket held within the reactor enabled the
sample temperature to be messured. A preheater tube was employed,
being operated at 500°C maximum. Temperature indication was by
mesns of an external thermocouple and calibrated galvanometer.

The carrier gas was BOC oxygen free nitrogen, dried over 3A
molecular sieve. It could be passéd either directly to the
reactor, or via the carbon disulphide saturator. This was water
jacketted at 2500, the gas being assumed saturated at this
temperature. The vapour pressure of carbon disulphide at 28°¢c

is 400 torr, and the CS_:N

28
p &0 10 The carbon disulphide (Hopkins and Williams General reagent

mole ratio was therefore approximately

grade) was dried over anhydrous calcium sulphkate.

In uée, a tendency for the sinter in the reactor tube to
block with sulphur was experienced, especially at the lower tempera-
tures of operation, and a second reactor (without sinter) was
obtained and used in some of the later experiﬁents. The zeolite
was then supported on a plug of guartz wool.

In all, some fifteen individual experiments were conducted,
and these are described below. A flow rate of 85 ml/min (measured
at the vent with a soap bubble flow meter) was employed throughout, and
1.0 g of zeolite was used.

The zeolite was activated in situ by connecting a vacuum

punp to the effluent line, and heating it at 150°C in vacuo. In



109

Silica thermocouple tube

(_}
L

NaOH Trap

12 inch

-

1 inch silica reactor tube, fitted with
No., 2 grade silica sinter and mounted in
tube furnace ( maximum temp. = 1000°C ),

> <

12 inch

Nitrogen

/)

1 inch pyrex glass preheater tube, packed
with guartz wool and wrapped with quartz
insulated heating tape ( max. temp. = 500°C)

Nitrogen

i

Carbon disulphide bubbler
Thermostatted waterbath —

v

{E_______

Pig. 3.3 Reactor for Zeolite Sulphiding.
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normal operation a sodium hydroxide bubbler was attached to the
effluent line to remove carbon disulphide and hydrogen sulphide
from the gas stream.

3.2.3.1 Experiments 3.1 = 3.5

These constituted a series of experiments to enable the
characteristics of the reaction system and products to be ascertained.
They are summarised in Teble 3.1l. The first experiment (Experi-
ment 3.1) was conducted at SOOOC. An immediate yellow colour was
observed in the zeolite bed on introduction of carbon disulphide,
and sulphur slowly appeared in the cooler part of the reactor above
thé r_éaction zZone., Both sulphur dioxide asnd hydrogen sulphide were
suggested by smell to be present in the effluent entering the sodium
hydroxide sexrubber. IT these gases were in fact present, together
with sulphur they lead to interesting speculation as to possible
réactions occurring:=

+ +
082 02 ——“—— 002 28

082 + HEO g HES + COS

cs. + 2H,0 —3 2H_S + CO

= 2

1
o * 1§02-—-§ SO2 + COS

052 + 302-—-) 2802 + 002

The above equations represent the kind of reactions that would be

CS

required to account for the presence of sulphur, S0, and HZS in the

2
effluent. Whilst no indication of the amount of the gaseous components
was evailable, there was a considerable amount of sulphur formed during
the course of the reaction, and unless this was formed from breakdown
of carbon disulphide (when a considerable deposition of carbon would

be expected), a source of oxygen within the zeolite was required.

Direct sulphiding of the oxide framework might occur but one would

not expect free sulphur to be libersted as a result, and so insufficient

degassing of the zeolite during activation seemed the most reasonsble
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Pxpte | Temp.(°C)] Flow (ml/min)| Duration (hr) Notes

3,1 500 85 1

3e2 500 85 1 Extended activation
3.3 600 85 1

3e4 600 85 2 No burn-off after
3.5 €00 85 i reaction
Table 3.1 Summary of Experiments 3.1 = 5.5

Expt. Temp.(OC) Flow (ml/min)| Duration (hr) Notes

3e6 300 85 1

307 400 85 1

3.8 500 85 1

349 600 85 1

2.10 600 85 1

el 600 85 3

3,12 700 85 1

P 600 85 4 lieasure of HES
3.14 600 85 4 Blank on 3%.13
%:15 600 85 4 Duplicate of 3.13

Table 3.2

Summary of Bxperiments 3,6 - 3,15
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explanation, That zeolites in air are powerful oxidation catalysts
has been indicated in the literature survey, and it therefore seemed
likely that any oxygen remaining in the zeclite after sctivation

at 150° would react in this way.

The reactor was cooled under nitrogen after one hour, and
then opened to the air and the product removed as a grey powder. This
rapidly turned deep blue on exposure to air, and considerable quantities
of heat and sulphur dioxide were evolved. As the reaction died down,
the blue colour faded rapidly to a very light violet. It is apparent
that lexge amounts of sulphur had remained within the sieve, possibly
as hydrogen sulphide or elemental sulphur, and that this was readily
oxidised on exposure to air. The reactions are generally similar
to those of Kerrand Johnson (274, 275), in that a blue colour develops
during the oxidation, and suggest the presence of the radical species
discussed in section 3.1.

This experiment was repeated with a longer activation time
of two hours,(Experiment 3.2), in an attempt to remove more completely
oxygen and water trapped within the zeolite framework. Considerably
less sulphur appeared above the reactor during this experiment,
confirming that insufficient outgassing had occurred in the first
éxperiment. In en attempt to remove any free sulphur deposited on
the zeolite (in case it was this causing the oxidation effects noted
on exposure to air), the product was heated at the reaction femperature

in N2 for 30 minutes after the run before the reactor was cooled. In

spite of this, the material formed was still highly reactive towards
air, and differed little from the material formed in Experiment 3.1
in this respect. However, it possessed a yellow colour rather than
the grey previously found, and this suggested that the subsequent
heating may have removed sulphur from within the structure, and

deposited it on the surface of the zeolite.
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As it was felt that the presence of large amounts of
free sulphur would mask the presence of any sulphide sulphur that
might enter the zeolite lattice, the reaction was repeated at
600°C (Experiment 3.3) in an attempt to discourage the deposition
of sulphur within the zeolite framework. The other conditions
were the same as those used in the previous run, but the product
was heated for one hopr at 60000 after the reaction to remove
deposited sulphur. As hydrogen sulphide was detected by its
smell in the effluent during this subsequent heating, a furfher
experiment was conducted at 600°C (Experiment 3.4) in which this
final step was omitted. It was thought possible that moisture
contamination present in the nitrogen could be hydrolysing metal
sulphur bonds formed in this extended post-reecction time at elevated
temperatures. The products from these two runs were found to be
similar. The materials obtained at 600°C were not as reactive as
those formed at SOOOC, and oxidised much more slowly on exposure
to air. However, the overall pattern of reaction was the same,
end it was still apparent that sources of oxygen and hydrogen were
present in the reactor throughout the experiment, resulting in
reaction with the carbon disulphide to form sulphur, hydrogen
sulphide and possibly sulphur dioxide. As the carbon disulphide
and carrier nitrogen were carefully dried, it was suspected that
the zeolite was still not completely degassed prior to the experiment.
Therefore, activation was conducted for three hours at 250°C
(Experiment 3.5). However, it was found that the material was
just as reactive as those previously obtained, and it seemed that
the more rigorous activation had not caused any further loss of

oxygen or moisture from the framework.

w
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Bele e Analysis of Products from Experiments 3.1 - 3.5

The products from these experiments were stored in the dry
box, the reactor tube being removed from the sulphiding system and
stoppered, under a nitrogen purge, before it was transferred to
thé éntry port. The stopper at one end was then loosened and the
port quickly evacuated and filled with nitrogen. This handling
procedure still permitted slow decomposition of the material during
subsequent storage, aé witnessed by slow colour changes. It was
hoped that only free-radical species were decomposing, and that any
aluminium-silicon sulphide species would be more stable. By carry-
ing out the various tests immediately after the reaction was complete,
consistency in the results was obtained.

The material prepared at 600°C (Experiment 3.5) was chosen
for further study in view of its slower rate of decomposition than
materials prepared at 50000, and the greater chance of metal-sulphur
bond formation as against free-radical formation that this suggested.

Sulphur analysis (total)

A sample of the material was weighed out in the dry box,
and some sodium pellets added and the tube stoppered. The stopper
was not removed until the sodium melted, and in this way loss of
sulphur was avoided. Analysis (including blank determination) was
conducted as described sbove (Section 3.2.2).

Found (two samples):- 9.7, 8.9% sulphur

A sample of sulphided zeolite was deliberately exposed
for 30 minutes in air before analysis, to determine what proportion
of sulphur was lost as S0, or SO, on oxidation:=-

2 3
Found: 4.3% sulphur
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Sulphur analysis (free)

This was conducted using xylene extraction, as described
in section 3.2.2. No free sulphur was found, readings of the same
order as the solvent blank being cobtained. It was therefore
apparent that the sulphwr present in these méterials was Tirmly bound
within the zeolite lattice.

Infra-Red Analysis

Infra~red analysis was made of the sulphided and untreated
molecular sieve in an attempt to see whether structural modifications
had occurred as a result of the sulphiding process. Spectra in the

t to 3T5 cm-l were made on nujol or hexaclilorobutadiene

range 8850 cm
mulls, ueing a Unicam S.P.100 high resolution spectrophotometer.
The mulls were prepared in the dry box, and were supported between
potassium bromide plates. Spectra in the region 500 cm-1 to
200 cm * were obtained with a Grubb-Parsons DMk far infra-red
spectrophotometer. The sample was mulled with a polythene powder/
nujol paste and supported between plates of thin polythene, which
is optically trensparent in this range (see Figure 3.7).

Figure 3.4 is & reproduction of the infra-red sﬁectra
(375 = 8000 cm—l)of the untreeted zeolite 13X after activation under
vacuum. It is combined from spectra taken with both nujol and
hexachlorobutadiene’mulls (prepared in the dry box), and is therefore
free from mulling-agent bands. Some of the better characterised
bands are labelled from assignments appearing in the literature

=1

(312, 313). The band at 580 em = labelled 'zeolite' is charact=-

eristic of zeolites, and, together with that at 780 cmfl, is

sensitive to the Si:Mratio (313). It was also found that the latter
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band was sensitive to cation exchange. These authors also

assigned the water peak near 3230 et to easily removed

water, <that near 3400 cm-l to strongly bound water present

over 1&0000_. and that near 3650 cm-l to water coordinated to
the cation.

Retention of appreciable concentrations of water and
hydroxyl groups can occur even after severe dehydration treatments.
The spectra obtained in the present work, of which that reproduced
in Figure 3.5 is typical, show considerable amounts of water to
be present even after vacuum activation at elevated temperatures
of 250°C or above. As the mulling agents were dried over
molecular sieve, and all samples prepared in the dry box,
contamination during sample preparation is unlikely. Further,
as the spectrometerwas fitted with a sealed sample chamber
dried with desiccant, contamination during the time the spectra
were being run is also unlikely. Similar findings have been
reported by Zhdanov (31h4).

Spectra in the infra-red region 375 cm_1 - 8000 cm_l
were obtained from the material from Experiments 3.1 to 3.5.

In general, no alteration wes observed compared to the spectra

of the wmtreated material. The spectra of the sulphided material
were all essentially similar, and an example is reproduced in
Figure 3.5; its similarity with Figure 3.4 is immediately
apparent. It therefore seemed that no structural modification
had occurred during the sulphiding process, and the zeolite
framework was essentially unaltered. The formation of sulphide

species within the framework structure was suggested, however, and
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it is somewhat surprising that no modification to the spectra
of 13X zeolite was observed. The low sensitivity available
as a result of the high background scattering of the mulls is
a possible explanation.

Certainly, however, any metal sulphur bonds formed
would be expected to resist hydrelysis for sufficiently long
under the experimental conditions used to permit their identification
by infra-red technigues. Although the spectra so far presented
do not reveal any noticeable loss of silicon-oxygen or aluminium-
oxygen bonds, neveftheless the formation of the corresponding
sulphide bonds in small amounts is not precluded. For this
reason, far infra-red spectra were obtained of the sulphided
zeolites, as it is in this part of the spectrum that metal sulphur
vibrations would be expected to occur. There is very little
relizble documented data on metal - sulphur infra-red frequencies
in general, and silicon-sulphur and aluninium~sulphur frequencies
in particular. The silicon-sulphur stretching frequency, ) (8i-8)
was determined by Fehér and Goller (315) for a number of organo-
l] and was found toloccur

metallic compounds [FR351)2Sn; RBSlsR

in the 503-572 cm - range. Similar results were reported by
Schumann and Schmidt (316) for germanium-, tin-, and lead-sulphur
bonds. D (Ge-5) = 400-40k cn™t, ~) (Sn-8) = 355-365 cm T and

~N (Pb=8) = 305-317 ot e N asn(M~5-M) vibrations

(M = Ge, Sn or Pb) were found at slightly high;r frequencies.
Frequencies for organometallic compounds of aluminium, gallium.
‘and indium were reported by Coates and Mukherjee (317).

~N (AQ-S) occurred between 310 em + and 391 cmm:L in the range of

compounds studied; ) (Ga=S) was reported as being 31k cm-l,

and N(In-8) as 313 cm_l. In an extensive examination of metal
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sulphur vibrations, Adams amd Cornell (318) examined thiourea
complexes of many metals, and found ™) (M-S) to lie in the range
205-298 N for transition metals, and to be as low as 170 oy
for group metals. Over a wider range of complexes, ) (M-S)

was found up to 504 em © for many metals (ie Ni, Co, Cu, Zn, Pa
or Pt). Other studies of thiourea complexes have been reported
by Flint end Goodgame ((319). ) (M-S) was found between 216 cm-l
and 278 cm © for metals such as Co, Zn, Pd, Cd, Ni and Mn. Such
evidence as exists suggests that metal-sulphur vibrations in
sulphides occur at similar freguencies to those found in the
complexes discussed above. Of especial relevence is an
examination of the far infra~red spectra of metal sulphides and
related minerals by Karr and Kovach (320). The spectra were
obtained on thin discs of the powdered sulphidelpelletted with
polythene powder, and the sulphides examined were CaS, SnS,

BaS, HgS, Asksh and As In general, the bands likely to

233.
be attributable to ) (M-8) were found between about 100 cm +
and 380 cmfl. Further data has been reviewed by Adams (362),
and the overall conclusion from published results suggests that
an examination of the infra-red spectrum down to 200 cm-l(jnst_
rument limit) would reveal any metal sulphur bonds formed as
a result of the sulphiding process.

Figure 3.6 shows the spectra obtained under different
instrument and mulling conditions. For comparison, a blank

spectrum of the polythene nujol paste used for mulling the

samples is shown in Figure 3.7, and chows the useful instrument

range when under these conditions of operation to be ~/210 em *
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to h60'cmf1. It also gives some idea of the roise due to the
high seample scattering of the radiation. Referring to the
spectra of the zeolite, besides the peak near 450 cm © (found

at 470 e ™ on the infra-red spectra described above), ancther
peak near 360 cm_l was found. Besides these two peaks, nc other
features were distinguished that could clearly be separated from
instrument noise.

In Figure 3.8 are shown spectra typical of those
obtained from sulphided zeolites. Very few features clearly
distinguishable from instrument noise were observed, perhaps
the most noteworthy being the loss of a peak near 360 cmﬁl
found with the untreated zeolite. Other possible features
are of the same magnitude as the instrument noise, and no firm
conclusions can be reached as to the presence of new peaks
resulting from the sulphiding process. However, the gbsence of
any strong bands attributable to metal sulphur vibrations can
be taken as strong evidence against the substitution of appreciable
amounts of sulphur into the zeolite framework.

3.2.3.3 Conclusions from Experiments 3.1 = 3.5

No definite conclusions were reached from this preliminary
work concerning the exact nature of the reactions occurring
during the sulphiding of 13X zeolite. However, it seemed
apparent that although appreciable sulphiding was occurring,
no modification of the zeolite framework was taking place even
at 600°C. From the highly reactive products obtained, it may

be tentatively concluded that free radical species of the

type described in the literature were being formed, with sulphide

radicals being trapped within the zeolite lattice, which remained
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esgentially wnaltered.

In order to come to more definite conclusions and to
gain a deeper insight into this system, a series of ten further
experiments were undertaken (3.6-3.15).

3.2.3.4 Experiments 3.6-3.15

Experiment 3.6

This was the first of several experiments in which
sulphiding over a wide range of temperature was investigated.
It was conducted at 300°C for one hour, with one hour activation
under vacuum at 300°C. The zeolite became a dark yellow colour
on admitting the feed gas, darkening to a brown-yellow where the
feed entered the bed after a few minutes. This colouration
wes probebly attributable to & deposit of sulphur being adsorbed
on the surface of the zeolite. Sulphur boils at 445°C, and
80 it is & reasonable postulate that free sulphur could be
adsorbed on the surface of the zeolite at temperatures below this.
Kerr and Johnson (274, 275) reported this same yellow colouration
on passing a mixture of hydrogen sulphide and air over zeolite
at 245°C. The yellow material obtained in the present work

was relatively stable in air, oxidising only slightly.

Total sulphur content (Na fusion)= 2.8%
(method as described previously)
Experiment 3.7
This was conducted at 400°C for one hour, and was
preceded by one hour activation under vacuum at 400°. Other-
wise the conditions were as Experiment 3.6. When the feed was

admitted, the part of the bed where the feed entered became
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bright yellow, while the latter part of the bed vhere the gas
stream left became dark blue. This behviour was guite different
to that observed at 500°C, when the blue colour only developed
when the sulphided zeolite was exposed to air, the bed being
grey during the sulphiding. The blue colour suggested an
ultramarine structure, but while ultramarines are stable in air,
the material formed in the present instance rapidly lostits
colour on contact with air, the blue and yellow fading to mauve,
even in the dry bex. In common with the materials prepared

in the preliminary experiments, considerable quantities of heat
and sulphur dioxide were generated on exposure to air. Similar
yellow and blue colourations were observed by Kerr and Johnson
(27h, 275) in the oxidation of hydrogen sulphide over zeolites.

Total sulphur content (Na fusion) = L.6%

(method as described previously)
Experiment 3.8

This was conducted at 500°C for one hour, and was
preceded by one hour activation at 500°C in vacuo. Otherwise
the conditions were as for Experiment 3.6. The zeolite was
pale grey during the sulphiding. This is consistent with the
yellow colour observed at 300° and 400°C being due to elemental
sulphur. Over 445°C, the sulphur will exist as a vapour, and
is presumably not so readily adsorbed. Only very slight blue
colouration was observed during the reaction, and the material
formed reacted with air in the menner elready described.

Total sulphur content (Na fusion) = 5.7%

(method as previocusly described)
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Experiment 3.9

This experiment was similar to 3.8, except that it
was conducted at 600°C for one hour, with one hour activation
at this temperature in wvacuo. The overall reaction pattern was
similar to that found at 500°C, except that no blue colour was
observed and the material formed was very hard and granular. It
was reactive towards air, although not to the same extent as
the materials formed at 500°C.

Total sulphur content (Na fusion) = 11.2%

(method as described previously)

Experiment 3.10

This was a duplicate of Experiment 3.9, and a similar
product was obtained.

Total sulphur content (Na fusion) = 8.T%

(method as described previocusly)

Experiment 3,11

A reaction at 600°C appeared to produce a material
relatively free of adsorbed sulphur and somewhat less reactive
towards eir than material prepared at lower temperature, it
was felt that these conditions were approaching the situation
wvhen direct sulphiding of the zeolite might be expected to occur.
For this reason a prolonged time of three hours at 600°¢C was
investigated, other conditions being similar to those employed
in Experiment 3.9. The product was pale grey as before, and
of similar reactivity towards air. However, it was somewhat more
gr&nular.in-nature.

Total sulphur content (Na fusion) = 13.9%

{method as deseribed previously)
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Experiment 3.12

This was conducted at 700°C, the highest temperature
used. OCne hour reaction time was preceded by one hour activation
at 65000 in vacuo. The zeolite became hard and granular during
‘the reaction, and of a grey-green colour. The material formed
did not decompose appreciably on contact with air, although a
smell of hydrogen sulphide developed. Further hydrogen sulphide
was formed on contact with moisture. This was strongly indicative
of the formation of 8i-8 and AQ-S bonds, and was the only material
of those prepared found to react in this way. It therefore seemed
likely that some structural sulphiding had been achieved, but
it was a matter of speculation whether the product was zeolitie
in nature as the reaction temperature used was approaching the
breakdown temperature of the zeolite framework (60, p U7).

Total sulphur content (Na fusion) = T7.1%

(method as described previously)
Experiment 3.13

Hydrogen sulphide had been detected by its characteristic
smell in the reactor off-gases from the previous experiments.
Speculation existed as to whether this resulted from water
remaining after activation, and to enable some idea to be
obtained of/the quantities of hydrogen sulphide liberated, the
reactor off-gas in Experiment 3.13 was bubbled into acidified
standard iodine solution:=-

HyS + I,—>2HI + 8

A second bubbler conteined lead nitrate solution, the absence
of darkening of which indicated complete extraction of the hydrogen

sulphide with the iodine.
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The zeolite was dried overnight at 130°C in vacuo,
before being weighed out in the dry box. It was then
transferred to the reactor, and activated and sulphided in the
usual way at 600°C for four hours. The total sulphur content
was 11.3 per cent.

At the end of the reaction time hydrogen sulphide was
being only slowly liberated (effluent gas tested with lead nitrate
solution). Excess iodine remaining in the bubbler was titrated
with standard sodium thiosulphate solution:

Weight of zeolite used = 0.2056 g

100 m{. of 0.079 N iodine used

Todine unreacted = 60.3 m{ 0.079 N thiosulphate

J. Todine used = 100.0~60.3 = 39.7 mR

Experiment 3.1k

This constituted a blank on the previous experiment.
It was conducted under identical conditions except that no zeolite
was present in the reactor., Hydrogen sulphide was detected in
the reactor effluent gas by smell, which suggested that moisture
might be entering the reactor with the feed stream due to insuff-
jcient dzwi?g of either the nitrogen or the cafbon disulphide.

25 mf. 0.079 N iodine used

Jodine wnreacted = 3.9 mﬂ_0.079 N thiosulphate

)\ Iodine used = 25.0-3.9 = 21.1 nQ

39.7-21.1 mQ_
18.6 mQ (0.078 W)

.\, Iodine used in Experiment 3.13

it

= 18.6x0.078 = 14.6 mQ 0.1 N

0.10
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Assuming the hydrogen sulphide to have been produced by reaction with
water,

ie €8, + H,0 —>C0 + H,S
Weight of water to give rise to consumption of iodine observed

= 0,0009008 x1k.6 g = 0.01307 g

e 4 water in zeolite = 0.01307 X100 = 6.35%

0.2056

Therefore the implication is that 6.35% water must
have remained trapped within the zeolite during activation if it was
reaction with water that had given rise to the hydrogen sulphide
liberated. Another possibility is reaction with surface hydroxyl
groups, end this is possibly more likely as it would account for
the elemental sulphur observed in these reactions:-

cs , + 2(0H) —>>00, + K8 + &

Retention of surface hydroxyl groups by zeolites after high
temperature activation has been reported (60, p 334). If this
was indeed the source of hydrogen sulphide, then it is surprising
that no loss of intensity of the infra-red peaks associated
with these bands was observed after sulphiding (Figures 3.4 and
3,5). It is possible that sample contamination occurred during
the time that the spectra were run. To clarify this situation,
Experiment ?.13 was repeated, great care being taken to exclude
moisture whenever possible.

Experiment 3.15

The conditions were similar to Experiment 3.13. One
hour activation at 600°C in vacuo was followed by four hours

reaction at 600°C. Freshly dried carbon disulphide was employed,
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and at the end of the reaction period only very little hydrogen
sulphide was detected in the effluent gas, it being necessary
to bubble it through lead nitrate solution for several minutes
before any darkening was observed, The total sulphur content
of the product was 13.T per cent.

Weight of zeolite used = 0.7700 g

50 nf of 0.079 N iodine used

Todine unreacted = 46.1 m-- 0,079 N thiosulphate
>\ Todine used = 50.0-h6.1= 3.9 m&

Considerably less hydrogen sulphide was liberated during this
reaction (equivalent to 0.46 per cent water on the zeolite).
Therefore it appeared that free water present during the reaction
led to at least part of the hydrogen sulphide observed . It

also appeared that less sulphur was deposited during the reaction
than was found previously ; this is consistent with a
reduction in the concentration of hydroxyl groups on the zeolite
surface if the reaction occurring is in fact:-

cs, + 2(0H) ——>C0, + H,8 + 8

3.2.3.5 Analysis from Experiments 3.6-3.15

/ A summary of these experiments is presented in Table
3.2, and in Figures 3.9 and 3.10 the uptake of sulphur by the
zeolite as function of temperature and time of sulphiding is
shown. Figure 3.10 indicates that most of the sulphur uptake
occurred during the first hour of reaction - indeed experimental

observation suggests that most of the reaction occurred during

the first few minutes. Accepting that most of the sulphiding
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involved the Tformation of radical species, then any permanent
sulphiding (ie replacement of structural oxygen) was probably
represented by the slower reaction giving rise to a slight
increase in sulphur content with time.

Figure 3.9 indicates that increasing the reaction
temperature produced an almost linear increase in sulphur uptake
up to 600°C, when the uptake was greater but more variable.
Considering the more granular state of the product obtained with
prolonged sulphiding at 600°C (or shorter periods at 700°C),
it is implied that structural modification might be occurring
wnder these conditions. I

Far Infra—-red Analysis

Far infra-red spectra were obtained of the products
from Experiments 3.6 to 3.15. In general, these were similar
to each other ané to those obtained from the preliminary
experiments. Typical spectra are presented in Figure 3.11,
which is that of the product from Experiment 3.8 before and after
oxidation. It was found that by taking care to exclude
moisture from the sample, the peak near 360 cm-l, previously
atfributed to the zeolite framework (Figure 3.8), was still
present after sulphiding (Figure 3.11a). After oxidation,
this peak ;;s largely cbscured by a. very broad absorption.
between it and the zeolite peak near L60 em - (Figure 3.11b).

In general, these spectra do not throw any additional
1light on the structures of the materials formed during the sulphiding,

and tend to confirm the view that no structural sulphiding had

taken place. It is possible that the strong zeolite absorption
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near 460 om - was masking silicon—sulphur absorption. Literature
suggests (Seetion 3.2.3.2) that N (Si-8) occurs near 500 cm-l,
and thus might well not be observed. However, N (AL-8) is
reported to be somewhat lower, between 300 and L00 em *, and is
unlikely to be masked by the weaker zeolite band near 360 cm T,
It therefore seemed fair judgement to infer that no appreciable
concentration of metal-sulphur bonds had been formed.

The material prepared at T00°C (Experiment 3.12)
had a rather different spectrum (Figure 3.12). However, its

resolution was not adequate to enable any assignments to be made,

X=ray Powder Patterns

In view of the rather inconclusive nature of the results
obtained from the infra-red analysis of the sulphided zeolites,
X-ray powder patterns were obtained of a range of these materials
in an attempt to discover whether any structural modification
was in fact teking place. The powder patterns were obtained
on the wmoxidised material, which was ground into a fine powder
in the dry box and packed into 0.2 mm "Pantax" glass capillaries.
These cappillaries were constructed of a glass transparent
to X-rays, and were supplied sealed at cne end, and with the
other end in the form of a funnel (Figure 3.13a). A little
of the powder was transferred to the fumnel end, and shaken
down to the beginning of the narrow part of the tube. The end
was then sealed with plasticine, and the tube removed from the
dry box. The tube was then shaken to cause the powder to fall
to the base of the narrow-section. When about 1 cm of the
capillary tube was filled with powder, the tube was sealed off

just above this level, using a microgas flame constructed from
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a length of drawvn-out 5mm glass tubing.

By this means it was possible to avoid contact of the sample
with air at any time during the preparation or subsequent exposure
in the X-ray camera, This camera (Phillips) used the Straumanis
method of mounting, with a diameter of 11.74 cms this led to a calibration
Ifactor of 1 em line spacing for 50 Bragg angle (Figure 13b). When both
high and low angle lines were obtained, it was possible to check this
calibration by calculating the distance between the two centres, It
was never found when this check was made that it differed significantly
from the 18,00 cm assumed from the calibration factor., The centres
wefe fixed by taking the mean of severzl pairs of lines around the
centre in question. HMeasurementits were made using a Hilger-Watts
vernier calibrated to 0.05 mm. In use, the film was attached to the
vernier, the 1§w_angle centre fixed, and the position of 211 lines measured
(in em ) from this centre., The Bragg angle was then calculated for
every line using the calibration factor, and the interplanar spacing
'd* (&) obtained using the relationship due to Brage:

A =23 5in @

)is the wavelength of the radiation used, in i. In the presenti work,
Cu Kk vas generally used (4 = 1.5424 A), although Co KA () = 1.7909 4)
was used in one instance, An approximate calibration scale for measurements
on the reproduced diffraction patterns is included (Figure 3.14a). This
was calculated for Cu KA radiation, and some compensation was made for
the pattern distortion that occurred during the reproduction process,

The results obtained are illustrated in Figure 3,14 (b-e)
and Appendix A1, The four diffraction patterns reproduced show:
(b) activated 13X zeolite; (c) zeolite sulphided at 400°C; (d) zeolite
sulphided at 500°C; (e) zeolite sulphided at 600°C. Two factors are

apparent from thepe pattemms:-
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(1) Fo structural modification occurred during the
sulphiding process. This is evident in the similar line spacings
obgerved before and after sulphiding.

(2) With increasing temperature of reaction, the
sample lost crystsllinity. This was witnessed by en overall
weakening of the diffraction pattern at 500°C, while at 600°C
very little crystallinity remeined. This corresponds with a
granular product and rather erratie sulphur uptake. The material
prepared at TOO°C was completely non-crystalline, and gave a
featureless diffraction pattem.

The X-ray powder patterns therefore indicate that
gulphiding at temperatures up to 500°C had not modified the
zeolite framework, and that reaction above this temperature
led to a loss of crystallinity, complete at T00°C. Thus it
may be stated that slthough apprecisble sulphiding is Iikely to
have occurred sbove 50{}0(3, the products did not have the
characteristic framework of the zeclite used, which was
destroyed as sulphiding occurred.

Infra-Red Analysis of Reactor Off-Ces

Small quantities of hydrogen sulphide had previously
been detected in the effluent gas stream during the sulphiding
process (Experiments 3.13 to 3.15). A fuller enalysis of the
gaseous products leaving the reactor was made by obtaining
their infra-red spectrum, and examining the peaks with a view
to detemmining the components present. A Perkin-Elmer Infra-—
cord(670 = L4000 em-l) was use.d, and a sample of the gas stream was
collected in & 10 cm cellwithNaCQ windows. The spectra were
exemined i;or the following components, using reference dasta from

the Sadtler compilation:- €O,, COS, CO, 052, 502 and HQS.
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A sulphiding experiment (similar to those already
conducted) at 600°C was carried out, as X-ray and analytical
data suggested that structural sulphiding without a total loss
of erystallinity was encountered at this temperature. The
spectrum obtained scon after admitting the feed stream is shown
in Figure 3.15. A second spectra was taken 30 minutes after
the start of the run (Figure 3.16), and a third after 90
minutes., This latter spec?rum was identical to that obtained
after 30 minutes, and is not reproduced.

A second experiment was conducted at 50000, as X-ray
data had suggested that very little structural modification
occurred at this temperature, and a means was therefore afforded
of examining the reaction of carbon disulphide to form the
unstable species obtained when structural breakdown did not
occur. A spectrum was obtained soon after admitting the feed
(Figure 3.17), and is generally similar to that obtained at the
same point during the previous run (Figure 3.15). Similarly,
spectra obtained later in the experiment were identical to those
from the previous experiment, and are not reproduced.

The pesks found in these spectra are listed in Table 3.3,
together with assignments made. The two runs may be considered
together as the results were so similar. The strong peaks at

1 L

and 2190 cm=

1530 em were attributed to CS,, and the peak

near 2320 cmfl is the characteristic absorption due to 002.

The concentration of this component is too low to permit

identification of the other weak adsorptions associated with it.

Whilst the concentration of these components (082 and 002)

were not altered during the time that the reaction was monitored
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Peak (cm"1) Notes Assignment Literature
852 w. 1st. spee, only CoS C0S= B59 w.
BT e CSE CSZ= several peaks
8e8 m, 032

1640 w, 1st, spec. only COos C08= 1051 m,
1060 w. 1st, spec. only CoS

1530 v.s.triplet 082 082= 1523 s,
1730 vew, 1st. spec, only CoS CO0S= 1718 w.
1880 v.w. 1st. spec. only cos

1920 VW, ist. spec. only COS COB= 1895 we
2080 v.s.doublet | weakened after cos C0S= 2079 v.s.
2190 s,doublet Ll o N C8,= 2184 w.
2320 m, 002 002= 2350 v,.8,
2920 w. 1st. spec. only ces CO5= 2904 m,

V.8,= very strong; s.= strong; m.,= mediumj w.=wweaks

VeWez= Very weak,

Table 3.3

Zeo

lite with CSz.

Off - Gas Infrared data from the sulphiding of 13X

Activated 13X zeolite

Material fxom

Experiment 3.7

Material from

Experiment 3.9

Toluene Adsorption, g/100g.

Sample 1
Sample 2

193
2249

0«0

Table 3.4

Zeolite at 25°C and 27 torr.

Adsorption of Toluene on Activated and Sulphided 13X
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(ef Figure 3.16), the other strong pesk in the spectra (2080 cm-l
became considerably weaker during the first 30 minutes of the
reaction. This peak is coincident with the strong adsorption

of COS at 2079 cm-l, end several other peaks in the spectrum

which also lost intensity during the first 30 minutes may also

be attributed to COS. This is illustrated in Table 3.3. There~
fore, there is evidence that the initial sulphiding of the zeolite
at all temperstures at which sulphur uptake occurred was accompanied
by conversion of 052 to COS. The initial high evolution of COS

is consistent with the observation that most of the sulphur uptake
cecurred in the ecarly part of the reaction (Figure 3.10), whilst

the almost steady low-concentration observed after this is consistent
with the gradually increasing sulphur content fgund with prolonged
reaction time. In the light of the X-ray—-data presented above,

it mey be inferred that the reaction giving rise to the COS does

not involve structural modification to the zeclite framework, as

it oceurred as readily at 500°C (when the crystal structure is
essentially unchanged) as at 600°C (loss of erystallinity observed).
It is also interesting to note that no HQS was detected by the infra-
red spectra. This is consistent with the rather low total concen~-
trations found in the quantitative estimation of thig component
digcussed above. V(S~H), occurring at around 2500 oy (2684 o
in gaseous Has) is a weak vibration, and the other characteristic
vibrations of HQS (1290 cm-l, 22Lo cm-l and 3788 cmnl) are not

gtrong enough to be detected in low concentrations. Therefore, it
is apparent that COS was the chief product of the sulphiding process,
together with a small amount of C02, with HQS present only as a

trace constituent. Io Sb2 was detected on any of the spectra.



145

It may therefore be suggested that the principal

reaction occcurring is that between 082 and oxygen, water or
a surface hydroxyl group:-

CS, + 3 0, ~—> CO0S + 8

cs, + [o] —>cos +[sH]

C8, + Hy0 ——>C08 + H,8
Reaction with water ;s not likely, as it would inveolve liberation
of an equimolar gquantity of hydrogen sulphide, which was not found.
An explanation of the observation of 002, and of free sulphur during

some of the experiments, and of the apparent presence of radical

species spontaneously oxidised to 802, is afforded by direct oxidation

- o 082:-
s, + 0, —>C0, + 28
cs, 2[0}1]'—-—>C02 + HO + 8
8, + 20,0 —»CO, + 2HS

Therefore, it seemed that the components formed during
sulphiding of the zeolite were all attributable to the presence
of oxygen, moisture and surface hydroxyl groups within the structure,
incompletely removed on activation.

Adsorption Capacity of Sulphided Zeolites

To confirm the conclusions reached regarding the position
in the zeolite structure occupied by the sulphur deposited in the
sulphiding process, the adsorption capacity of the zeolite was
measured before and after the 052 treatment. 1In this way it was
possible to see whether the incorporation of sulphur occurred with
a loss of pore volume, as would be expected if it was held within

the pores and cavities rather than being incorporated into the

structural framework.
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The measurements were made on a micro quartz spring
balance of the McBain type. This eguipment is described in
Chapter 7. The sample (20 - 50 mg) was placed in the glass
bucket, the system evacuated and the sample heated at 15000 until
constant weight was attained. This was taken as the sample
wveight., The system was then isolated from the pump., allowed
to cool to roam temperature, and toluene vapour admitted until
the required pressure was registered by the main manometer.

Thé system was then left until a constant weight was obtained,
and the weight increase taken as the adsorption cepacity at the
temperature and pressure of measurement (2500, 27 torr).

Toluene was chosen as adsorbate as its minimum kinetie
diameter of 5.9 A (60, p 47) was just small enough to allow it
to pass freely through the 8 ﬁ apertures between the 13 E cages
of 13X zeolite, providing that the pore structure was not obstructed.
13X zeolite has an adsorption capacity for toluene of 0.268 g/g
under the conditions used (60, p 47). The results from the present
work are summarised in Table 3.k.

.

The adsorption capacity for toluene was determined for
activated 13X zeolite, and zeolite that had been sulphided at 400°¢.
(Experiment 3.7), and 600°C (Experiment 3.9). The experimental
arrangements used necessitated the samples being briefly exposed
to air, and the materials must therefore be regarded as oxidised.

A blank experiment was conducted with no sample, but no weight
increase was observed on admitting toluene in this case.

The up-take for the activated zeolite was 19.3 and 22.9 g
toluene/100 g activated zeolite. This is somewhat less than the

published results (60, p 47), which was 26.8 g/100 g, probably due
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to different activation procedures. It was not felt advisable
to activate at above lSOoC in the present work in case loss of
sulphur occurred from the sulphided samples.

The adsorption capacity of zeolite sulphided at 400°C
was reduced from an average of 21 g toluene/100 g to 7.9 g toluene/
100 g, and clearly demonstrated the blocking of much of the structural
voidage by adsorbed sulphur. Taken in conjunction with the x-ray
data, it was therefore epparent that the sulphur had entered the
pores of the zeolite rather than the structural framework.

The zeolite sulphided at 600°C aid not possess any
adsorption capacity for toluene. This is consistent with the
loss of crystallinity already suggested Ly the x-ray powder pattern
of this material (Figure 3.1h, 4).

Therefore, adsorption measurements confirmed the view
réached from other methods of examination of the sulphided zeolites.
At temperatures up to about SOOOC, the sulphur entered the lattice
cages and not the framework structure. At temperatures higher
than this, a loss of crystallinity occurred, and the material formed
did not possess the characteristic zeolitic framework.

Thermal Stability of Sulphided 13X Zeolite

As it seemed well established that the main product from
the high temperature treatment of 13X zeolite with carbon disulphide
was unaltered zeolite containing elemental sulphur within its pores,
some measure of the strength with which the sulphur was bound was
of interest.

A simple apparatus was assembled (Figure 3.18), in which

a sample of sulphided zeolite was heated under vacuum, the removed
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][]H
A
1 inch silica tube with
No. 2 grade silica sinter
& mounted in tube furnace
12 inch
r:..mr.‘xJ
oy

— —————————— —

| Vacuum (< 0+5 torr)
1 inch pyrex tube

Liquid N2 irap
|

Fig. 3.18 Apparatus for testing the temperature stability of sulphided
Zeolites,
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sulphur being condensed in a cold trap. In practice, it was
found that meost of the sulphur removed from the zeo;ite condensed
on the cooler part of the tube beneath the furnace.

(i) 13% zeolite sulphided at 500°C (Experiment 3.8)

This material, containing 5.7 per cent sulphur before
exposure to air, was used for the first cxperiment. About 1 g
was transferred to the quartz tube in the dry box. The tube was
then quickly attached to the remainder of the system, and evacuated
to avoid contact with air. The furnace was heated to SOOOC for
6 hours. A loss of sulphur was observed, the sample becoming
nearly colourless. At the end of this time, a sulphur analysis
showed that most of the sulphur had been lost, only 1.5 per cent w/w
remaining. Therefore, it was apparent that most of the sulphur
was easily removed from the zeolite structure, already shown by
x-ray diffraction to be essentially unaltered 13X framework.

(ii) 13X Zeolite Sulphided at 600°C

This material had a sulphur content before exposure to
air of 12.3 per cent w/w. It was firstly heated at 400°C for
6 hours in vacuo. The initially colourless material became pale
yellow during this time. A sample removed for analysis contained
10.8 per cent w/w sulphur. The temperature was then increased to
600°C for 6 hours. The colour became bright chrome yellow, and
a further sample removed for analysis contained 10.1 per cent w/w
sulphur. The temperature was then raised to 700°C for 6 hours.
The colour became green-yellow, and the sulphur content was 6.5 per
cent w/w.

:

As it was not possible *to heat the sample above 750°C in

the appafatus described, a Stanton direct-reading thermobalance wes
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used up to 1100°C.  The design of this instrument made it
inevitable that the sample was contacted with air.

The materials already examined were used for these tests -
ie untreated zeolite, and zeolite sulphided at 500° and 600°C.
The results, plotted from the thermobalance recorder outputs of
temperature versus time and weight versus time, are shown in
Figure 3.19.

The sample of untreated zeolite (lower curve) showed
a water loss of 28 mg (7.6 per cent of the 0.3669 g sample)
between 150° and 450°C. This is consistent with the fact that
no activationprocedures were adopted, the zeolite being used
as supplied. No further weight change was recorded above
450°C.

The sample of zeolite sulphided at 500°C (central
curve) showed a smaller weight loss in the 200° - L400°C range.
The loss, of 8 mg, corresponded to 6.5 per cent of the 0.1238 g
sample teken. Above this temperature range, the only weight
loss recorded was 3 mg (2.4 per cent) between 800° and 1000°C.
Therefore, of the 5.7 per cent sulphur initially present in
this material, it is likely that 2.4 per cent was firmly bound
within the zeolite, and not lost below 800°C, above which temper-
ature the zeolite is likely to start to decompose. The
remaining 3.3 per cent sulphur was lost fairly readily between
200° and 400°C, and the difference between this weight loss
and the total weight loss of 6.5 per cent observed in this
temperature range may be accounted for by water. This
figure of 3.3 per cent sulphur lost below SOOOC compares

tolerably with that of 4.2 per cent obtained in the in vacuo
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experiments, bearing in mind that the sample in the thermogravi-
metric analysis must be regarded as oxidised. Therefore, the
two approaches lead to the same conclusions - that the larger
part of the sulphur in zeolites sulphided at 500°C is lost on
heating below this temperature in air or vacuum demonstrating
its ready removal from the practically intact zeolite lattice.
The curve obtained from the thermogravimetric analysis
of 13X zeolite sulphided at 600°C (top curve, Figure 3.20)
is somewhat different to the others. No clearly defined
weight loss was recorded until nearly 100000, when a very sharp
loss of weight was recorded over a narrow temperature range.
The weight loss of 22 mg corresponded to T.3 per cent of the
0.2989 g sample, end is in rough agreement with the 6.9 per cent
sulphur remaining after the 700°C in vacuo treatment. The sample
of sulphided zeolite used contained 12.3 per cent sulphur, and
the remaining sulphur, lost below 700°C in the vacuum treatment,
is not accounted for by the thermogravimetric data. It is
likely that some was lost by oxidation during sample preparation,
but it is wmlikely that all the discrepancy could be accounted
for in this way as the sample sulphided at 500°C did not exhibit
th{s loss. It seems more likely that whereas the weight loss
between 200° and 400°C observed for the zeolite sulphided at
500°C may be regarded as the loss of elemental sulphur, the
weight loss at 1000°C observed for the zeolite sulphided at
600°C is best regarded as the oxidation of a sulphide. Oxidation
of the 12.3 per cent sulphur present would involve the

incorporation of :-—
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125 16
—-—3-3-2——-— = 6.2% oxXygen

Thus the overall weight loss during the oxidation would be:-

= 12,3 - 6.2 = 6.1%
This is in approximate agreement with the 7.3 per cent recorded,
and offers an alternative explanation to the loss of strongly
bound elemental sulphur.

The results from these stability tests serve to confirm
the earlier conclusions. Sulphiding at 500°C left an essentially
unmodified zeolite framework containing elemental sulphur
readiliy removed on heating. At temperatures sbove 600°C, the
sulphur was much more strongly bound, and was only partially
lost by heating at 700°C in vacuo. It is significant that the
material became yellow-green during this treatment, suggesting
decomposition and removal of sulphur in elemental form. Thus
the overall cqpclusions were that reaction under conditions likely
to cause substitution of sulphur into the zeolite lattice in
fact caused a destruction of this lattice and the formation of
non-crystalline sulphides.

" 3.3 CONCLUSIONS

The overriding conclusion was that permanent sulphiding
of 13X zeolite with carbon disulphide at elevated temperatures
was accompanied by a loss of the characteristic framework structure
of this material. The zeolitic structure was not reformed
under the conditions used. A dividing line may be drawn between
products sulphided below and above 500°C. Materials formed
below this temperature exhibit?d a virtually unchanged 13X zeolite
lattice, with sulphur species incorporated within the channels

and voids. Materials formed above 500°C exhibited more permanent
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sulphiding. They hydrolysed slightly on contact with moisture,
with liberation of hydrogen sulphide, and this was indicative of
aluminium-sulphur and silicon-sulphur bond formation. The
X-ray diffraction patterns indicated a substantial structural
modification to have occurred, and this was confirmed by the
physical appearance of the materials.

As material prepared at 600°C exhibited both the
reactivity and crystal structure (albeit weakened) of the
first category of product, together with evidence of partial
change of structure, it is in this product range that sulphur
analogues of zeolites might be expected to form. However,
new crystalline (zeolitic) phases were not detected. X-ray
data (Figure 3.14) indicated that the materials were non-
crystalline, and adsorption measurements and thermogravimetric
. data (Figure 3.19) confirmed the loss of zeolitic properties.

The commencement of loss of crystallinity at 600°C
was accompanied by the erratic sulphur uptake noted at this
temperature (Figure 3.9). As 13X zeolite is normally regarded
as being stable in air to at least 700° C (60, p 47), attack
by carbon disulphide is clearly indicated.

The overall conclusion was therefore that structural
sulphiding was only obtained with an accompanying loss of
crystallinity, and sulphur analogues of the starting phase
cannot be obtained by this measns. However, the exact nature
of the reactions occurring, and the products obtained at the

lower reaction temperabures were not so clearly established.

Infra-red evidence (Figures 3.4 and 3.5) indicated

that some'adsorbed water wes remaining after activation, and this
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could account for the small quantities of hydrogen sulphide
detected during reaction. The detection of elemental sulphur.
accompsnied COS formation is indicative of the partial oxidation
of carbon disulphide:-

0S, +2 0,—>C0S + 8
As it had been shown that careful activation of the zeolite
reduced the quantity of sulphur formed, some adsorbed species,
possibly oxygen, is likely to be responsible for at least part
of this oxidation. Traces of contaminants in the feed stream
are another possible source of oxygen and water.

It is interesting to note that the high initial
concentration of COS in the off-gas, and subsequent low (steady)
. concentration is similar to the rate of uptake of sulphur with
time (Figure 3.10). This suggests that atleast part of the
COS formation was associated with the sulphiding of the zeolite.

Tﬂis leads to the question as to the exaect nature
of the sulphided species formed below 500°C. In view of the
literature reports concerning the unstable nature of zeolites
containing elementsal sulphur in the form of radicals, and the
observations of free sulphur in some of the present materials,
it is tempting to attribute the reactivity of these materials
to sulphur radicals of this type. Nevertheless, it is
questionable whether the amount of sulphur deposited by the
quantities of free oxygen likely to be availsble could account
for the extreme reactivity of these materials towards air.

The simpler explanation is that at least some of this activity

was due to adsorbed carbon disulphide remaining after the reaction.
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Zeolites are known to be powerful catalysts for the oxidation
of hydrogen sulphide (274, 275), and it is possible that a
similar reaction oeccurs with carbon disulphide. Oxidation
of carbon disulphide to carbon dioxide and sulphur dioxide
would then occur:—

€S, + 30,——>C0, + 250,
As it was shown that only about one half of the total sulphur
content was lost on oxidation, i; is apparent that the remainder
was left within the zeolite, probably as elemental sulphur.
This is consistent with the oxidation of hydrogen sulphide,
where nearly complete conversion to -sulphur was obtained under
suitable conditions.

A further consideration is the development of blue
and green colours during the oxidation, and also some of the
sulphiding reactions. Similar effects have been reported in
the literature (Section 3.1.2), and attributed to oxidation.
From the present work it seemed evident that these effects were
at least partially due to reaction of the sulphur compound
(or free sulphur) with the zeolite, and the colourationis
indicative of the free radical species generally held to be
responsible for the formation of this colouration in sulphided
zeolites and ultramarines. Ultramarine formation is precluded
in the present work as the colouration was lost on oxidation,
whereas the development of the colour in ultramarine formation
is an oxidation process. Therefore, the formation of unstable

sulphur radicals during both the sulphiding and oxidation was

suggested.
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Under no conditions was it found that modification
of the zeclite framework occurred without loss of erystallinity,
and the general conclusion was that the energy required to replace
structural oxygen with sulphur is in excess of that required
to destroy the zeolite lattice. Thus, while direct sulphiding
of oxides may be & satisfactory means of synthesising sulphur

analogues of the simpler, compact structures, it is not successful

with the more open, framework compounds.
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CHAPTER 4. PREPARATION OF INTFRMEDIATES

4,1 INTRODUCTION

The hydrothermal technigues investigated for the
preparation of crystalline complex sulphides required several
materials not readily available, and this chapter describes
the various methods adopted for their preparation. Two classes
of compound were required - mercaptides and sulphides. The
majority of original work carried out was in connection with the
preparation of mercaptides. The Group III b derivatives, in
particular, have been only poorly documented, with a number of
somewhat contradictory publications. The mercaptide salts
are sulphur analogues of the alkoxides (eg aluminium ethoxide,
AQ(OEt)3), and may be written 35 AQ(SR)3, Si(SR)h, etc, where
R is an alkyl or aryl group. Their purpose in the present work
was as & source of finely divided; reactive, sulphide material for
use with hydrogen sulphide. Just as the alkoxide may be
hydrolysed in aqueous solution, with a greater or lesser degree
of difficulty, so it was hoped that the mercaptides would be

hydrolysed by hydrogen sulphide:-

2M(OR) 5 + 3H,0 %A%OB + 6ROH
2A0(SR) 5 + 3H,S——>Ay,Sq + 6RSH

The preparation and properties of metal alkoxides have
been described by Bradley (321). Although hydrolysis to the
oxide frequently occurs, formation of hydrated metal oxides is
more common. 'The formation of intermediste, polymeric compounds
is glso common — ie MOX(OR)y. The silicon alkoxides

('alkoxysilanes') have been described by Mehrotra (322). They
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are sometimes stable with respect to hydrolysis because of their
low solubility in water, but hydrolyse more readily when brought
into solution by, for instance, alcohol.

Hydrolysis of alkoxides is encoursged by acidic or
alksline conditions, and the hydrolysis in basic solution of
mixtures of the aluminium and silicon derivatives has been used
as a source of finely divided co-gels for use in subsequent
hydrothermal crystalligzation to form zeolites. 'Thiohydrolysis'
of aluminium and silicon mercaptides in basic hydrogen sulphide
solution presented possibly the most convenient route to suitable
starting phases in the case of the aluminium and silicon sulphur
system. The sulphides of these elements are difficult to prepare
by low temperature, non—aqueous methods, and the high temperature
technigues usually employed yield impure, crystalline products
very different from the amorphous, gelatinous starting phases
 generally used in hydrothemmal synthesis (Section 4.3.1).

Further, some of the mercaptides of aluminium and silicon
are readily soluble in non polar solvents (Section 4.2), and
therefore offered a good means of obtaining a solution of
aluminium and silicon sulpho-species in non-polar hydrogen
sulphide (Chapter 5).

With the lower subgroup elements (gallium, indium,
germanium and tin), hydrolysis of the mercaptides becomes more
difficult. In view of this, and the fact that preparation
of their sulphides in pure, Tinely divided statesis camparatively

easy, mercaeptides of these elements werenct investigated.
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Therefore, the next section of this Chapter is concerned with the
preparation and properties of the mercaptides of aluminium and
silicon, As}_(sra)3 and si(sn)h.

The final section of this Chapter covers the preparation
of the various sulphides reguired for the aqueous and non-agueous
hydrothermal technigues. The methods commonly used for the
preparation of Aﬁ283 and.SiS2 are discussed, and the preparation
of Gesa, SnS, and In,Sq described. As was indiceted in Chapter 2,
these latter elements should be capable of undergoing isomorphous
substitution into the lattice of sulphur analogues of conventional
aluminosilicates. Gallium was not used, as its chemical properties
are intermediate between aluminium and indium, its sulphide being
too readily hydrolysed to be prepared by the simple aqueous
methods applicable to the other lower subgroup elements, and its
mercaptides not being likely to be éompletely hydrolysed by
hydrogen sulphide. Compounds such as Gzal.“,;}sa(olif)2 are formed
from partial hydrolysis of gallium sulphide (43, Chapter 5),
and prevent its precipitation from aqueous solution by hydrogen
gulphide. Further, the preparation of gellium sulphide by
high temperature, non-agueous methods suffers the same
disadvantages as the preparation of aluminium sulphide by
these methods. Therefore, it was not thought worthwhile including
this material in the programme of work to be undertaken, and
experiments using the lower sulphides of Group III b employed
indium sulphide, In283.

Hydrothermal synthesis is conventionally conducted
in basic media, generally an alkaline hydroxide solution (ie

NaOH). However, organic bases have been used in the preparation
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of zeolites. For example, with tetrasalkylammonium hydroxide,
the alkali metal cation is replaced with RhN+' The organic base
mey totally replace the inorganic base (323), or a mixture may be
used (32h). Literature reports suggested (Chapter 5) that while
inorganic bases (eg NaSH) are only sparingly soluble in liquiad
hydrogen sulphide, organic bases (ie EthN+SH_) possese considerable
solubility in this material, and are therefore potentially more
useful, The preparation of both classes of base are discussed
in the latter part of this chapter. The organic base used

was tetraethylammonium hydrosulphide, EthN+SH-, and the inorganic
sulphide was sodium hydrosulphide, NaSH.

4,2 MERCAPTIDES

h,2.1 Introduction and Literature

4,2.1.1 Silicon and Germanium Mercaptides

The mercaptides of Group IVb, M(SR)h (M = 8i, Ge,
Sn, Pb; R = alkyl) are well documented. Abel and Armitage
discuss them in a recent review (325), and the compounds were
originally described by Backer et al between 1932 and 1951
(326-338).

The silicon derivative was prepared by reaction of
the sodium mercaptide and silicon tetrachlori@e in benzene as
solvent (326):-

LNaSR + SiCQ), —>8i(SR)) + LNaCR

The sodium mercaptide was prepared from the reection between metallic
sodium and the mercaptan. It was not soluble in either the
mercaptan or benzene, and was reacted with SiCQh as a

suspension.
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The merceptide derivatives ('silicicacid tetrathicesters')
were soluble in benzene, and were separated by vacuum distillation
after the sodium chloride had been filtered off. They were obtained
as oils of low volatility, insoluble in water and soluble in organic
solvents. They were stable towards hydrolysis by both water and
hydrochloric acid.

The initial report described the lower alkyl derivatives.
Later reports (327-329) described the n-, sec- and iso-butyl
derivatives, the phenyl and p-tolyl, and finally the t-butyl
derivatives. The germanium derivatives Ge(SR)h, were also
described (331). Unlike the silicon derivatives these did not
react with alcohol, which was therefore used as solvent during
the preparation. It is interesting tonote that the germanium
derivatives may be prepared directly from the mercaptan (379):-

(Prio)hce + URSH —>(BS))Ge + yprion

The physical data and crystallography have been
summarised for these silicon and germanium derivatives (330,

332), and the tin and carbon derivatives have also been
prepared (333-337) Sn(SR)h, C(SR);] . Spirocyclic derivatives

were also reported (338), with the structure:-

CH, — 8 § —CH, (M= si, Ge, Sn)

‘ N\ /
M

7%

CHZ-—-S S-—-CH2

Various other reports have since appeared on the
preparation of Group IV b mercaptides, but they do not in general
add any additional information. Partially substituted derivatives
RSSiSR' have been reported (339), and various other organo-

sulphur-silicon compounds have been prepared. For instance,
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the cyclic compound:—

was prepared frém CQSsti(CH €L and hydrogen sulphide (340),

3)2
and silicon-sulphur compounds possessing the cage structure of
adementane have been reported (341).

For the purposes of the present work, it was important
that the mercaptide derivative should be hydrolysed in solution
in hydrogen sulphide. The stability of these materials towards
water and hydrochloric acid (326) is probably due to their
low solubility in aquecus solvents. In alcohol solution,
silicon mercaptides are decomposed to the thiol and alkoxide
(339), whicﬂ is hydrolysed in solution (322). Silicon mercaptides
will almost certainly be soluble in non-polar hydrogen sulphide,
and if in addition basic media can be established, then the chances
of hydrolysis seem good. In addition, thermal decomposition

of silicon mercaptides leads to the formation of SiS. below

2
350°C (342, 343), and so the chances of obtaining finely divided
5iS, in situ seemed favourable.
4.,2.,1.2 Aluminium Mercaptides
These materials have not been widely reported in the

literature. Potential methods for their preparation may be
devised by a consideration of the techniques used to prepare
alkoxides (321). The simplest method is the reaction of a

metal and alcohol, but this is restricted to the alkali metals,

although beryllium, magnesium and aluminium react in the
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presence of a catalyst that destroys the oxide film:-

M + xROH —>M(0R)_ + x/2 H,

The formation of alkali metal mercaptides by reaction between
the metal and the mercaptan is analogous to this, and suggests
a possible method in the case of aluminium. This method is only
applicable to lower, straight chain alkyl groups.

Another technique for the preparation of alkoxides
involves reaction of the metal hydroxide with the alcohol:-

NaOH + EtOH —"NaOEt + H,0

2
The most common method, however, involves reaction of the
chloride:-

MCQ, + XROH ——>x HCQ+ M(OR)_

As the HCL formed tends to hydrolyse the alkoxide, some means of
removing it is generally required. A convenient method is
to introduce’ base by replacing the alcohol with its sodium
salt:—
+ xN &
MCR, + xNaOR——>xNaCR+ M(OR)

This is exactly analogous to the preparation of silicon mercaptides,
and a similar method should be applicable to the preparation of
aluminium merceptides., Bases other than sodium alkoxides used
in alkoxide preparation include anhydrous ammonia and pyridine.

ie zrc, + UROH + hHH3—>Zr(OR)h + LNH) CR

Therefore, adequate scope existed for the formation
of aluminium mercaptides. The preparation of silicon mercaptide
derivatives already described is exactly analogous to the

preparation of silicon alkoxides -'alkoxysilanes' (322), and thus

the close similarity between the sulphur and oxygen systems in
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this respect was demonstrated. However, the preparation of
Si(SR)h demands reaction of NaSR with SiCih while Si(OR)h may

also be prepared directly from the alecohol if required:-

sicQ) +UYROH —>8i(0R)), + hHCL

Therefore, in view of the difficulty experienced in preparing
aluminium alkoxides by direct reaction of the metal with the alcohol
(370, p 834) it seemed unlikely that the mercaptide could be
formed by an analogous route. Reaction of aluminium halide
with the sodium salt of the mercaptan offered the greatest
chance of success.

Very few publications have related to the formation
of the mercaptide derivatives of aluminium, RxARjSR)(B_x}
end the few reports existing relate to theirpreparation from
aluminium alkyls. There is no reported formation of these
compounds by a route analogous to that used for the silicon
derivatives (ie A&CQ3 and NaSR). Patent reports have claimed
(345, 346) formation of AQ(SPn)3 and AQ(SCHePh)3 by reaction
of aluminium amalgam with the corresponding mercaptan.

The reaction of the thiols with trialkyl aluminium
wags first investigated by Davidson and Brown (347) and
reviewed by Coates (363). Two classes of compound are
formed: -

(i) Coordination complexes with sulphur-containing
ligands not containing active hydrogen - ie R3A£JESR2,
formed by dialkyl sulphide.

(ii) Coordination complexes with sulphur-containing
ligands containing active hydrogen - ie REAQSR._ It is this
latter ciass of compound that is of interest in the present

work. Its formation (from thiol) may be represented:-



166

o =y
A3 Mec + 2MeSH —>(Me, M SMe), + 2CH,

This particular derivative was reported as a white solid melting

at 103°C, with a dimeric structure (347):-

However, later work has found it to be a one dimensional infinite
polymer in the solid state (350).

The formation of EtZNLSEt has been claimed (348)
from elemental sulphur and Et3AQ.in hexane at TOOC, while the
formation of R;AQSR, RIAQ(SR)e and AQ!SR)S from the appropriate
molar ratios of Réﬁland RSH has been reported (349). EtQAQSEw
was reported to be a liquid, while EtAQISEt)E, A&iSPh)B and
several other di- and tri- substituted derivatives were reported
as white Bol&ds.

Attempts to prepare the trisubstituted derivatives,
AQISR)B, have generally been unsuccessful (351). An attempt
to rationalise the formation of these compounds wes made by
Lalancette et al (352, 353). Reaction of CHSSH with Et3Aﬂ.
in pentane as diluent led only to the disubstituted product,
CH3AQ(SCH3)2, but use of diethyl ether as diluent led to &
quantitative yield of the trisubstituted derivative, AR(CH3)3.
Both derivatives were insoluble in common solvents. The
degree of polymerization of these materials was not established, but
the disubstituted tertiary butyl derivative was unpolymerized

and soluble in non-polar solvents. This was considered t0 be

a steric effect.
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By way of completiocn it may be noted that reaction of
trimethyl aluminiwm (in vapour form) with hydrogen sulphide
at 90°C led to 95-98 per cent A0S, contaminated with SAQCH,
(354, 355).

The reactions of aluminium alkyls with sulphur compounds

reported in the literature may be sumarized:-

(R) B, #i8E (SR) AZR 5 s
! I
(2) AER; + xR SH ———>> (SR ) AQR(;_ ) *+ xRH
(3) AgR, + R'as — R'es-hmns
() 2M0R, + H,S > AQ,S + 6RE

(5) ARy + HS —————> SACR + 2RH

The degree of substitution of SR' for R occurring in (1) and

(2) is dependent upon conditions, especially the diluent used,
and it seemed that the bridged, possibly polymeric structure

of the monosubstituted material, RQAQSR' stabilises this material
against further substitution. In general, it seemed that

these materials were insoluble in common solvents, although the

monosubstituted derivatives appeared to exist in a soluble

(umpolymerized)form.
Replacement of the thiol in reaction (2) by Na,$
led to Et, AQSNa (356), and restriction of the quantity of H,S

in reaction (5) led to Etz—AﬂrS—ﬁl-Eta.
Mercaptides of the lower group III b elements have
been briefly reviewed (358). Like the Grouwp IV b derivatives,

they are considerably more resistant towards hydrolysis than the

aluminium compounds.
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It was therefore apparent that while the mercaptide
derivatives of silicon were well documented, there was less
information available about the aluminium derivatives AQ(SB)S.
There seemed no reason why this material should not be prepared
from anhydrous aluminium halide and the sodium salt of the
mercaptan, in a method analogous to that used to prepare
Si(SR)h. The only problem likely to be encountered was
separation of the product, which was likely to be a solid material
according to the information gleaned from the literature.

This technique was therefore investigated as experimentally
easy to conduct. The reactions of triethyl aluminium with
simple sulphur compounds were then investigated with a view to
clarifying the literature on this class of reaction.

4.,2,2 Experimental

Infra-red spectra (670—&000 cmhl) were obtained with
a Perkin Elmer Infracord spectrophotmeter. The far infra-red
spectra (500-200 em ™! )were obtained with a Grubb-Parsons DMY
instrument. High resolution spectra (L000-250 cm-l) were
obtained on a Perkin Elmer Model 457 grating spectrophotometer
that became available towards the end of the preparative work.

Between 4000 and 600 cmul, samples contained between
NaCR discs were used, and between 600 and 200 cm polythene
plates were used. Considerable background adsorption was
present in the range 650-500 em T (Figure 4.6), but unfort-
unately the costly caesium iodide plates transparent over the
far infra-red region were not available. KBr discs
prepared in the dry box, using a stainless steel die, were
used for some of the spectra. Finely ground AR grade KBr

was employed.
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4.2.2,1 Si(sEt) 4 and related compounds

This material was readily prepared by the published method
(326), described in Section 4.2.1.1. Ethyl mercaptan was supplied
by Koch~Light Ltd., and was distilled before use, the fraction boiling
between 34.2° and 36.0°C being used. (Published BP = 34.7°C). Its
infra-red spectrum is shown in Figure 4.2. The silicon tetrachloride
was supplied by BDH Litd., and distilled under a nitrogen purge before
use, The fraction boiling between 50.0° and 53.000 was used, (Published
BP = 57.500). The rather low boiling point was attributed to the
cooling effect of the nitrogen purge.

A yield of 47.5 per cent on the sodium used was obtained.
The boiling range of the product collected was 1300 - 150°C at 1 Torr,
ana?) 1325 = 1,5605 (Published values are 169° - 171°C at 12 Torr, and
nD25 = 1.5638). In view of the rather lengthy procedure involved in
this preparation (the NaSEt being prepared and separated, and subse-~
quently reacted with Siczﬂ in toluene), it was modified to include
only a single step, using the apparatus illustrated in Figure 4.1.
Sodium wire (15g) was reacted with EtSH (50 ml) in 125 ml of toluene,

4Na + 4EtSH + 31014 —> Si(SBEt) A 4RaCl.

92g 248g 1708 272¢g
(=296m1)(=115m1)

Sicfh (20 ml) dissolved in toluene (20 ml) was then added for the second
part of the reaction, and the mixture slowly heated to reflux.

Vacuum was applied after the mixture was subsegquently cooled, and the
solvent pumped into the cold trap. The product was then distilled
under vacuum into the receiver, The boiling range of the fraction
collected vas 115° - 120°C at 0,05 Torr, and?) ;® = 1.5612. It had an

identical infra-red spectrum to the earlier material (Figure 4.3). Carbon
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hydrogen and nitrogen analysis was obtained with an F and M
Model 185 analyser. Found:- C, 33.9; H, T.5%; required for
Si(SEt)h:— C, 35.2; H, T.4%. 1In accordance with published
findings, the material was relatively stable in air, and did
not decompose during handling. It had & strong smell resembling
'ethyl mercaptan.
In order to investigate changes in the properties
of the silicon mercaptide with change of the alkyl group, a sample
. was prepared using n-butyl mercaptan. This was supplied by
Koch-Light laboratories, and was distilled before used (BP =
97.9°C - published value = 98.0°C). The published technique
was employed (326), toluene being used as diluent. The product
boiling between 2350 and 240°C at 5 Torr was collected. ‘Q?Qﬁ
1.526. Reported values (327) are 200°C at 2 Torr; qD25= 1.529.
The infra-red spectrum of this maﬁerial is reproduced in Figure 4.5,
and its general properties were similar to those of the ethyl
derivatives.
A comparison of the infra-red spectra of the silicon
mercaptides with the parent mercaptans (Figures 4.2-4.5) shows
a strong similarity. The %) (S-H) present as a weak band at
2600 cm-l in the mercaptan is replaced by a Si-S band at higher
wavelength. This band does not occur within the range of the
present spectra, and is discussed below. Apart from this,
only minor shifts and changes in the 'fingerprint' region below
1500 am - were noted. This demonstrated that the thicalkoxy
group is substituted unaltered in the mercaptige.
The two wide range spectra (Figures 4.7 and 4.8) of

Si(SBun)h and Si GEt)h cover the 8i-S region of 500-575 cmﬁl
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(see Section 3.2.3.2). A pair of strong absorptions at 530 cm_l
and 570 cm_l in both compounds is probably attributable to this
band being clearly visible over the broad polythene absorption at
555 o (Figure 4.9). Another band occurred in both mercaptide
spectra at 645 cm_l, and this is probably due to ) (C-8) (359)
or™ (c-s-8i) (339). A strong band at 465 cm—1 occurred in the
gpectra of the n-butyl derivative, while the ethyl derivative
exhibited a strong bend at 335 &,

In an attempt to throw further light on the nature of
these absorptions in the metal-sulphur region, the far infra-red
spectra of the two sodium derivatives, NaSEt and NaSBup, were
obtained (Figure 4.6). Strong absorptions near 460 cm_l and

- 340 em © were observed, and NaSBu® also had a pesk near 300 em T,

1 1 pand could be attributed to

A

Either the 460 em ~ or the 340 cm
*)(Na—s), but in view of the appearance of a band near 465 em
in Si(SBup)h, it is suggested that the 340 s absorption
is best sssigned to Y (Na-8). ™V (8-5) is known to occur in
the 460 cm'l region (359), although it is generally found above
500 o - (385). It is therefore suggested that the band at
L65 em © in the present spectra is due to oxidation of the
sample during handling, with the formation of disulphide. The
absence of this band in Si(SEt)h is not explained, however, as
this material would not be expected to be especially resistant
to oxidation.

As a final approach to the understanding of these spectra,
& sample of cuprous n-butyl mercaptide CuSBup, was prepared

from Cu,0 and the thiol (360). This material is reported

to be stable towards oxidation and moisture (361). Two bands



Band (em

si(SEu™) 4

240
300
340
460
530
570
645

1) | Suggested Assignment | NaSEt NaSBu®  CuSBa®  Si(SEt) .
¥ (Cu-8) =
=SBl == =
Y (Na-S) - - -
¥(s-s) o L
} Y (8i-S) g
Y (c=8) -

Table 4,1 Summary of Far Infrared Correlations,

vaL
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vere observed in the far infra-red spectrum (Figure 4.10) at

240 cm * and 300 cm *. The absence of & band at L60 cm-l, found
in both the sodium and the silicon n-butyl mercaptides, adds
confirmation to the assignment of this band to disulphide present
as an impurity. The band at 240 em * in Cu S Bu" is probably

1 in the

attributed to Y(Cu-8). The strong peak near 300 cm
spectra of both the copper and sodium n-butyl mercaptides, and
several weak peeks in £his region of the spectrum of the silicon
derivative, are probably assigned to the S-Bu" group.

The tentative assignments made from these spectra are
summarised in Table L.1l. As the (S-8), (C-8) and (S-H) bands
are only strongly observed in the Raman spectrum (385), these

assignments cannot be considered as conclusive.

4.2.2.2 Attempted Preparation of Aluminium Mercaptide

Derivatives from Aluminium Halides or

Metallic Aluminium

Reaction of A{Cfé or Sic(h with Mercaptan

In the introduction to this chapter it was indicated
that although Si(OR)h could be prepared by direct reaction of
Sinh and the alcohol, nc analogous route was reported for the
formation of Si(SR)) from SiC¢) and the thiol. Instead, the
sodium salt of the mercaptan was always used. In the study of
the possible formation of Az(sn)3 from A£x3 (X = halogen), the
direct reaction with thiol was initially investigated. For
purposes of comparison, the reaction of thiol with SiCC’h was also
investigated at the same time. n-Butyl mercaptan was used for
this work, as it possessed a sufficiently high boiling point

(98.500) to permit a reasonably high reaction temperature.
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In spite of prolonged refluxing under nitrogen, no reactioﬁ was
observed with the silicon reaction, which remained colourless, \
and separated into its constifuents on subsequent distillation.

In the case of the gluminium reasction, the chloride appeared to
dissolve in the thiol in the cold to give a yellow oily liquid.

The mixture was then heated to reflux under nitrogen for a total

of about 8 hours. During the heating, the mixture became dark

in colour, and H_S was liberated, being detected by its distinctive

2
smell and action on lead acetate paper. The product from the
reaction did not have the characteristic smell of the mercaptan,
and its IR spectrum (Figure 4.11) was similar to that of the
mercaptan (Figure 4.4) except that the (S5-H) absorption at 2580 em +
was missing, and certain peaks around 1400 cm-l were shifted slightly
This is consistent with the spectrum of 1-butyl sulphide or disvlphide,
and indicates a reaction of the type:

"2 Bu'SH ———> Bu,8 + HS

No HES was evolved in the absence of aluminium chloride, which
apparently catalyzed the reaction. On attempting to distil the
mixture, only a few drops of liquid were obtained, and this had the
same IR spectrum as that obtained before distillation. The solid
residue reacted violently with water with evolution of only HCE,
and so was presumably aluminium chloride.

The only other apparent explanation for the liberation of
hydrogen sulphide in this reaction would be interaction of the HCE
formed in the main reaction with further mercaptan:-

o2, + 3 BuSH —-‘?A{(SBun)B + 3HCE (1)
HC + Bu'SH —> Bu C& + B8 (2)

This behaviour has been noted with the corresponding alkoxides,

chiefly with the tertiary butyl group (321, 322). However, the
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infra-red spectrum did not show any adsorption around T00-800 cmﬁl'

corresponding to R-Cf, which discounts the possibility of this
reaction.
Reaction of A€Br. with Sodium Mercaptide

3
As aluminium chloride did not react directly with

mercaptan, further experiments employed the sodium salt of the
mercaptan in the presence of an inert solvent.

AzBrB + 3NaSR ————u3NaBr + A{(SR)3

Partial substitution to form BrxAﬂ(SR)C}x) must also be considered.
A€Br3 was used rather than A{C(3, as it is more soluble in toluene,
a suitable inert solvent. Literature solubilities (364) are:-

APBr,, 42.5 g/100 g saturated solution (20°C) ana A€CL_, 0.2 g/100 g

32
saturated solution (17°C).

Initially, commercial (anhydrous) aluminium bromide
supplied by B.D.H. was used. A saturated solution was prepared in
the dry box, Lsing sodium-dried toluene, It was dark green-brown
in colour. 50 ml of this solution were refluxed with NaSEt (7 g)
prepared as described in the preparation of Si(SEt)h (Section 4,2.1.1).
The experiment was conducted under nitrogen, and after 3 hours the
liquid became colourless, and the character of the solid changed to
a cream coloured powder from the flocculent white material used.
Reaction to form insoluble sodium bromide was therefore indicated.

The mixture was filtered in the dry box.

The liquid phase was distilled, and found to consist wholly
of toluene, (bp 110°C), only & trace of oily residue remaining. The
solid phase was extracted with dimethyl sulphide. Only very little
extrect was obtained, but it wﬁs possible to obtain its infra-red

spectrum (Figure 4.12). Comparison with the spectrum of dimethyl
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sulphide (FPigure 4.13) showed marked differences, notably the

absence of strong peaks at 1310, 978 and 693 &

, and the presence
of strong absorptions near 810 cm_l, 870 cm_l and 1260 cmﬁl, and
the very broad absorption near 1060 cm_l. Therefore, the organic
residues in the product spectrum were not due to unremoved dimethyl
sulphide. Certain similarities existed between the spectra of
the product and those of ethyl mercaptan and Si(SEt)h (Figures h.2
and 4.3 respectively). Therefore, it is possible that the present
material contained the S-Et group, although marked differences
existed between this spectrum and that of Et2A£SEt and EtAl(SEt)2
later obtained (Figure 4.19 and 4.21).

It was apparent, therefore, that whilst the results of
this experiment were encouraging from the point of view of the
ultimate feasibility of the reaction, insufficient product was
obtained to ensble a satisfactory evaluation to be performed,
assuming that the oily residue extracted with dimethyl sulphide
was the material required, Af(SEt)B. The reaction was repeated,
using different solvents to extract the product from the reaction
mixture, but with essentially similar results.

The effect of using freshly prepared aluminium bromide
was investigated. It was prepared by a method based on that
described by Brauer (370, p 213). The apparatus used is illustrated
in Figure 4.14%. Aluminium wire was placed in the flask, which was
purged out with nitrogen after evacuating it to remove air and
moisture. Sulphuric acid-dried bromine was added, and the mixture
refluxed for three hours. The tube to the receiver was wrapped
with heating tape, and the aluminium bromide distilled off and
transferred to the dry box. When it was dissolved in toluene, s
very dark green solution was formed that fumed in air.

The solution of AeBr3 was reacted with NaBEt as before,
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Conc,. Sulphuric Acid -

Vent / Vacuum
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Fig. 4.14 Apparatus used to prepare AlBr5 from the elements,
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As the materials were mixed, the colour of the A¢Br. soclution was

3

removed, indicating reaction to be occurring. The AfBrB Was
added until just present in eicess, and the mixture then refluxed
under nitrogen for 60 minutes. It was then filtered in the dry
box.

Only a trace of sulphur was detected in the solid phase,
the bulk appearing in the toluene solution. A qualitative test
exploying sodium fusion was employed, the presence of sulphide in
the fusion extract being detected by its intense purple colouration
with sodium nitroprusside. The toluene solution was pumped down
under vecuum to leave a few drops of oily residue. Its infra-red

1 ana 1260 cmhl,

spectrum (Figure 4.15) showed peaks at 970 cm
characteristic of EtSH and Si (SEt)h (Figure 4.2 and 4.3), and

similar peaks to those found in the spectrum of the dimethyl sulphide
extract from the initial reaction (Figure 4.12). The spectrum also

showed similarities to the spectra later obtained of Et2A€SEt and

EtAL (SEt)2 (Figures 4.19,and 4.21). The far infra-red spectrum
il

(Figure 4.16) of the oily residue had a strong peak at 460 cm
previously attributed to disulphide (Section 4.2.2.1).

It seemed therefore that only a very small amount of the
required product, Brts_x)Al (SEt)x (preferably with x=3) was formed
in these reactions, and in view of the fact that it had appeared &
substantial quantity of AQBr3 was reacting, it was concluded that
side reactions predominated. The infra-red spectra of the residue
obtained from the latter reaction (Figure 4.15) was not identical
to that of the dimethyl sulphide extract from the initial experiment
(Figure 4.12), and a well characterized product was not therefore

being obtained.
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Reaction of Aluminium Amslgam with Thiol

Reports exist (see Section 4.2.1.2) claiming that A8(83)3

mey be prepared by the reaction of aluminium amalgeam with a mercaptan:-

2

Several attempts were made at conducting this type of reaction,

ie AL+ 3BunSH—}A-€(SBun)3 + 1l

n-butyl mercaptan, ethyl mercaptan and thiophenol being the mercaptans
used. They were carefully dried over calcium sulphate before use.
Various techniques for amalgamating the aluminium were employed, using
mercuric iodide or mercuric chloride, both before and during the
reaction. In spite of the carful control of experimental conditicns,
with the striect exclusion of water, no tendency was observed for
veaction to occur, the aluminium remaining unchanged. The possibility
of obtaining eluminium mercaptides by direct reaction of aluminium
with the mercaptan was therefore dismissed.

4,2.2.3 Preparation of Aluminium Mercaptide

L]

Derivatives from Triethyl Aluminium

In the investigation of the reactions of aluminium alkyls

with sulphur compounds, triethyl aluminium, AMEt_, was used. This

3
material, in common with the other low carbon number homologues,

is a highly reactive and pyrophoric colourless liquid. With
increasing molecular weight, the trialkylaluminiums become less
reactive and easier to handle. A further small decrease in activity
accompanies replacement of one or two of the alkyl groups with
halogen. In general, the most reactive compounds are the trimethyl,
triethyl, tripropyl and triisobutyl derivatives. Spontaneous
ignition in air does not normally occur with the longer chain-

length derivatives, although ignition can occur from contact with

flammable materials such as paper or cotton wool because of their

large surface area and adsorbed moisture.
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The highly reactive nature of these compounds is due
to the high reactivity of the organometallic bond with oxygen and
'sctive hydrogen' compounds.- During oxidation the oxygen enters
between the carbon and aluminium atoms, with the formation of
alkoxide bonds:-

MR, + 120, > Ae(or{)3

Owing to their highly exothermic nature, such reactions must be
carefully controlled. Of the reactions with 'active hydrogen'
compounds, that with water is probably the most violent, being
instantaneous and explosive in nature, although the reactions with

alcohols are almost as severe:-

A-ER3 + 3H0 %M(OH% + 3RH

A{’RB + 3R'OH—)A£(OR')3 + 3RH

Therefore reaction with either sulphur or thiols would,
by enalogy with these reactions, be expected to lead to the required
mercaptide derivatives, AE(SR)B. One of the more reactive alkyls
would be required, which restricted the choice to either the tri-
methyl, triethyl or possibly the tripropyl derivative. Triethyl
aluninium was used as it was readily available of purity »98 per cent
through the British Petroleum Research Centre at Sunbury-on-Themes.
Initially, a 25 per cent solution in benzene was obtained, as this
was less dangerous to handle than the undiluted material. When
handling techniques were well established, the undiluted material
was obtained to permit greater control of reaction conditions.

The general background and safety aspects of this section
of the work were cbtained from two reports on the handling and nature
of aluminium alkyls (366, 367). The material was obtained in three
litre three-necked Pyrex flasks stored in boxes of sand, and transfer

to reaction equipment was by means of all-glass syringes fitted with



198

stainless steel needles, using rubber septum caps at the with-
draval and injection points.

On receiving a fresh flask of alkyl, the first step was
to fit the septum adaptor, shown fitted to a small flask in
Figure 4.17(a). A supply of dry oxygen-free nitrogen was first
arranged. BOC 'Oxygen-Free' grade was used, and dried by passing
it through concentrated AR sulphuric acid. After passing through
a glass wool tower to remove any acid spray it was passed up a
tower containing finely divided potassium dispersed on sodium
carbonate. A slow purge of nitrogen was passed through the side
arm of the adaptor, both taps being open. A fine grade hypo-
dermic needle was puéhed through the septum to act as a bleed when
the lower tap was closed, and the nitrogen flow left on for several
minutes to ensure that all air and moisture were removed. A
second nitrogen supply wes then directed across one of the necks
of the alkyl flask, its stopper quickly removed and the adaptor
inserted, still with nitrogen issuing from it. Once fitted, the
nitrogen supply to the adaptor was forced to leave via the hypo-
dermic needle in the septum. The nitrogen supply tap was then
closed, a few seconds allowed for the pressure in the alkyl container
to fall to atmospheric, and then the flask tap was closed and the
hypodermic needle removed, -

When it was required to remove alkyl from the flask,
a syringe (generally 50 ml) fitted with a 6 inch needle was used.
The needle was inserted through the septum with the flask valve
closed, Nitrogen was admitted through the side tube as before,
and the syringe filled and removed several times until thoroughly
purged. The flask tap was then opened and the needle pushed down

until alkyl could be withdrawn. By keeping the nitrogen supply
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pressure to 1 - 2 psig during this operation, a controlled removal
of alkyl was gffected. When the required quantity had been trans-
ferred to the syringe, the needle was withdrawn from the septum

and the end guickly sealed with a rubber bung for transfer to the
reaction equipment. The alkyl flask was then sealed as before.

This handling procedure was found to be quite satisfactory
with the small quantities of alkyl involved. No fire or explosion
was ever encountered. Contaminated equipment was washed out with
a solution of 25 per cent isopropanol in di-n-butyl ether (366).

All reactions involving alkyls were conducted in the fume cupboard,

and the storage flasks kept separately. Dry powder fire extinguishers
were on hand in case of accident, and face-shield and rubber gauntlets
used when handling these compounds.

Two approaches were adopted in the examination of the
resction between triethyl aluminium and sulphur compounds, Initially,
small scale réactions were carried out in a gas burette. This enabled
the replacement of alkyl groups by thioalkyl groups on the aluminium
to be followed by measurement of the wvolume of gas evolved:-

ie A€Et, + xEtsH ——>Et(3_x)Ae(sEr.)x + xC,lHg

3
The apparatus used for this is illustrated in Figure 4.1Te. Larger
scale reactions were carried out in the apparatus shown in Figure 1.18.
Thiols, sulphur and hydrogen sulphide were the sulphur compounds used
in this study, the addition compounds formed with disulphides not being

relevant to the present study.

Reactions in Gas Burette

The burette scale was initially calibrated with water. To
carry out a reaction in the burette, solutions of thiol and alkyl in
the diluting solvent were prepared in the septum sealed flasks shown

in Figure 4.17(a)-alkyl, and (b)-thiol. The alkyl was diluted in
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flask (a) as follows. A syringe needle was inserted in the
septum, and connected to a vacuum pump by means of a short length
of rubber tubing pushed over-the syringe fitting. The flask
was then evacuated and filled with nitrogen through the side tap
several times. The required amount of alkyl and diluting solvent
was then injected through the septum. The syringe was used to
remove the same volume of gas as liquid was injected to prevent a
pressure build up. The required volume of the solution so prepared
was then transferred to the gas burette by means of a syringe.
Before use, the burette was filled with nitrogen in the same way
as has been described for the alkyl diluting flask, the mercury
having previously been levelled to the tap. When the alkyl solution
had been injected into the flask, the syringe was removed with the
plunger depressed, and a needle inserted through the septum briefly
to equalise the pressure developed in the system with atmospheric
‘pressure. Then the tap over the flask was closed, and the thiol
solution injected into the upper part of the reactor over the tap.
The pressure in this part of the system was then again equalised
with atmospheric pressure by momentarily inserting a needle through
the septum, and then the lower tap was opened so that the thiol ran
into the flask and mixed with the alkyl. The tap was then closed,
and the burette tap opened so that the volume of gas liberated could
be recorded by levelling the mercury in the two limbs when the
reaction mixture had attained room temperature.

Initially, reaction between ethyl mercaptan and triethyl
gluminium wes investigated. For complete reaction:-

Et_ A€ + 3EtSH —> M(SEt)3 + 3EtH

3
11k g 186 g 210 g 67.2.2
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Et3A€ was obtained as a 25 per &ent v/v solution in benzene. 2 ml
of this were diluted to 22 ml with toluene, and 2 ml of this solution
used in the experiment (0.03809 g alkyl). 1 ml of thiol was diluted
with 20 ml of toluene, and 1.75 ml of this sclution (10 per cent
excess) used in the reaction. The reaction was conducted at high
dilution and at room temperature in ansttempt to prevent polymerization
of the product with consequent incomplete replacement of the alkyl
groups by thioalkyl groups. No evidence of reaction was observed
on adding the thiol to the alkyl, although a slow liberation of gas
occurred. After 20 hours, the flask was gently warmed to ensure
completion of reaction. When the mixture had regained room temp-
érature, it was observed that a further evolution of gas had occurred.
At this stage, the reaction was taken to be complete. The product
in the flask was a colourless liquid, indistinguishable from the
starting material. A 2 ml sample of the gas was withdrawn for
analysis by GLC, using a silicone o0il column in a Perkin Elmer
Model 800 chromatograph, with a flame ionization detector and nitrogen
as carrier gas. Comparison with the chromatographs of benzene,
toluene and ethyl mercaptan vapours showed the presence of one
additional peak eluted immediately before the thiol. This was taken
to be ethane. The volumetric data from this run is summarised in
Teble 4.2, It is apparent that only one replacement of (Et) by (-SEt)
had occurred, even on warming the mixture, ié

AEEtS + EtSH —> EtzA{SEt + EtH

It was considered possible that polymerization of EteAISEt
was occurring before further substitution of (-8Et) for (-Et) could
occur, and that this was stabilising the Et2AESEt against further
substitution. For this reason, the reaction was repeated, the mixture

being warmed as soon as the thiol was added. The results are pfesented
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Time (hr) | Temp (°C)! Atm.Pres.(torr)| Volume (ml) | Vol NTP (ml)
1 217 76341 6+56 613
1 22+1 76%+1 701 655
20 2141 7629 766 T34
after 27«1 762+9 829 T+74
varming
Table 4.2 Volumetric data for the reaction of EtSH with ﬂlEt3 in
toluene at high dilution,
Time (hr) | Temp (°C)| Atm.Press,(torr) Volume (ml) | Vol NTP (ml)
. 15+8 14942 6+41 597
¢ 17+2 749+2 741 6+86
Table 4.3 Volumetric data for the reaction of EtSH with AlE‘t3 in
toluene at high dilution(heated).
Pime (hr) | Temp (°C)| Atm.Pres.(torr) | Volume (m1) | Vol.wTP (m1) |
% 15¢4 752+9 42481 40+1
1 15¢4 752+9 42+81 40¢1
Table 4.4 Volumetric data for the reaction of EtSH with AlEt. in

toluene in concentrated solution.

3

Time (hr) | Temp (°C)| Atm.Pres.(torr) | Volume (ml) [ Vol.NTP (ml)
3 2006 758+4 511 5+31
1 20+6 758+4 6293 644
b 20+2 7158+4 991 9.21
20 188 756+ 1 1191 1112
1 172 7620 1351 1272
5 1?-2 7620 1351 12472
20 170 7613 13%+51 1272
Table 4.5 Volumetric data for the reaction of PhSH with A1Et. in

3

toluene., Above, dilute and below, concentrated solution,

Reference (calculated) data for Tables 4.2 - 4.5

Replacement of 1 alkyl group:@

"

" 2 "
" 3 1

7+48
s Y497
"3 22445

(4.2
&he3)

20+56 7+48 . 8+22 ml
41412 14+96 16444 ml
61468 22445  24+67 ml
(4.4) (4.5 (4.5
dil.) conc.)
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in Table 4.3. It was apparent that no further reaction had occurred,
EtQAESEt again being the main product.

The next varisble to be investigated was the concentration
of the reagents. Dilute solutions had originally been used in an
attempt to prevent polymerisation of the product, and the effect of
using more concentrated solutions was next investigated. EtBAa was
used as supplied - ie 0.5 ml, 25 per cent v/v in benzene, equivalent
to 0.1046 g. EtSH was diluted to a 50 per cent solution in toluene.
0.5 ml were used (20 per cent excess). The reagents were mixed as
before, and the mixture warmed until nearly boiling. The product
appeared as a flocculent white precipitate. The solution was cooled
to room temperature, and after about one hour the contents of the
flask had gelled, presumably due to polymerization. The results are
summarised in Table 4.4, and it is apparent that two aluminium alkyl
groups had been replaced:-

E'b3A;3 + 2EtSH ——> EtAL(SEt), + 2EtH
It therefore seemed that the more concentrated conditions were necessary
for formation of the disubstituted product, although no tendency for
replacement of the final aluminium alkyl group was observed.

The reaction of triethyl aluminium with thiophenol was next
investigated, as patent reports (345, 346) had indicated AE(SPh)3 to
be readily formed.

Et AL+ 3PhSH--———>A£(Ph)3 + 3EtH

11k g 330 g 354 ¢ 67.2 ml
The reaction was conducted under both dilute and concentrated conditions,
similar dilutions and quantities of reagents being employed as for the

regetions with EtSH. The results of these reactions are summarised in

Table 4.5. ~ In both cases, the mixture was heated to near boiling soon
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after mixing, and then left for 20 hours at room temperature.

Although increasing the concentration increased the reaction rate,

the eventual product was the same in both cases, and corresponded

to between one and two aluminium alkyl groups being replaced by

(SPh) groups. The product was obtained as a white, gelatinous

solid, presumably a mixture of Et, AC(SPh) and EtA{(SPh),.
Reactions of AfEt_ with Mercaptans

3
At this stage, the preparation of larger gquantities of

the ethyl aluminium—-thiol derivatives was attempted, to enable a
more complete characterization of these materials to be obtained,
From the reactions carried out in the gas burette, existence of the
compounds EtEAESEt, EtAE(SEt)Q, Et_ACSPh and EtAE(SPh)e in various
degrees of polymerization was suggested.

The apparatus used is illustrated in Figure 4.18. Initially
éthyl mercapten (1 mole) was reacted with triethyl aluminium (1 mole)
in an attempt‘to prepare EtEAESEt:—

ACBt, + EtSH ———3 Bt ALSEt + EtH

113.9 g 62.1 g 146.0 g
25 per cent A?Et3 in benzene (50 ml) was transferred by syringe to
the funnel A (Figure 4.18) after the equipment had been flushed with
dry nitrogen. The solution was run into the flask B, and then with
the funnel tap closed, EtSH (9 ml) and toluene (9 ml) were injected
into the funnel. This mixture was slowly run into the alkyl solution
(under nitrogen purge) whereupon a violent reaction ensued, slowly
subsiding as more thiol was added. When the addition was complete,
nitrogen was bubbled through the solution for 30 minutes. At the

end of this time, the liquid was quite clear, and there was no
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Fig. 4.18 Apparatus for reactions employing aluminium alkyls,
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precipitate. The nitrogen purge leaving the apparatus no longer
fumed in air, suggesting that no unreacted alkyl remained. The
reaction mixture was left standing under nitrogen overnight, after
which a white cloudiness had developed in the liguid and a gelatinous
precipitate formed. The solvent was distilled under vacuum at room
temperature into receiver (C) leaving a white gelatinous solid. The
liquid was run off from the receiver (C), and the temperature of the
Tlask (B) slowly raised. The solid product melted to a colourless
liquid which distilled at 140° - 150°C, 1 torr, and tended to solidify
in the receiver. The water was removed from the condensers during
this distillation. 7.43 g was obtained, corresponding to 46 per
cent conversion to EtQAESEt. The material smelt strongly of thiol
when exposed to air, presumably due to hydrolysis, and charred paper
even in the dry box. It was soluble in toluene and similar non-
polar solvents. The infra-red spectrum was obtained by pressing a
drop of the m;terial between two sodium chloride plates in the dry
box, and mounting these in their holder before bringing them into
the air. A sample so prepared did not decompose appreciably in the
time it took to run a spectrum (Figure 4.,19). On standing in a
gealed container for several days the material slowly solidified to
a white material of pasty consistency, presumably through polymerization.
Its infra-red spectrum was essentially unaltered, however, and it still
remained soluble in non-polar solvents. Its sealed-tube melting
point was not sharp, but about 9500.

Quantitative analysis was obtained for sulphur and aluminium.
An analysis for carbon and hydrogen was not carried out as the automated

instrument available could not handle air-sensitive samples. Analysis
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for sulphur inveolved hydrolysis in acid solution to liberate the
sulphur as thiol, which was then determined by oxidation to disulphide
with iodine:-

Et AC(SEt), + 3HCE —>(3-x)BtSH + xEtH + Aec23

2RSH + 12 ————>» RSSR + HI
In practice, a sample of the material was weighed (in the dry box)
into a stoppered phial. The phial was then brought into the
leboratory, where the stopper was loosened, and the phial quickly
dropped into a flask containing 25 ml of N/10 iodine and 10 ml of
20 per cent HCE, The flask was quickly stoppered, and shaken to
promote reaction. By tilting the conical flask used, the phial of
sample could be rested on the wall above the ligquid until the stopper

wes replaced, thereby eliminating loss of the volatile EtSH. Excess

iodine was then titrated with thiosulphate. 25 ml 0.130 g N iodine

was used.
Sample 1.
wt sample = 0.1L00 g
Excess iodine = 22,53 ml 0.1N thiosulphate.
25 ml 0.1309 N I, = 32.71 ml 0.1N thiosulphate
.. Todine used = 32.71 - 22.53 = 10.18 m1 (0.1N)
.*. % sulphur = 10.18 x0.00316x100 = 22.95%
0.1400
Sample 2.
wt sample = 0.0658 g

Excess iodine = 27.67 ml 0.1N thiosulphate.
. . Iodine used = 32.71 - 27.67 = 5.04 m1 (0.1N)

"« % sulphur = 5.04x0.00316x100 = 23.98%
0.0658




. 209

Analysis for aluminium was by EDTA. A sample of the
material (0.4 g) was weighed in the dry box, and then dissolved
in dilute hydrochloric acid. The solution was boiled to remove
the thiol formed during hydrolysis, and then cooled and made up
to 500 ml. 25 ml aliquots of this were reacted with 25 ml
(excess) of 0.01M EDTA, and the solution neutralised to ph 7T -8
with dilute ammonia, using narrow range pH paper. The solution was
then boiled for a few minutes, cooled to room temperature, and the
PH checked. A few drops of 'Erichrome T' indicator were added,
and excess EDTA titrated with 0.01M zinc to a blue-red end point.
The zinc solution was prepared by dissolving the AR grade
metal in 50 per cent HCE, nearly neutralising the resulting solution
with sodium hydroxide and diluting to volume. This solution was
also used to standardise the EDTA. 25 ml of 0.01M zinc were diluted
with 100 ml of distilled water, 2 ml of pH 10 buffer added (14.2 ml
conc ammonia and 1.75 g ammonium chloride), and a few drops of
Erichrome Black in methanol (0.4%). This was then titrated with the
nominally 0.01M EDTA to a blue-red end point.
Zine solution = 0.6738 g/litre = 0.01032M
Standardization of EDTA:-
(i) 25 ml EDTA = 23.50 ml zinc

(ii) 25 ml EDTA = 23.58 ml zinc

« « Strength of EDTA = 23.5430.01032 = 0.00973M
25
Sample 1.

wt sample = 0.1827 g

Excess EDTA = 17.90 ml 0.01032M zinc = 18.45 ml1 0.01M

25 ml 0.C0973M EDTA = 24,33 ml 0.01M EDTA
« » EDTA used = 24,33 - 18.45 = 5.88 ml

e v % AL = 5.88x0x608.2

17.32%
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Sample 2.
wt sample = 0.1548 g
Excess EDTA = 18.81 ml 0.01032M zinc = 19.42 ml1 0.0IM
.. EDTA used = 24.22 - 19.42 = L4.91 mi
R V) = 1.91x2x698.2 = 17.10%
0.1548x10
The analysis may be summarised:-
%8 = 22.95 , 23.98%
% AC = 17.32 , I7.10%
Calculated data is:-
EtEAZSEt ; 21.92 %S, 18.49% At

Et AC(SEt), ; 35.98 %S, 15.15% AL

Ae(SEt)3 ; U5.72 %5, 12.88% Al
The analysis corresponds most closely with that of EteAEéEt, the
éxpected product.

This reaction was repeated several times during the
course of the work. By removing the two condensers during the
distillation of the product, wastage due to solidification was
reduced, and up to T8 per cent of the theoretical conversion of
ethyl aluminium was obtained. The infra-red spectra of the
products were always identical to that shown in Figure 4.19 and
Figures L.20. These spectra are discussed beiow, together with
those of the other derivatives prepared.

The reaction of one mole of ethyl saluminium with three
moles of ethane thiol was next carried out, in an attempt to promote
further replacement of alkyl by thicalkyl group on aluminium. The

experiments in the gas burette had suggested that two such replacements
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could occur in concentrated reaction conditions to form EtAf(SEt)Q.
These were the conditions used in the present experiment. The
equation for complete substitution is:-

Et3A€ + 3EtSH —— AE(SEt)3 + 3EtH

11k g 186 g 210 g
The alkyl was placed in the reaction flask as before (25 ml of
25 per cent solution in benzene), and 12 ml of EtSH diluted with
12 ml of toluene run in from the funnel. An evolution of heat
occured during mixing, as previously, and when the resulting
colourless liquid was heated to reflux, it quickly solidified to
a white material. A period of several hours was allowed to elapse
between mixing the reagents and refluxing, during which the flask
was intermittently shaken. This was to encourage further reaction
without the polymerization of the product likely to occur on heating.

The solid product was taken into the dry box and washed
free of Et2AESEt with toluene. A tendency for the washings to gel
on contact with air suggested that some Et2A£SEt had been removed,
The solid product was vacuum dried. It was not soluble in any of
the common solvents tested, and did not melt below 32500 in a sealed
tube. Its infra-red spectrum is shown in Figures 4.21 and L.22.

Small differences compared to that of Et _AlSEt (Figure 4.19) are

2
apparent. The material hydrolysed in diulte acid, and was analysed

for sulphur and aluminium by the methods used for EtgA!SEt.

Found:- % S (as SH)

%

37.58%, 38.72%
lht 55%! lh'20%

Calculated:-

Bt ACSEt 21.92% S , 18.49% AL
Et A{(SEt)2 ;3 35.98% 5 , 15.15% Af
M(SEt)3 ; b5.72% 5 , 12.88% Af
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The chief product was therefore EcAe(SEt)e, although
the figures suggested that a small amount of A£(SEt)3 was present.
This was in general agreement with the results from the volumetric
data, where two replacements of Et by SEt was the most achieved.
The solid, insoluble nature of EtAE(SEt)2 compared to the gelatinous,
soluble EtaﬁisEt, indicated a higher degree of polymerization,
and implied that the material Af(SEt)3 would, if its formation
were possible, be an insoluble polymer unlikely to be of much use
in the subsequent hydrothermal studies.

Literature reports indicating that (MeS)3A8 may be
Af in diethyl ether appeared

<
during the course of this work (352, 353). 1In this solvent, the

prepared by reaction of MeSH with Me

alkyl will exist as the addition compound MeBﬁC:O Et Solvent

o
effects will undoubtedly play an important part in controlling
reaction rate and polymerization, and reaction in diethyl ether
would be expected to proceed more slowly than in benzene. A
similar addition compound is formed with dimethyl sulphide, Et3Ae :

§ Me,, and reaction in both diethyl ether and dimethyl sulphide was
investigated to obtain a measure of the effect of coordination complex
strength. It was not felt that the use of EtSH and EtSAE rather
than MeSH and Me3A2 would appreciably alter the course of the reaction.
Instead of the solution of 25 per cent alkyl in benzene previously
employed, undiluted alkyl was obtained to permit the use of the
required solvent.

Initially, reaction was conducted in dimethyl sulphide.
50 ml were transferred to the reaction flask, and Et3A8-(20 ml)
added. EtSH (50 ml) and SMe,, (50 ml) were transferred to the dropping

funnel, and run into the alkyl,
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Et3A€ + SMe —————*€>E33A£.: SMe

2 2

11k g = 136 ml 62 g = 73 ml 176 g

Et3Aa : SMe2 4+ 3Et8H ——> Aﬁ(SEt)S + 3EtH + E&Me

176 g 186 g = 222 ml 210 g

2

A ddition was over one hour, whilst stirring the mixture with a
stream of nitrogen. The reaction was initially vigorous, but
slowed after about half the thiol was added. A precipitate
slowly formed, and the mixture was left overnight under a nitrogen
purge. The solvent was removed under vacuum, and the product
obtained as a hard, white solid. Its infra-red spectrum
(Figure 4.23) was practically identical to that of Et A€ (SEt)2
(Figure 4.22). Analysis for sulphur confirmed that this was in
fact the identity of the product:

Found: 8, 34,21, 34.06%

Calculated: Et APSEt, 21.92% S : EtAe(SEt)Q, 35.98% 83

Ae(smt)3, 45.72% S.

This experiment was repeated using diethyl ether as diluent,
the conditions being otherwise identical. The reaction was much
less vigorous than had been noted previously, and cautious warming
of the flask was necessary to promote solidification of the product.
The infra-red spectrum of the product (Figure 14.24) was similar to
that from the previous reaction, and a similar sulphur analysis was
obtained.

Found: S, 32.1k4, 32.00%.
It was therefore apparent that no promotion of reaction,

with the formation of A?(SEt)B, had occurred as a result of using
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either diethyl ether or dimethyl sulphide as diluent. In both

cases the product formed was EtAf(SEt)Q, the same as that obtained
in toluene. The reasction rates were found gualitatively to be
inversely proportional to the coordinating power of the-ligands in
the complexes with the solvent:

EtaAe > Bt AL: SMeQ > Et_AC : 0Et2

3 3

The only real difference between the techniques used and the published
method purported to lead to At(SR)3 was the use of ethyl rather than
methyl derivatives. It seemed most unlikely that this could alter
the course of reaction, as steric effects could not play a part with
such small alkyl groups. The matter was not pursued, however, as

an aluminium-sulphur derivative soluble in non-polar solvents was
required, and it was evident that both EtA&(SEt) 5 and AE(SEt) 3 (if
prepared) could only be obtained as insoluble polymers. Therefore

- Bt ALSEt, which was readily soluble in toluene and benzene, was used

2
as the standaré organoaluminium-thiol derivative in the subsequent
hydrothermal work.

The study of the reactions of alkyl aluminium compounds
with thiols was completed with the reaction of triethylaluminium with
thiophenol.

Et3A£ + 3PhSH ——> M(sph)3 + 3EtH
114 g = 136 m1 330 g = 307 ml 35k g
Et3A£ was used as 25 per cent solution in benzene. 20 ml were
transferred to the reaction flask, and PhSH(15 ml) mixed with toluene
(15 ml) slowly run in over one hour. (10 per cent excess of thiol).

Tﬁe contents of the flask remained clear until warmed, when a white

solid precipitated. Eventually the contents of the flask had nearly
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completely solidified. The mixture was left overnight and the
solvent removed under vacuum.

The infra-red spectrum (Figures 4.25 and 4.26) was similar
to that of thiophenol (Figure 4.27). Analysis was performed for
aluminium and sulphur by the methods described at the beginning of
this section.

Found: AL, 5.34, 5.29% S; 16.68, 16.90%
Calculated: Et2AE(SPh) ; 16.50% S,13.92. ¢
EtAL (SPh)z; 23.38% S, 9.86% AL
AL(SPn) 5 3 27.12% 8, 7.62% AL
PhA¢(SPh) ; 10.88% S, 9.18% Af
PhAE(SPh), ; 19.78% S, 8.34% At
Et,AL(SEL) ; 21.92% 5,18.49% AL
EtAg(SEt), ; 35.98% 8,15.15% AL
Ag(SEt); 3 45.72%S ,12.868% At
The aluminium FTigure is very low if the product was EtQAJ(SPh), as
suggested by the sulphur figure, The aluminium analysis was later
confirmed by atomic absorption when an instrument became available.
The infra-red spectrum revealed little evidence for aliphatic residues
in the molecule (vis week C-H frequency absorption in the 2900 cm_l -
3000 cm-l region), and the material appeared to be predominantly
aromatic in character. It is possible, therefore, that the product
vas PhAE(SPh)E, the calculated analysis of which corresponds most
nearly with the values found. The volumetric measurement of ethane
liberated had indicated that reaction had proceeded as far as EtA{(SPh)z;
it could equally well account for the formation of PhA:';(SPh)2 where
a similar quantity of ethane is liberated:-
Af(E‘t)S + 2PhSH ———-> EtAf(SPh)2 + 2E‘tH

At_(m-,)_,) + 3PhSH -—-——-——)PhAt(SPh)E + EtSH + 2FEtH
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Such a reaction would seem scmewhat unlikely, as it would involve

rupture of all three A2-C bonds in A{Et_, and AL(SPh) 5 would be

3’
expected as the most likely product if this occurred. In any case,
it seemed that a mixture of products was formed during this reaction.

Reaction of Ae(Et)3 with Sulphur

The reaction expected was:-

AB(Et), + xS ————-B'Et(B_x)AZ(SEt)x

Literature reports (Section 4.2.1.2) suggested that insertion of
more than one sulphur per alkyl molecule was not possible. Reaction
was therefore initially restricted to one equivalent of sulphur. The
apparatus used in the thiol reactions was employed for this work.
Elemental (flowers of) sulpbur (3.5 g) were dried under vacuum and put

AfE‘bS R --*--*—)E‘bZAﬂ SEt

11k g 32 g 146 g

= 136 ml

in the reaction flask, and the equipment purged with nitrogen. Ethyl
aluminium (50 ml, 25 per cent solution in benzene) was slowly run
in, whereupon a vigorous reaction ensued. A vhite solid remasined,
together with & colourless liquid, and the equipment was left under
a nitrogen purge overnight. The solvent was removed under vacuum,
and a colourless oily liquid remained. This was distilled off under
vacuum (124°C, 1 torr). Tts infra-red spectrum (Figure 4.28) was
identical to that of ﬁteAESEt prepared earlier (Figure 4.19), although
it did not solidify on standing, as did the earlier material. The

identity was confirmed by elemental analysis for sulphur and aluminium,

conducted as described previously.
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Found: S(thiol or mercaptide, by reaction with acidified iodine), 18.68%;
S(total, by sodium fusion), 20.12%; A, 17.56%

Required for EtQABSEt ; S, 21.92%, AL, 18.k0%.

Therefore, it seemed that the material was not completely pure,

which could sccount for the fact it did solidify on standing as

did the earlier samples. Contamination with, for instance, EtBAB:

SEt, (15.69% s), is possible.

The reaction between triethyl aluminium and sulphur was
repeated using sulphur in excess of that required to form AZ(SEt)3,
but with essentially similar results. Again, a solid residue
remained after the reaction,together with a little Et2A£SEt (vp 120°¢C
at 1.5 torr). Its infra-red spectrum was identical to Figure 4.28.

The infusible residue from these reactions reacted with
vater to liberate hydrogen sulphide (identified with lead acetate
paper). Its infra-red spectrum showed no organic residues, and
these factors indicated that it was mainly aluminium sulphide formed
by a reaction such as

2Et2MSEt + 8 —bAfQS3 + 3CpH), + 3CHg

Although solvent washing of the residue rather than distillation to
remove Et, A¢SEL might have reduced decomposition to form A8253’ it
seemed likely that most cf the side reactions producing this material
were occurring during the initial reaction. Earlier experiments had
indicated that EtAC(SEt), and AZ(SEt), were insoluble, infusible
polymers, and therefore impossible to separate from A8283 which is
also insoluble in common (non agueous) solvents. For this reason,
A€ and sulphur was not followed up as a

3

potential source of Af(SEt)B, the inference being that side reactions

the reaction bLetween Et

between the'initislly formed_EteAESEt and further sulphur led to

contamination of the higher substituted derivatives with A£2$3.
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Reaction of A£(Et)3 with H2§

Literature reports (Section 4.2.1.2) suggested that vapour
phase reaction of Ae(Et)3 and HQS at 90°C producted 95 - 98 per cent
AL,8 contemineted with SAUEt. At 125°C, pure SALEt was formed.

Vapour phase reaction was not considered feasible within the restriction
of apparatus available in the present work, but the reaction of

gaseous st with liquid ACEt_ was investigated with the equipment

3
used for the previous experiments with aluminium alkyl. Possible
reactions are:-

(1) 2ALEL. + BB <> Mes + 6EtH

3 5
(2) AEEt3 B iy EtAfS + 2EtH

(3) ACEt + o ——— Et(s_x)m).(sm)x + xH,(x=1,2,3)

3
Published work suggested that reactions (1) and (2) were expected;
analogy with the reaction of alkyl aluminiums with water suggested
that reaction (3) is unlikely.

25 p;r cent AdEtB in benzene (50 ml) were transferred to
the nitrogen purged reaction flask, and a mixture of 125 ml/min nitrogen
and 125 ml/min H,8 (CP grade dried over P,0g supported on glass wool)
bubbled in. No reaction was observed, and so 250 ml/min of undiluted
H,8 was bubbled in. A slight fuming was observed, and the liquid
became warm. After about 30 minutes a white solid appeared.
Reaction was continued for two hours, and the solvent then removed
under vacuum. A little trietﬁyl aluminium remained,and this was
distilled off (bp = 80°C at 1 torr - published value (363) = 75-80°C
at 1 torr). A yield of 3.14 g of white solid material was obtained.
It was analysed for sulphur (sodium fusion for total sulphur) and
aluminium by the usual methods.

Found: S 3 33.72, 33.60% , Af; 29.05, 30.05%.

Calculated; AZ,S.; 35.99% AC, 64.11% S; EtAlS ; 30.68% AP, 36.38% S.
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The product therefore corresponded most closely to EtA{S.
Teking into account the published results, it seemed that reaction
at 90°C was essential for the formation of A8233 from AtEtB and
HQS‘ Reaction at room temperature and 12500 both lead to EtA£S.
The presence of a solvent in the present work is likely to modify
the reaction path further, and the monomer - dimer equilibrium in

Et3A8 (368) will probably play a part here, ie

Et\ Et Et
e’ >/
T O

o e .
2A¢Et3 e

Et

It is generally considered that the reactive species is the monomer,
and that dimerization or coordination (ie with R,0, R.8, ete) leads
to a reduction in reactivity. It therefore seemed likely that
vapour phase reaction at 90°C led to complete reaction of Et3A6

as the monomer to form A€283. A further complication is the
possibility of polymerization of SACEt, with consequent stabilization

against further reaction to form Aees It is possible that this

3"
predeminates at higher temperature, leading to the formation of only
SALEt at 12500. Whilst these suggestions have no experimental or
theoretical basis, they are offered as a possible explanation of
observations made, and suggest that vapour phase reaction might be

a worthwhile extension of attempts to prepare A{(SEt)3 from EtBAE
and EtSH.
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Infra-Red Data

A comparison of the infra-red spectra of EtEAESEt
(Figure 4.20), EtAE(SEt}2 (Figure 4.22) and EtSH (Figure 4.2)
reveals again the strong similarity between the derivatives and
the parent mercaptan that was found for the silicon mercaptides
(Section L.2.2.1). Bands occur near T50 cm_l, 980 cmpl,
1280 cm ¥, 1380 em - and 1460 cm © in all the thioethyl derivatives
of aluminium and silicon, and show the strong family resemblance
between these compounds and EtSH. The spectrum of the thiophenol
derivative (Figure 4.26) shows a similar resemblance to the spectrum
of thiophenol (Figure 4.27). 'The characteristic aryl y(C-H)
between 3000 and 3100 cm_l is present, besides very weak bands
between 2900 and 3000 cm_l, characteristic of the Y C-H) of the
aliphatic alkyl component remaining in the molecule after reaction.
The characteri§tic aromatic (C-H) frequency at 1600 o+ is present.
as is the out-of-plane (C-H) bending mode at T30 cm“l, These
bands, together with many others in the fingerprint region, are
present in both thiophenol and the aluminium derivative, showing
the close similarity between these compounds. The bands expected
from the alkyl substituent remaining in the molecule, if indeed
it is EtAﬂ(SPh)Q, are surprisingly weak, as is witnessed by the
very weak alkyl Y(C-H) bands between 2900 and 3000 cm_l. From
this evidence, one is led to suppose that the molecule is predominantly
aromatic in character (ie Ae(sph)3 or PhAE(SPh)E).

The other point of interest in these spectra is the
aésignment of the (A€-S) stretching frequency. This has been

reported (317) as lying between 310 and 391 ) The spectra

obtained in the present work all show bands in this region, although
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there is no single band present in all three spectra that would
enable unambiguous assignment to be made. EtQAESEt and EtAi(SEt)Q
have moderately strong bands near 410 cm_l, and there is a wesk
band near this frequency in the thiophenol derivative. There is
also a broad shoulder near 350 cm_l in EtzABSEt, and a stronger
band at 320 @ in EtAE(SEt)z. There is a corresponding band

at 350 cm-l of moderate intensity in the thiophenol derivative.
Intensity variations of these bands with degree of substitution

of -SR for -R are in the correct direction for either of these

two groups of bands to be assigned to Y(Af-S), and for this reason
unambiguous assignment is not possible. Comparison with the
published results leads to a preference for 320 - 350 cm—l as

the assignment of Y(Ag-8).

In discussing the\far infra-red spectra of the silicon
mercaptides (4.2.2.1), peaks in the vicinity of 645 cm-l were
attributed toﬁv(C—S); the spectra of the aluminium mercaptides
show peaks corresponding to this vibration, although somewhat
weaker than the silicon derivatives. This reflects the presence
of only one or two carbon-sulphur bonds per molecule in the
aluminium derivatives compared to three in the silicon compounds.

EtzAtSEt has a weak shoulder in its far infra-red spectrum
near 460 cm”l. This could be Y(S-S) if the assignment of this
vibration was correct in the case of the silicon derivatives.
There is only the vague suggestion of a band near this frequency
for EtAK(SEt)e; this would indicate a greater stability towards
oxidation which is consistent with the polymeric nature of this
materigl. There are several weak bands near L60 cm_l in the

spectrum of the thiophenol derivative, and no firm conclusion can



be reached in this case about the possibility of Y(8-8) occurring
in this spectrum.

The conclusions reached from an examination of these spectra
are therefore in general agreement with those reached from the spectra
of the silicon derivatives, and sunmarised in Teble 4.1, To this
data may be added the tentative assignment of Y(A{-S) to the region
of 320 - 350 em L.

4.2.3 Conclusions

In the comprehensive study made of the reactions between
the anhydrous halides of aluminium and silicon with thiols and their
sodium salts, only the reactions between silicon tetrachloride and
godium mercaptides were found to give appreciable quantities of
the expected mercaptide derivatives. No reaction was obseryved
between aluminium or silicon halide with mercaptan, although the
aluminium halide appeared to promote oxidation of the mercaptan
to alkyl sulp%ide with liberation of hydrogen sulphide. Reaction
of silicon tetrachloride with sodium mercaptides in an inert solvent
led to the mercaptide derivatives of silicon, Si(SR}h, as colourless
oils, relatively stable towards hydrolysis by water and acids. This
is in agreement with previously published results.

Successful results were not obtained from the analogous
reaction between aluminium bromide and sodium mercaptide under similar
conditions. If, as seemed likely from later work using aluminium
alkyl as starting material, the product required was an insoluble,
polymeric material, its separation from the reaction mixture would

be difficult. Certainly, only very little soluble product was

obtained, although reaction appeared to proceed, with formation of
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sodium bromide. The resemblance of the infra-red spectra of the

very small amount of soluble product formed to that of EtSH, Si(SEt)h
and subsequently prepared Et2A£SEt and EtAt(SEt)z, suggests that the
reaction might at least be considered feasible, although the bulk of
the product appeared to remain in the solid phase. As its separation
from the sodiumhalide would be difficult without risk of decomposition,
this reaction cannot be regarded as a convenient pathway to A&(SR)B.
Formation of soluble A€(SR)3 by this means was not possible, and

in the light of subsequent work it seems highly unlikely that this
derivative could be prepered in a soluble form. A useful extension
of the study of the reaction between aluminium trihalide and sodium
mercaptide would be to replace the basic sodium salt by an alternative
bage, for instance anhydrous ammonia or pyridine., This would
eliminate the sodium halide from the reaction mixture, and lead to

an easier separation of insoluble products.

However, it seemed from later experiments employing aluminium

trialkyl that formation of the merceptide of aluminium, AZ(SR)., was

3
not possible owing to polymerization of the initially formed R2A£SR

and RAf(SR)E. This apparently stebilised the molecule against further
replacement of alkyl by thiocalkyl groups. Attempts to replace the
final alkyl group to form A!(SR)3 were not successful despite the use
of a wide range of conditions, and the question is raised as to whether
this material is likely to be formed under any conditions. RQAZSR
polymerized slowly on standing, transforming from a clear liquid to

a gel, and finally to a white solid. The complete solidification

took about 2k hours, and the material remained soluble in non-polar

solvents. In the case of RAR(SR)E however, the polymerization took

place during the preparation, and the resulting material was completely
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-insoluble under all conditions. Under these circumstances it is
very unlikely that reaction to form AC(SR)3 would occur, as the
reagent [hAE(SR)E] will be wholly in the solid phase.

Under these circumstances, the replacement of the final
alkyl group of RA&(SR)Q will depend upon keeping this material in
solution in an unpolymerized form. The use of a coordinating
solvent is one way in which this might be achieved. Coordination

of electron donors (eg R.O, RQS) with trialkyl aluminium is well

2
known, and there was good reason for hoping that similar coordination
with E‘tA{’.(SEt)2 would suppress polymerization. For instence, it

was reported (347) that trimethylamine, a stronger donor to aluminium

that sulphur, can split open cyclic (MeQACSMe)zz—

SMe SMe

Me, A \AtMee + 2Me,
e gt N

SMe Me

However, these same authors reported that dimethyl ether did not react
in this way, anﬁ in the present work EtAE(SEt)2 precipitated as
readily from solution in diethyl ether or dimethyl sulphide as it
did from toluene where such coordination is not encountered. The
only effect found to result from the use of coordinating solvents
was a reduction in the overall reaction rate.

It therefore seemed unlikely that AE(SR)3 could be formed

from AEt. and RSH in diethyl ether as clasimed in the literature.

3
Exeamination of the reports where this resction was claimed to have
been performed (352, 353) show that in fact only an isolated preparation

leading to the trisubstituted derivative was reported, and that this
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material was never in fact used in subseguent reactions, all
of which employed MeAi(SMe)Q. As the only evidence presented
for the formation of Aﬁ(SMe)S was an elemental determination
of aluminium, it is suggested that contamination of the sample
(possibly with coordinated ether) led to reduction of the aluminium
content from the 20.6 per cent expected for Meﬂe(SMe)2 to the
16.3 per cent expected for AB(SMe)s. It was in fact reported that
this analysis was difficult because of a tendency for the material
to retain solvent and thiol.

It was felt that the infra-red data presented in this work
formed unambiguous proof thet the products from reaction between
Af and EtSH in coordinating solvents are identical to those

3
formed in hydrocarbon solvents.

Et

It is possible that reaction between aluminium bromide
and sodium me;captide would be more likely to lead to AE(SR)3 if
the intermediates BrerfSB)(3“x) are soluble. However, aluminium
halides are strongly associated like the alkyls, and it is by no
means certain that this solubility would exist.

For the requirements of the present work, Si(SEt)h and
Et2AESEt possessed the required solubility in non-polar solvents,
and were therefore suiteble for reaction in liguid hydrogen sulphide.
The presence of the alkyl groups in EtgAESEt was not considered
likely to interfere with thiohydrolysis by hydrogen sulphide.
Indeed, trialkyl aluminium reacts with hydrogen sulphide under
suitable conditions to form A3283 (Section 4.2.2).

Of the other reactions with triethyl aluminium examined,

that with elemental sulphur was found to proceed similarly to that

with mercaptans, Et, ALSEL being formed. This is exactly analogous
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to the formation of AQ(OR)3 with oxygen. However, with sulphur
the production of 39283 by side reactions was encountered, and
further substitution to form AQ(SEt)3 was not observed. The
reaction between AQEt3 and hydrogen sulphide was found to lead
to EtAlS at ambient temperature.

Contrary to patent reports (345, 346), no reaction
was observed between dluminium amalgam and thiols. All the
reactions performed between aluminium alkyl and sulphur compounds
indicated reduced reaction rate compared to the corresponding
reactions with the oxygen analogues. This reflects the important
difference between the heat of formaetion of the A{-0 and AQ-S
bonds (369) A2,0,, AH® = -399 keal/mole; ARS8, AAH° =
-121 kcal/mole. 1In view of the difficulty experienced in
reacting aluminium with alcohols, the lack of any reactivity
towards thio}s is to be expected.
4.3 SULPHIDES

4.3.1 _égzga and_SiS,

These sulphides are hydrolysed to the oxide and
hydrogen sulphide by water, and the only methods reported
for their preparation involve high temperature techniques
(370, p 823 and p T00). Aﬁ253 is prepared by igniting (with
a strip of magnesium) a mixture of the elements, or alternatively
by pagsing a stream of H S over aluminium at 1000°C:-

2A + S -iﬁEiESARQSB
2AR + 31,8 Mﬁme% + 31,

8iS, is prepared by heating a mixture of AQ283 and silica to
1100°C in nitrogen, or by igniting (with magnesium) a mixture

of the elements (371):-
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oA s+ 3510 —3%993§35i8 + 20
23 2 2 203

ignite._.
8182

Si + 28
The chief drawbacks with these methods are the

difficulties of purifying the products. AQESB is purified
by removing excess aluminium in vacuo at 1150°C, while Si82
may be sublimed under nitrogen at 1200°-1300°C. To sublime
A(ESB, temperatures in excess of 1550°C are required.

| There are few reports of low temperature (non-aqueous)
methods for the preparation of these materials. Methods via
si(SR)h and A£R3 (R = alkyl) have been described in Section 4.2.
A recent review of silicon-sulphur chemistry describes only
classical (high temperature) techniques (372). Polymeric
(sis)n with a layer structure may be formed by reaction of
CaSi, and 5,CR, (373), while it has been reported (374) that
AEESB may be:formed by heating a mixture of aluminium chloride
and calcium sulphide at 60°-80°C. Tt has also been reported

that ARES may be formed from the reaction between hydrogen

3
sulphide and a benzene solution of aluminium naphthionate (375).
Apparatus suitable for purifying the required quantity

of ARQSB and SiS2 prepared by high temperature techniques was not
available. In view of the availability of other starting

materials it was not considered worthwhile purchasing suitable
equipment. Samples of commercial silicon disulphide and aluminium
sulphide werepurchased for possible use in the hydrothermal

syntheses in liquid hydrogen sulphide. Silicon disulphide

was purchased from Cerac Incorporated, and aluminium sulphide
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from K and K (distributed by Kodak). Neither material was

found to be readily available, and were not available at all

in this country, the above Americansuppliers being the only
source discovered. The material was of 'commercial purity',
which was taken to mean that no especial purification had

been performed following the (high temperature) preparation.
X~-ray powder patterns were taken for comparison with standard
ASTM data, and the results are shown in Figure 4.29 and in Appendix
Al and A6. The technique used to obtain these powder patterns
was described in the previous chapter; the samples were ground
to a fine powder in the dry box, and transferred to glass
capillaries before removal to the laboratory. In this way,
contact with the air was avoided, these materials hydrolysing
readily on contact with moisture. The results of these
examinations showed that the aluminium sulphide ﬁas quite pure,
with strong éiffraction lines (corresponding to the ASTM data

for AQQSS) indicating a high degree of crystallinity (Appendix A6).
Contamination by a small amount of alumina was suggested by
comparison of diffraction lines not accounted for by AQ283 with
the standard ASTM data. The silicon disulphide was less pure,
many diffraction lines not attributed to SiS, be observed. Many

2

of these lines may be accounted for by the presence of Si02 in

various modifications. It is impossible to arrive at a
quantitative estimation of purity from this data, but from a
rough comparison of impurity line intensity with the intensity

of lines attributable to SiS., the impurity level must amount

2’

to many percent.
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A short investigation was carried out on possible low
temperature, non aqueous routes to Si32 and AQQSB. In view of
the violent reaction of the anhydrous halides of silicon and
aluninium with water, it might be supposed that thichydrolysis
would occur with hydrogen sulphide in a similar way:-

2AQBr, + 3H,S ——}Aﬁ253 + EHBr

8iCR) + 2H,8 ——>8is, + hHCR

However, it appeared from published data that this is not the case,
and these halides are very resistant to attack by hydrogen
sulphide. Reaction between SiCQh and H,8 is well documented
(376, 377). It occurs only over 500°C, and a range of products
are formed, including SiCQ3SH, (sicas)gs, Sieseth’ (s:Lsc:QE)n as
well as SiSQ, which was only formed indirectly. The reaction
of H28 with aluminium halides has not been so well documented, bub
a range of addition compounds have been reported (378), Brauer
(370, p 819) described preparation of AQBrB.HQS in toluene solution.
It crystallized out of solution as colourless, moisture sensitive
ecrystals.

A short investigation was made of this reaction to
see whether formation of A2253 was possible. A saturated solution
of freshly prepared AQBr; in toluene (Section.h.2.2.2) was
diluted with its own volume of toluene, and saturated with
hydrogen sulphide (BDH, dried over P205) for two hours.

When the st stream was initially introduced, fumes attributed
to HBr were observed, and the solution became warm. Heating

the liquid until it refluxed produced copious white fumes, ané
the effluent gas stream produced dense white fumes with gaseous

ammonia , confirming the presence of HBr. At the end of the
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reaction, a small amount of precipitate had formed, and this was
filtered off in the dry box and washed with toluene. Less than
0.1 g were cobtained after drying, and therefore the material
cannot be regarded as a major product. An analysis for
aluminium and sulphur was performed, although in view of the
smell amount of sample available it cannct be regarded as very
accurate. Found: Aluminium, 15,45 per cent; Sulphur (total,
sodium fusion), 14.55 per cent. Required: AQ253, 64,2 per
cent S, 35.4 per cent Al; ALBrB.st, 10.7 per cent S, 8.9 per
cent AR; AQBr,(SH), 14.6 per cent S, 12.3 per cent AQ; AlBr(SH)Q,
37.1 per cent S, 15.6 per cent AQ. From these results, it
geemed that AiBrE(SH) was the most likely product. Unfortunately,
insufficient sample was available to enable a bromine analysis

to be carried out, but it seemed evident that stepwise replacement
of bromine w?th sulphur had occurred. As with SiCQh,

complete reaction to form the sulphide was apparently not
encountered. The solution remaining from the reaction did not
react so violently in air as did the AQBrB solution used, and

both HBr and H.S were produced by its reaction with water. It

25

seemed likely, therefore, that an adduct (possible AQBra;HQS)

was present in solution, and it was possibly the formation of
this thatinhibiteq reaction to form the sulphide.

Attempts to conduct the reaction between AQBr. and

3
H,8 in sulpholane (a solvent of high dielectric constant which

it was hoped would promote dissociation and reaction of dimeric
A&BrBJ were not successful. Attack on the solvent occurred,

and reaction sppeared to be only slightly enhanced.
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The final approach investigated was the reaction of
aluminiuwn ethoxide with HS. This is analogous to the reaction
between sodium ethoxide and H,S used to prepare NaSH (Section 4.3.2),
and it was considered as a possible route to AQ283 (or the hypo-

thetical AN 35)3) :

2AQ(0Et)3 - 3328___;;\?.233 + GELOH

Ethanol was carefully dried with firstly calcium sulphate, and
then by distillation over magnesium ethoxide. It was then
reacted with carefully cleaned and dried aluminium wire in the
presence of sodium-dried xylene. The solution of aluminium
ethoxide obteined was saturated with H,S at room temperature
and subsequently heated. No reaction was observed. Diluting
with diethyl ether caused precipitation of unreacted aluminium
ethoxide, shown by analysis to contain no sulphur.

It was therefore apparent that compared to the violent
hydrolysis ;baerved between for instance, silicon tetrachloride
and water, a surprising lack of thiohydrolysis was found with
hydrogen sulphide in the systems examined. These conclusions
are in agreement with the findings described in the previous
section (4.2), where comment was made on the lesser reactivity
of thiols than alcohols towards alkyl aluminiums and metallic
aluminium.

4.3.2 NaSH

This material was prepared in an anhydrous state by the
method described by Brauer (370, p 357). The apparatus used

is illustrated in Figure 4.30,

1) Na + EtOH—>NaOEt + %He

2) NaOEt + HQS ——> NaSH + EtOH
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'Drierite’

Ethanol

Hydrogen

Sulphide \

Sodium

Fig. 4,30 Apparatus for the preparation of Sodium hydrosulphide,
NaSH, free of moisture.
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Ethanol was dried by refluxing over calcium sulphate, and
200 m @istilled into the separating funnel. It was then
run onto the sodium (10 g, cut and weighed in the dry box), and
when the initial resction had subsided, the mixture was refluxed
and ethanol added until a1l the sodium had dissolved. H2S
- (BDH, dried over P205 supported on glass wool) was bubbled
in until the liquid was saturated, and HQS was issuing from
the effluent tube. The solution was then transferred to the
dry box, and an excess of sodium dried ether was added. The
precipitate of NaSH immediately formed, and was filtered off
and washed with sodium dried ether and dried under vacuum.
Yield - 14,12 g, 58.4 per cent on sodium used. A sample was
analysed for sulphur. It was dissolved in dilute sodium
hydroxide solution and titrated with iodine as in the sodium
fusion analysis. Found; S, 55.53 per cent; Required for NaSH,
57.10 per cént. An X-ray powder pattern was obtained of the
material (Figure 4.29 and Appendix A4). All lines of
intensity greater than about 20 per cent were accounted for
by the ASTM data for NeSH (Appendix A6). The presence of
very weak lines not listed in the ASTM data is not of direct
relevance as it is by no means certain that all the diffractions
it is possible to observe under favourable experimental
conditions are included in the published data.

4.3.3 Geb,

Germanium disulphide is precipitated as a white solid

from strongly acid solutions of Ge IV compounds by st (380).

It may also be formed by heating Ge0, with sulphur or in a
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stream of HQS, or by direct reaction of the elements at high
pressure (31, 382). GeS,, is slightly soluble in water, but
the solution rapidly hydrolyses. It dissolves in alkaline
sulphide solutions to form thiogermanates, and is reprecipit-
ated when these solutions are acidified. A useful summary of
the general properties of the material is included in
Glockling's work (381).

GeS, was prepared from a solution of Ge0, in énmck.,

The technique was described by Brauer (370, p 723). Geoaaupplied by

GeO, + 2H,8 ——>GeS, + 2H,0

104.6 g 136.6 g
Koch Light (> 99.999 per cent GeOe) was employed, but difficulty
vas experienced in dissolving this in the hydrochloriec acid.
For this reason it was fused with a mixture of sodium peroxide
and sodium c;rbonate in a nickel crucible. The residue readily
dissolved in water on boiling, and the solution was then acidified
with hydrochloric acid. H,8 (obtained from BDH) was bubbled
into the solution for 30 minutes, and the solution then left
over night under a positive pressure of HQS. The precipitate
of GeS2 that appeared was filtered off, washed with water and
dried under vacuum, and the solution resaturated with H.S and

2
refiltered. Up to 90 per cent conversion of the GeO_ to

2
GeS2 was cobtained.
An X-ray powder pattern was obtained of the product
(Appendix Alk; Figure 4.29), and revealed that it was ‘almost
completely non-crystalline. Only a few very weak lines

were observed.
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k.3.h SnS,
The usual method of preparing stannic sulphide involves
reaction of the elements (370, p Thl), but a simpler approach

involves precipitation by H2s from a solution of a SnlIV

salt. Material so prepared possessed the added advantage
of being readily soluble in alkali sulphide solution (4, p 661),
end therefore of more use for the present work.

AR tin was dissolved in concentrated AR nitric acid,

and the white precipitate of SnO2 filtered off and dissolved

in dilute (20 per cent) HCYL by repeated evaporation to low
volume. The resulting solution was filtered, diluted with

four times its own volume of water and saturated with H.8

2

(BDH). The yellow precipitate of SnS, was filtered off,

2

washed with water and dried under vacuum over P20

5°
38n + LHNO, ——> 3500, + kN0 + 2H

§n0, + WHR —>snCly + 2H,0
BnCd), + 2H,8 —>8nS, + 2HCL

20

Up to 80 per cent conversion of Sn to SnS2 was obtained.
The product was found by X-ray diffraction (Appendix Al;
Figure 4.29) to be nearly completely non-crystalline.
4.3.5 292§3
Indium sulphide was prepared by the method of Hahn
and Klinger (383), and summarised by Brauer (370, p 86L).
It involved precipitation of the sulphide from weakly acidic

aqueous solutions of In IITI salts by H,S.

2InCQ, + 3H,S ——In S, + 6HCQ

hh2.6 g 32508 24
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Indiwm chloride, InC,Q3, was used as the starting
material. It was obtained from Koch Light (>>99.999 per cent
InC&%) and dissolved an acetic acid/sodium acetate buffer solution
for saturation with HES' The yellow precipitate of In2S3 was
filtered off, washed with water and dried undervacuum over
P205. 93.7 per cent conversion of Indl3 to Inzs3 was
obtained in a typical preparation. It was shown by an X-ray
powder pattern to be nearly totally non-crystalline (Appendix Ak;
Figure 4.29).

4.3.6 Tetre Ethylsmmoniun Hydrosulphide, Ethﬂ+$ﬁ"

The preparation of the class of material represented
by RhN+SH— was described by Cotton and Waddington (384),
and the method described was used in the present work to prepare
the ethyl derivative, EthN+S}I_. The method involved
reaction of'a solution of tetra ethylammonium hydroxide with
gaseous hydrogen sulphide. The tetra ethylammonium hydroxide
was prepared by treatment of the iodide with silver oxide. The
silver oxide was freshly prepared by precipitation from aqueous
silver nitrate solution using dilute (5N) sodium hydroxide
solution. The dark brown precipitate of silver oxide was
filtered off, washed with water and methanol and dried under
vacuumn.

., '
2AgN03 + 2NaOH — AgQO + H20 + 2N8§03

+ - FO
BN I + 'Ag,0' —9th OH + 3AgI

B, N OB + H§ —>Et,N'sH + Hp0
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4o g of tetra ethylammonium iodide(obtained from
BDH) was dissolved in AR grade methanol (400 m®), and silver
oxide added until no iodide was detected in the liquid phase.
The mixture was shaken for one hour, and the silver iodide and
excess silver oxide filtered off. The solution was then
saturated with H2S. It rapidly became yellow in colour, and
HES was passed in until it was issuing freely from the effluent
line. The methanol was then removed under wvacuum, and the
residue slowly crystellized to a yellow solid. The crystals
were then cautiously heated to 85°C in a water bath (still
under vacuum). The colour of the solid gradually faded to
white over six hours, as methanol of crystallization was
lost.

The published method indicated that all reagents
should be Qarefully dried before use; in view of the liberation
of 1 mole of water in the final stage, this seemed somewhat
unnecessary, although reasonable precautions were taken to
avoid excessive contact of the materials with the atmosphere.

A yield of 15.0 g EthN+SH- was obtained, representing
61.2 per cent conversion of the iodide.

The infra-red spectrum of the product (Figure 4.31)
exhibited a band due to ) (S-H) at 2550 cm—l. The band at
3300 cmhl is probably due to water absorbed during the time the

spectrum was being run. The band at 1620 cm * is also

attributable to moisture.
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Analysis for sulphur, carbon, hydrogen and nitrogen
was made to confiym the identity of the material. Sulphur
vas determined by reaction with acidified iodine, as described
previously for the determination of thiol derivatives. Carbon,
hydrogen and nitrogen were determined with an F and M model 185
analyser. Found: S; 20.03; 20.06 per cent; C: 55.7, 56.T per
cent; H: 12.76, 12.92 per cent; N: 8.04, 8.04 per cent.
Calculated for (Cgﬂs)hN+SH-3 8: 19.64 per cent; C: 58.80 per
cent; H: 12.99 per cent; N: 8.57 per cent. An X-ray powder
pattern was also obtained (Appendix AlW; Figure L4.30),

and indicated that the material was highly crystalline.
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CHAPTER 5. EYDROTHERMAT, PREPARATIONS TN TIQUID AND
SUPERCRITICATL, HYDROGEN SULPHIDE

5.1 INTRODUCTION AND LITERATURE

The preparation of minerals and other erystalline
solids by hydrothermal methods is a well established technique,
duplicating the processes by which these materials are
formed in nature. In Chapter 2, the method was described,
and it was indicated how water is generally the solvent used.
Oxides are readily prepared under these conditions, and the
technique is widely used either for the preparation of new
phases in polycrystalline form, or for the growth of large
crystals from polycrystalline feedstock.

The basis of the method is the transportation
and reaction of solids in a fluid medium. The solid species
in solution either react to form new (generally insoluble)
phases, or'alternatively are transported to a zone where
they are precipitated from solution (in crystal growth).
Solvents other than water that have been used in these
systems were described in Chapter 2. An additional component
will frequently be present to promote solubility of the
gtarting materials. Thus oxides are prepared in the presence
of & base, and the oxides dissolve as complex ions. Generally
(but not invariably) such reactions are conducted under pressure,
above 100°C. The critical factor is generally solubility
of the starting phases, and it is not necessary for the
solvent to be in liquid form; supercriticalﬁ;onditions may
be used if this promotes solubility and is compatible with

other factors.
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As a model in the present work, the synthesis of
zeolites was considered. The starting materials are silica
and alumina (or silicates and aluminates), which are reacted

in a basic medium (generslly alkali hydroxide solution). The

- gels vhich form are crystallized to form zeolites under hydrothermal

conditions, generally above 100°C.

The object of the work described in this and the following
chapter was the duplication of this type of reaction in the sulphur
system. By direct analogy with conventional aqueous systems,
hydrogen sulphide would be used as solvent for the preparation of
sulphides. Alumina and silica would be replaced by aluminium
and silicon sulphides, and the base would become sodium hydro-
sulphide or a similar sulphide. This type of approach forms the
basis of the work described in the present chapter. However,
there is a different approach which is described in the following
chapter. £n Chapter 2, it was described how certain metal
sulphides may be crystallized in aqueous media in the presence of
alkali sulphide. This type of approach could be applied to the
formation of sulphw analogues of zeolites providing that the
sulphides involved are not hydrolysed by water under the conditions
used. Of the Group IIT b and IV b sulphides.under consideration,
those of indium, germanium and tin fulfil this condition and
have been shown to be capable of undergoing isomorphous
substitution into a thiozeolite lattice (Chapter 2). This
approach forms the basis of the work described in Chapter 6.

~

The hydrothermal synthesis employing hydrogen

sulphide as solvent formed the core of the work described in
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this thesis, and continued over a large proportion of the
time available for practical work. It formed a new and
novel conc¢ept in sulphide chemistry, hydrogen sulphide having
been only little used as a solvent owing to its toxic and
corrosive nature, and the fact that it is necessary to work
either at sub-zero temperatures or under elevated pressure.
A large proportion of the funds available in the present
work were invested in sophisticated high pressure equipment
able to operate up to %00°C and 4000 psi. The ground work
having been covered and suitable starting materials prepared,
a start was made in investigating what was effectively a
completely new type of system.

Only a few of the standard tesls on non aqueous
solvents mention liquid hydrogen sulphide. A brief review
is ineluded in the book by Charlot and Tremillon (386), whilst
s more detailed account has been published by Fehér (387). By
analogy with water, liquid hydrogen sulphide might be supposed a
protonated solvent producing H3S+ ions. However, in general
its properties lead to its classification as a non-polar, non-
associated solvent, more like a hydrocarbon than water. The
liquid is inactive when dry and pure, and it is a poor, non-
dissociating solvent for salts, only covalent solids being
appreciably soluble in it.

The boiling point of liguid hydrogen sulphide is -60°¢C
and its freezing point is -85°¢. Thus, besides requiring

low resction temperatures when experiments are conducted at
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atmospheric pressure, the limited liquid temperature range of
2500 is a further drawback. Therefore, most useful experimental
work is conducted in an autoclave, when the liquid phase is
present up to the critical temperature of 100.4°%. e

vapour pressure at this temperature is 88.9 atm.

Useful tabulations of the thermodynemic properties
hydrogen sulphide have been made (388-390), and this data
was invaeluable for calculating reaction conditions. Sage
and Lacey (389) reported pressure versus volume isotherms for
liquid and supercritical hydrogen sulphide from 40°F (4.5°%)
to 340°%F (171°C), ebove which they considered it to decompose
(391). However, other authors have extended this temperature
range. Information of West (388) extended from -76 .4°F (-60.2°¢C)
to 1300°F (70h.5°0), using fundamental data and basic
thermodynamic equations. Lewis and Fredericks (390) made
measurements which extended the experimental data to 220°C
and 1700 atm. This data was previously reported in the thesis
of Lewis (157).

Earlier experimental date (392, 393) is largely
superseded by these publications. More recently, the vapour
pressures of H,S and DS vere measured over the range -78°
to 30°C (394). A compilation of the physical constants of
liquid hydrogen sulphide is presented in Teble 5.1. Further
details are included by Fehér (387).

The value of the dissociation constant included in
this table is due to Jander (395, 396), and represents the
equilibrium constant of the reaction:-

e

o+ -
2H,ST—H,S" + 8H



260

Melting Point (1 atm,)
Boiling Point (1 atm.)
Critical Temperature
Critical Pressure

Critical Density
Dissociation Constant (-78°C)
Dielectric Constant (194+6°K)
(212+0%)
Dipole Moment (19406°K)

" " (21200%)
Conductivity (D¢, -78+5°C)
Polarizabilitly
Density at Melting Point

B " Boiling Point
Viscosity at 191°K
: " 21209%K

Expangion Coefficient (average)

(-84 to -62°C)

Surface Tension (189°K)

" "« (210.8°K)
Parachor
Molar Heat Capacity (200°K)
Enthalpy of melting
Entropy of melting,A S
Mthalpy of vapourisation (mp)

" " {0 ('bp)
Entropy of vapourisation
Molar Cyroscopic Constant

Molar Ebullioscopic Constant

—85-5°C

-60-3%

100-4°C

88+9 atm,

03103 g ain
25,10" 24

8+99

8¢04

0+88 D

0+78 D .
3'7.10‘1111—1cm-1
3478 cm’

~ g an?
0950 g o2
0+547 (1 stf'll-lzo)
0+45 Cﬂnzs/nﬂzo)
0-00174 deg~1

334418 dyne cnr1
28783 dyne cm'1
820

3«03 en

4676 £ 5 cal mole"1

4451 cal mole-1

213 eu
3+83°C
0+63°¢C

16426 cal. mole"1deg-1

568¢1 & 0¢4 cal rnole"1

. (395, 396)

(397)

% see text

(398)
(418)

} (400,401)

} (402)

(403)

} (404)

(403,405, 406)
(408,409)
(408,412)
(411)
(408,412,
4C3,413)
(411)

}(416,417)

Table 5.1
of reference.

Phyazcal Data of Hydrogen Sulphide, together vith sources
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Jander regarded liquid hydrogen sulphide as a water-like
solvent, a view now held to be largely misguided. His work
is discussed in more detail below.

The value of specific conductivity quoted is that
of Satwalekar et al (398). large discrepancies occur in
the literature regarding the electrical conductivity of st,
almost certainly due to the presence of impurities. The
presence of even a small amount of water causes large variations.
The formation of a compound H25.5-TH20 has been reported
(399, 400).

A large number of correlations of the solvent
properties of liquid hydrogen sulphide have been published,
mostly in the first helf of this century. Fehér (3687)
has discussed the solvent properties in terms of the factors
governing the solvation forces - the dipole moment, molar volume,
polarizability and dielectric constant. The solubility
of polar gases (eg HCR, HBr) or polar liquids (eg acetone,
ethyl ether, ethanol, carbon disulphide, alkyl halides)
is readily explained by this approach. In the case of solids,
the heat of sublimation - was taken as a measure of the
intermolecular forces that must be overcome to produce a
molecular dispersion in solution. The value 15 keal/mole
was cited as the maximum heat of sublimation permissible for
a material to be readily soluble in liquid hydrogen sulphide.
Among the compounds that should be soluble are covalent materials
erystallizing inmolecular form, such as ZnCL,, HgF,, HgCL,, Hgbr,,

Hgl,, CCRy, CBrh, siczh, SnCQE, PCQB, PBrg, Bi¢£g, ch%,

I, AQ.C_Q_3, AQBrB, ASLI?’.



262

Ionic compounds have much higher heats of sublimation,
typically 60 kcal/mole, and to form an ionic (rather than &
molecular) dispersion would need three or four times this
energy. Solubility of ionic compounds is not therefore
expected to occur in liquid hydrogen sulphide. To reduce
the solvation forces necessary to promote solution of ionic
species, larger cations may be used (eg alkyl ammonium ions),
which has the effect of reducing electrostatic interaction
in the molecule. This should increase the solublity of these
compounds in liquid hydrogen sulphide. The low dielectric
constant of this solvent will, however, result in only a
low degree of ionization in solution.

By and large, experimental results agree well with
these predictions. Early work on the solvent properties of
liquid hydrogen sulphide was reviewed by Wilkinson (419) and
Jander (395, 396, 420). Wilkinson considered liquid H,S
as sgimilar to a hydrocarbon rather than water-like, very
few inorganic substances being soluble in it. Salts of
metals with strong acids were insoluble, and only AQCS%,

HCQ., HBr, ZrCl, and a few sulphides were reported to dissolve.
With the exception of CCQh, which is insoluble in water

and soluble in liguid HES, Group IV halides are hydrolysed
by water but dissolved liquid 328 without reaction. At

elevated temperature, the halides of phosphorous and arsenic

reacted with liquid H.S to form sulphides, but hydrolyse in

2

water to formm soluble acids. This, and much other similar

evidence, was cited by Wilkinson to support his concept of

25 as a non-polar, hydrocarbon-like solvent.

ligquid H
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Jander, however, adopted the opposite view,
suggesting that hydrogen sulphide was water-like in its
properties, and proposing the autoionizetion (with formation
of H3S+) described above. This view was based on a number of
factors, including: (1) Conductivity measurements which
indicated enhanced conduction by solutes; (2) Neutralization
of NaSH by HCR to form Nacl; (3) Conductiometric titration
of (Et3NH)+SH* with acids; (U4) Colour changes of indicators
similar to those found in water; (5) The existence of a
metal sctivity series (Wa>K> Cu>Ag >Hg) for the formation
of hydrogen and the metal sulphide with liquid H,S; (6)
Amphoteric behaviour — ie As_S_ soluble in solutions of both

2°3

He? and (EtBNH)+SH' in liquid HS.

Jander called hydrogen sulphide and similar

materials 'quasi aqueous' solvents - eg HF, NHB’
]

The wview of Wilkinson is generally regarded as correct

802, HCN.

nowadays, Jander's opinion apparently being based on
misinterpretation of data as well as incorrect information.
Hydrogen sulphide may be considered a non polar, hydrocarbon-
like solvent, with only limited ionization resulting when
solubility does occur.

As early as 1901 it had been recorded (421) that while

a small amount of KC! could be dissolved in liquid H,S,

2
the solution was non-conducting. Following this, there were
many tabulations of the solubilities and reactivities of
materials, both inorganic (399, 422 - 42k, 434) and organic
(425-129) published during the first half of the present century.

Often measurement of the conductance of such solutions
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was reported (395, 398, 402, W19, k20, kak, k25, k29 - 433,
450, 451).
In general, ionic materials with low lattice energies
(eg ammonium halides) were the only salts found to be soluble.
Mostly inorganic materials were insoluble and organic materials
soluble. Inorganic materials that were soluble either
dissolved without reaction (eg SiCQh, PCQB, cse), formed
materials of the type MX mH,S (eg AQ, Be, Ti, Sn halides),
or thiohydrolysed (eg Hg(II), Cu(I), Ag, P, S halides).
Metals and their salts were generally without reaction in liquid
H,8, although the alkali metals slowly hydrolysed (435).
Na,C84 was formed from CS, and hydrated Na,8 in liquid H,S (423).
The report by Lineken (436) covered this period of publications.
A great many correlations of the solubility and interaction of in-
organic materials with liquid H25 were made, frequently
contradictéry. If any one factor can be singled out, it is
the very slow rate of any reaction that occurs, measured in weeks
or months. This was attributed to the very low ionization
present. In general, such data referred to experiments in
sealed tubes at room temperature, and variations in conditions,
purity and time may well explain some of the discrepancies noted.
The data referring to organic materials is rather
more satisfactory. The presence of a double bond was usually
shown by the development of a thiol smell with liquid HES'
Amines reacted to give instable addition compounds, while
aldehydes substituted a sulphur atom for the oxygen of the
aldehyde group to form & thioaldehyde. Acyl halides sub-

stituted ah SH group for the halide and sulphur for oxygen
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to form dithio acids. Acetyl chloride and bromide were
converted to the dithioacetic acid, which then lost H,8 to form
a thioanhydride.

Most organic materials (with the exception of those
that react) give non-conductivity solutions in liguid Has.

The conductivity increase when organic bases are dissolved

in liquid H,S vas first reported in 1904 (425), when the

formation of a sulphide with bases such as piperidine,
quinoline and di-isobutylamine was postulated. Since
then, the high solubility and conductivity of amines and alkyl

ammonium salts in ligquidH_,S has been the subject of several

2
papers. The earlier work is included in the conductivity
references above. The autoionization proposed by Jander

(395, 396, 420) was based on the titration of such a
solution with HCA. However, later work of Cotton and
Waddington‘(SBh) and McDaniel and Evans (437) disagreed
with Jander's results; the formation was shown of tetra-

alkylammonium sulphides, R)NSH, coordinating H,.S loosely

2
at low temperatures with hydrogenbond energies of 5-1k keal/
mole. While it is believed that these salts are dissociated
into ions in solution, liquid HQS has a poor ionigzing power
for the hydrogen halides, which are largely undissociated
in solution. Neutralization, it was suggested, involved
a direct proton transfer from HCZ to the base.

Cotton and Waddington have also examined (438)

the neutralization of these bases in liquid HQS with Lewis

acids of boron, with the formation of salts of the type
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RhN+BX38H-. No conductivity increase was observed when
BX3 was added to the pure solvent, and so the reaction

BX, + 218 ;‘*1133*' + BX_SH-
is unlikely. The reactionsof tetra alkylammonium hydrogen
sulphides with diborane indicated an anion B2H6SH_ is
initially formed, and this gradually loses hydrogen. This
was later confirmed by 'BNMR (448). The chemical behaviour
of a number of Group IV, V and VI compounds in liguid HES
was studied (439), and tetra alkylammonium salts containing
anions such as sicclhsg", (siFh)zsz" and sicah(smea“ isolated
after neutralization. Condensation of silicon difluoride
with liquid HZS at liquid nitrogen temperature led to polymers
such as SiF,HSH (Lh9).

Todine functions as a true electrolyte in liquid H,S,

2
increasing:its conductivity by 1oh (433, 450):~
+ -
12;::31 + 1

SbG.Q3 also greatly increases the conductivity of liquid H2$

(by 107), and this has been attributed (396) to formation

of a complex acid, HBSbCQB(SH)3, which dissociates stepwise.

355 exchange has been examined (440, 4L1) in neutral

and basic solutions of materials in liquid H,S. Very slow

X CHBSCH3

exchange was observed in neutral solutions of CS

or C,H.SH. In basic solutions, arsenic and antimony sulphides,

275

03? and S showed rapid exchange, attributed to the presence

of thicanionic species, eg:

hs,S, + 6 [(c2H5)3m§| SH ——>

o ECQHS) NH] JAsS_ + 3H,8
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Triethylamine was postulated as opening the S8 rings of
elemental sulphur, with the formation of polysulphides.
Solubility of sulphur in liquid HZS has been recently
studied (442, 443). The solubility reported was 5.10_6 mole
Sy/e HE at —80°£: and 5.107° mole Sg/e B,5 at 80°%. A
Purther review, on the S~H25-H25x system,was published by
Wiewiorowski (4hh). The interest in this type of system
stems from the occurrence of HQS in sulphur deposits. The
proposed use . of liquid H,S to recover oil deposits (4Ls5-LL7T)
also requires such information.
The reaction of SnC.Q2 (n=1,2, 3,....) with liquid
H,8 led to sulfane, H 8 (x =n + 2) (L52). The reaction of
B2dlh and 50
(453, Usk).
Finally, reference must be made to the work on

the solvent properties of liguid H,S conducted by Lewis (157).

JHCR led to BECQh - H 8 and H25203, respectively

It formed an evaluation of the possibility of crystal growth
of the sparingly soluble heavy metal sulphides in high
density, supercritical H,S. The background was the ability
of supercritical gases to dissolve and transport sblids,

and the success met with in analogous aqueous systems

(ie growth of quartz). Solubility tests were conducted
for a number of sulphides st room temperature, in sealed
tubes. CdS, AgS, szs, PbS, ZnS and SnS were apparently
insoluble, although SnS reacted to form Sn8, (identified

by X-ray powder diffraction):-

SnS + H,8 —>H,+ SnS,
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Using an isopiestic method, an order of solubility was
found which agreed with that calculated fram Raoults law.

This suggested that HQS behaved as in ideal solvent:-
$> 508, > Aggs>Pbs> A5283 >8b,8, >Fes>0ds> ZnS> HgS

It was found that Cds, Agzs, SnS, ZnS and possibly
PbS dissolved in basic solutions of triethylamine in liguid

Hy8. In the case of cadmium, the ionic species was

E02n5) BNH:l; [(SH) 3(::18]3"

Conductivity measurements were made on supercritical

purported to be:-

Hes. The results suggested that there was only slight
diséociation above the critical temperature, and that metal
sulphides interacted only weakly. Only in the presence of
an organic base (ie triethylamine) did appreciable ionization
occur. '

Attempts at crystal growth of the heavy metal
sulphides in supercritical HQS were not particularly success-
ful. A limited amount of recrystallization of Sn32 and
PbS occurred, and the use of triethylamine promoted a little
recrystallization of cadmium sulphide. The conclusion reached

by Lewis was that in pure H,S, solutions of metal sulphides

2
were unionized, and that the use of a mineralizer would be
essential for successful results. Water, triethylamine,

hydrogen chloride and organo-substituted ammonium halides

were suggested, but this approach was not followed up.



There was thus a good basis from which to develop
the present work. The use of ligquid hydrogen sulphide
as a solvent for hydrothermal synthesis would require a
base to promote solubility as well as finely divided sulphides
as starting materials. Attempts by Lewis to use supercriticel
conditions had not shown any distinct edvantages over sub-
critical conditions, ionization end solubility not being
appreciably increased. Increase in solubility would be the
only incentive for using supercritical conditions, and
there was evidence to suggest that this could be more readily
achieved through the use of (soluble) organic bases, Further,
a possibility existed of decomposing such bases with excessive
temperature.

Therefore, two approaches were adopted. A series
of experimgnts was conducted using an inorganic base (NaSH)
in direct analogy with the preparation of conventional
zeolites. Both sub-critical and super-critical conditions
were used.

Secondly, a series of sub-critical experiments
using the organic base (CEHB)hN+SHH were carried out. The
reported solubility of certain metal sulphides in H,S
solutions of such bases gave incentive to this approach.
The orgenic base used (abbreviated to EthN+SH-) possessed
the advantage over the chloride of not liberating HCQ.

in solution:-

E02H5)hﬂ+cﬂ,_ + 1,8 -—}(Czns)hril+31{' + HCQ

69



270

2

Triethylamine, (C H5)3N, and triethylamine chloride,
EczHS)N%]+CQf have also been used as bases in liquid H

25>
but the larger tetra alkyl ammoniwm ion of (CQHB)hN+8H_
possesses stronger basic properties in liquid H.8 (38L),
and has been incorporated into conventional zeolites in
place of the alkali metal ion (L55).

In view of the slowness of reaction which seemed
universal among the investigationsof the solvent properties

of liquid H, S, the experiments were conducted for 1-U weeks.

2
The metal sulphides used were AQ283, In,S5, 8iS,, GeS, and
SnSE, allof which were potentially capable of forming a
thiozeolite structure (see Chapter 2). The preparation of
these sulphides (together with the bases) has been described
in Chapter 3. While SnSQ, GeS, and In2S3 were readily
prepared in‘a finely divided form suitable for the
hydrothermal synthesis, the preparation of pure A2283 and
8182 presented greater problems and frequently led to
crystalline material that would not be expected to be so
reactive. For this reason, aluminium and silicon were used
as their mercaptides, Si(SEt)h and EtZNL(SEt), although some
commercial A9253 and Si82 (of unknown purity) was obtained
- see Chapter 3, and used in a few experiments. Decomposition
of the mercaptides to form the finely divided sulphides was
1ikely-}o occur under reaction conditions (see Chapter 3).

The range of experiments undertaken is listed in
Table 5.2. The organic base was not used in conjunction
with aluminium and silicon as a possibility ex;sted of side
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Experiment 5.1
5.2
53
5.4
5e5
5.6
57
5.8
949
5.10
5.11
512
5.13
5.14
5415
5.16
5417

Bt A15Et / 5i(SEt) y / Hat

"
L
"
"
1"

> 7 si? /e

-+

In3+'/ snt / na*

>t / ce?* / mat

m>t / st/ R
In* / cett / Et
2t f et f B
In3+ / Ge4+ / Et
ot / gt / Bt
m>* / ce* / Bt

R

N
N

5o

N+
nt
+
+

& B

24 hr @ 350°C &

N* / 5% 13X zeolite

§+

/ I€a+/

5% 13X zeolite

B . B TR % S o N % T W . G G U Y T ¥, O Wt . s G §

@ 50°¢C
@ 85°C
@ 85°C
@ 150°¢
week @ 200°C
weeks @ 8500
weeks @ 85°¢C
wveek @ 350°C
wveek @ 8500.
weeks @ 85°C
weeks @ 8500
weeks @ 85°C
weeks @ 85°C
week @ 60°C
week @ 60°C
week @ 85°C
weeks @ 85°C

week
week
week

week

L

Table 5.2

Hydrothermal Reactions Conducted in Hydrogen

Sulphide,




reactions with the mercaptide feedstock. The methods of
examination employed for characterizing the reaction products
included X-ray powder patterns, infra-red spectroscopy,
surface area by nitrogen adsorption and chemical examination.
Once recrystallization of the feedstock had been established
end the chemical composition, reactivity, ete, determined,
the intention was to use tests for zeolitic properties.
These would be selective adsorption based on the size of
the adsorbate molecule, ion exchange, ete.
5.2 EXPERIMENTAT
5.2.1 Manipulation and Eguipment

In view of the highly dangerous nature of hydrogen
sulphide, special precautions were taken in operations
involving this materisl. Hydrogen sulphide is more toxic
than hydrogen cyanide, 30 minutes exposure to 500 pmm being
sufficient to cause death. Above 1000 pym, loss of
consciousness and death is amost immediate. The high

toxicity of H2S is to some extent offset by the extremely
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strong smell it possesses, which is intolerable at concentrations

well below the maximum safe concentration. The minimum

perceptible smell is 0.13 ppm, and at 5 ppm is readily noticed.

20 ppm is generally considered to maximum safe level for

continuous exposure. Higher concentrations are increasingly

unpleasant, but prolonged exposure to even smell concentrations

of the gas causes loss of the sense of smell due to paralysis
of the olfactory nerve endings. It is therefore dangerous

to rely on the sense of smell as a means of detecting the
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gas, although if evasive action is taken as soon as the gas
ig smelt, and care is taken not to inhale wntil clear of
the danger area, it is unlikely that accidents will occur
unless in a confined space.

A useful safety veport on hydrogen sulphide has
been prepared by the API (456), and it is from this that the
figures quoted in the last paragraph were obtained. In
view of the large qu;ntities of hydrogen sulphide used in
the autoclaves (100 g), extreme precautions were taken in
handling the material. If it is accepted that 100 ppm
is the maximum concentration that could be tolerated for an
extended period of time, then 100 g would require diluting
to rather more than 500 cubic metres to render it safe.

It was therefore necessary to site the high pressure
equipment in a well ventilated position to ensure that

. dangerous concentrations of the gas could not build up in

the eventof an accident during transfer or a leak developing.

The site chosen was a small hut on the roof of
the Chemistry Department, and all handling operations were
carried out in the open air. The hut, which was about
12 foot by 12 foot by 12 foot, was fitted with a large
chimney incorporating a powerful extractor fan which was
switched on wvhenever an operator entered the enclosure.
The building was effectively a large fume cupboard situated

in the open air, and was thus ideal for the purposes required.
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Some consideration was given to the design and
materials used for the high pressure equipment. Various
reports on the handling and corrosion problems experienced
with hydrogen sulphide have appeared in the literature. Bice,
Prange and Weis (U457) described the performance of a large
plant used for the manufacture of tertiary alkyl mercaptans
from liquid hydrogen-sulphide and olefins. Corrosion
problems were not severe as long as the hydrogen sulphide
was kept free of moisture. The corrosion rate of carbon
steel was almost 0.001 inch/year with anhydrous Hes, but as
much as 0.1 inch/year in the presence of water. Pure
copper was rapidly attacked, even when dry, but copper alloys
(eg brass), aluminium Stellite, Incomel, Ni-Resist, and
304 and 316 stainless steels all showed good resistance to
corrosion. ' Hard magnetic steels were found to be subject
to hydrogen embrittlement if stressed, and the use of
ductile materials was recommended. This was especially
prevalent in springs and Bourdon tubes made of plain steel
or 304 stainless steel. Type 316 stainless steel was more
satisfactory from this point of view.

A review of sulphide corrosion problems in the
petroleum industry was published by Hudgins (458). Sulphide
stress cracking through hydrogen embrittlement of high strength
steels was one of the major problems outlined, but was most
prevalent in aqueous enviromments. The use of steels of less
than 100 000 psi yield strength (Rockwell C-20-20 hardness)

was recommended to overcome this.
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Aluminium coating of steel has been found to give
excellent protection against corrosion by hydrogen sulphide
(459), believed due to the formation of an alwminium
sulphide film on the metal surface (460). An early report
(461) suggested that iron, copper, and zinc did not corrode
in contact with liquid hydrogen sulphide. 1In view of
conflicting reports (L57) of the repid corrosion of copper
under these conditions, it seems likely that traces of moisture
greatly accelerate the corrosoion rate.

It was decided that two 300 mQ autoclaves would be
purchaéed. This size allowed for sufficient product for
the various tests it was required to make. In view of
the exacting specification required, the autoclaves were made
to special order by the Mechanical Engineering Branch at the
British Petroleum Research Centre at Sunbury—on—Thaﬁea. Type
316 Stainlgss steel was used, and]i_inch corrosion penetration
was allowed for. The rating of the autoclaves was 100°¢C
and 4000 psig, with a hydraulic test to 9750 psig. The design
of the eguipment is shown in Figure 5.1. The body was
machined out of solid metal bar, and the sealing to the cap
was by means of an aluminium gasket. The cap was located
with a separate cap nut,which contained the six screws
used to tighten the cap to the body. A thrust ring of heat treated
Caxton steel was fitted between the tightening screws
and the cap. The cap carried an adaptor, which screwed

onto an aluminium sealing washer. This adsptor carried

(1) A central thermocouple'tube; (2) A nickel bursting
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Fig. 5.1 Autoclave and associated equipment.
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disc and vent; (3) A Bourdon pressure gauge rated to 6000 psig
with a Clockhouse isolating valve; (L) A stainless steel
needle valve, rated to %00 atm at 400°C. The valves

has graphitized asbestos packing, and were arranged with the
needle sealing to the autoclave.

The autoclaves were heated in specially made
electric furnaces. They consisted of welded mild steel
tube, wound with high temperature Pyrotenax cable (1500
watts) and lagged with Newtherm calcium silicate lagging.
Temperature control was by means of a proportional control
module (assembled at Sunbury), operating through a
resistance thermometer mounted on the furnace wall. The
proportional band was adjustable to give maximum heating
rate without instability of the control eircuits, and a reset
control alleed deviation of thelultimate temperature from the
set point to be corrected. An additional controller (Ether,
type 17-90B) was operated by a separate thermocouple mounted
on the furnace wall, and was used to shut the whole wnit
down in the event of a temperature runaway. The bursting
disc lines were attached to extension tubes running through
the roof of the autoclave building when the equipment was in
use.

A small weighing bomb (rated t010 000 psig at
25°C) was used to transfer the hydrogen sulphide to the suto-
claves. It was also constructed from 316 stainless steel,

and carried & needle valve at each end. An adaptor



on one needle valve mated with the valve on the hydrogen
sulphide cylinder (a2 90 1b cylinder of Mattheson CP grade,
99.9 per cent, obtained from Cambrian Gases). An adaptor on
the other needle valve of the weighing bomb mated with the
needle valves on the autoclaves.

The method of loading the autoclaves was as follows.
In view of the instability of some of the reagents towards
moisture, precautions were taken to avoid their unnece-
ssary contact with the atmosphere. The solid reagents were
weighed in the dry box into a small screw capped jar. The
sutocalve cap was removed, the aluminium gasket inspected
and replaced if necessary, and the clamping screws and
cap thread lubricated with anti-seizure compound. The
body of the autoclave was covered with & large polythene bag
and purged ,out with dry nitrogen for several minutes.
The solid feedstock was then quickly added, still under a
nitrogen purge, and the autoclave reassembled. It was then
evauvated through the needle valve by means of a rotary
pump, and the needle valve closed.

The required smount of hydrogen sulphide was
transferred to the weighing bomb in the following manner.
It was attached to the gas cylinder, and evacuated by means
of a rotary pump attached to the other needle valve. It
was then chilled in ligquid nitrogen, the cylinder inverted,
and the valves operated to allow liguid to flow into the bomb.
Tt was necessary to remove the bomd periodically to weight

it and so determine the amount of materisl transferred.

278
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With practice, it was possible to fill the bomb to slightly
more than the required level at the first attempt, and
then to vent off excess gas into sodiwm hydroxide solution.

The bomb was allowed to warm to room temperature
and attached to the autoclave. The assembly was tilted,
and the valves operated to allow the liguid to flow into
the autoclave. The bomb was finally warmed to ensure complete
transfer of the hydrogen sulphide. Finally, the bomb
was removed and weighed to obtain'the weight of gas transferred.

A compressed air breathing apparatus was purchased
from Siebe Gorman Limited, and was always kept available,
near the autoclaves in case of accident. However, no accident
was experienced during handling, and the autoclaves and
associated equipment were found to be very reliable in use.
Very little evidence of corrosion was found on the stainless
steel campoﬁenta or aluminium gaskets. Very slight corrosion
of the nickel bursting discs was encountered, but insufficient
to cause failure. No problems were encountered with the
pressure gauges or needle valves, although the original
valves quickly siezed as they had hardened steel needles.

These were replaced with valves employing stainless steel
needles.

In spite of the highly dangerous and unpleasant
nature of hydrogen sulphide, the handling techniques outlined
ensured that no accident or inconvenience occurred. The
autoclaves were always vented into concentrated sodium

hydroxide solution to prevent an escape of gas to the atmosphere.
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5.2.2 pafety Calculations

Calculations were performed to ensure that the pressure
that could develop during the course of an experiment should not
exceed the maximum pressure rating of the autoclaves (4000 psi).

In addition, it was highly undesirable that a bursting disc should
fail during use. These were rated at 3500 psi, and to allow an
adequate safety margin, the maximum pressure for continuous operation
was fixed at 2500 psi. This is considerably above the critical
pressure of hydrogen sulphide (1306 psi, 88.9 atm), and it was there-
fore necessary to calculate the maximum weight of gas that could be
used in the 300 ml autoclave without exceeding 2500 psi (170.1 atm)

at %500°C, the maximum operating conditions. Unfortunately, the
thermodynamic data available did not extend to the required temperature
and pressure. The maximum pressure celculated by West (388) at

760°F (390°C) was TO atm, (1029 psi), when the density of the super-
eritical gas was 13.6 g/300 ml. The nearest data of Lewis (390)

is a density of 8 mole/litre (82 g / 300 ml) at 453°k (180°C) and

178 atm, (2660 psi). These figures gave an indication of the maximum
autoclave loadings that could be used with the maximum temperature

and pressure ratings, although in practice these extreme conditions

- were not employed. The maximum autoclave loading commonly employed

wes 100 g H,S. Reference to the data of Lewis (390) indicated that

2
a density of 100 g/300 ml (10 mole/litre, approximately) would produce
176 atm at 433°K (2584 psi at 160°C) or 240 atm at 493°K (3700 psi
at 200°C) .

The other source of pressure that had to be considered was

gas produced by decamposition of the mercaptide salts. The worst

conditions that might be encountered were decomposition of all the
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ethyl residues to ethane. The pressure that would result was
calculated for typical quantities used (5 g si(smt)h; 5g EtEA{SEt):—

5 g EtaA{SEt would lead to 5x90 = 3.6 g ethane

lEO
and 58 Si(SEt)h would lead to 5x120 = 2.2 g ethane
272
5.8 g ethane will occupy 5.8x22.% = 4.33 litre at NTP
30
() : PV g
At 100°C, the pressure (assuming = ° constant) will be:-
1h.7x k.33 Px0.3
273 T 373
whence P = 290 psi
Similarly, at 200°C, P = 367 psi

In practice, decomposition of the mercaptide group to thiol was &
more likely reaction. This would lead to a lower pressure, (ie vapour
pressure of EtSH at 121.9°C = 147 psi).

Calc?lations of this naturé were performed for the individual
experiments, and the results are detailed in the following sections.
Decomposition of all organic residues from Et, MSEt and Si(SEt)h to
éthane was taken as representing the worst conditions that could be

encountered, although not likely in practice.

5.2.3 Reactions of Mercaptides of Aluminium and

Silicon with Sodium Hydrosulphide in Liquid

Hydrogen Sulphide

N

Experiment 5.1 (A23+, Si +, Na+, 1 week at 50°C)

The proportions of reagents used in this and subsequent
experiments duplicated in the sulphur system typical zeolite preparations.
An initial mixture for the formation of zeolite A with Si02/A€203 = 1.0

was (60, p 62):~



10 $ -
51 A£203 NEQO
Q5 051 1.50 mole/litre
with 85 per cent solvent. Converting this to the sulphur system

with a constant cation ratio, it becomes

AQQSB Si52 Nags
0.51 0.51 1.50 mol/litre
or T 63 117 g/litre

With 85 per cent solvent, the total weight = (77 + 63 + 117) 100
15

L}

1722 @

whi HLE i 3712 - 2oy 1455 g

In fact this experiment used as starting materials Si(SEt)h
EtEA{SEt and NaSH. The ratio then becomes:-—
Et,ARSEL 8i(SEt))  NaSH

1.02 0.51 3.00 mole/1455 g H,8

or 5.12 h.78 5.77 8/50 g HS

The experiment was conducted at SOOC. From the thermodynamic data
of Sage and Lacey (389) and West (388), the vapour pressure of
HyS at 50°C, with a specific volume of 0.3 litre/S50 g (3.26 cu ft/
1b mole) is 560 psi and 520 psi respectively. The pressure due to
ethane (assuming total dccomposition of the mercaptides) is 229 psi
at 50°C (caleulated as in Section 5.2.2). The maximum autoclave
pressure would then be about T90 psi.

The sutoclave was losded as deseribed in Section 5.2.1.
54.50 g of HQS were used. The experiment was conducted for 1 week,
the probe temperature being hB?C, the oven temperature GOOC, and
the pressure 310 psi. This pressure was considerably less than the

calculated value, being in the order of the H_S vapour pressure.

2



283

The product was obtained as a pale coloured, hard solid,
and it could not be completely removed from the sutoclave without
risk of excessive contact with the atmosphere. A representative
sample was obtained, but a yield camnot therefore be given. 15 7
was stored in the dry box. From the solid appearance of the
material, it appeared that decomposition of the mercaptides
had occurred. The material hydrolysed when moistened with
water, liberating hydrogen sulphide and leaving an insoluble
residue. Both SiS_ and A¢_S

2 =3
solution remaining liberated more hydrogen sulphide when treated

react in this way. The agueous

with dilute hydrochloric acid, and a slight precipitate of sulphur
formed (soluble in xylene to form a golden solution). This
implied that a soluble polysulphide was present as well as

excess sodium hydrosulphide.

A sample of the material was washed with toluene,
dried under v;cuum, ground and sealed in a glass capillary for
x-ray powder diffraction (see Section 3.2). The powder pattern
is illustrated in Figure 5.2, and the tebulation is included
in Appendix A2. Only one diffraction line was observed, and
this corresponded to the strongest line of NaSH (Appendix A6).
The material was therefore essentially non-crystalline, and it
was apparent that no recrystallization had occurred and no
new (crystalline) phases had been formed. The absence of any
of the other diffraction lines of NaSH was surprising in view
of the crystalline nature of this material (Appendix Ah). The

conversion of a large part of the NaSH to non-crystalline sodium

polysulphide was one possibility in view of the detection of a
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Fig. 5.2 X-Ray Powder Patterns of the Products from the Hydrothermal

Reaction of Silicon and Aluminium Mercaptides with Sodium
Hydrosulphide in Liquid Hydrogen Sulphide.

(a) Experiment 5.1. Copper KA Radiation
(b) Experiment 5.2. Copper KJ Radiation
(e) Experiment 5.3. Copper K ) Radiation
(4) Experiment 5.4. Cobalt KL Radiation
(e) Experiment 5.5; Dark aggregate, Copper Kf Radiation

(f£) Experiment 5.5; Bulk of material, Copper KL Radiation
(g) Experiment 5.6. Copper KL Radiation
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soluble polysulphide in the product. An oxidation was thus

implied. It seemed that any Af283 and Si82 formed were also

in a non-crystalline form. In view of the solid nature of the
product, decomposition of the gelatinous mercaptides had
apparently occurred, probaebly with the formation of ethane
and thiol:-

2H,8 + si(szt)h —— 3132 + WEtSH

30,8 + 2Et2AESEt ——)Afas + 2EtSH + 1‘02116

3

The general conclusion was therefore that at the reaction

temperature used, no crystallization of the non-crystalline A£283

and SiS2 was found, a conversion of NaSH to (non-erystalline)

polysulphide being the only reaction noted.

+ b +
Experiment 5.2 (ACS ~ Slh , Na , one week at BSOC)

Experiments 5.2 and 5.3 represent repeats at 85°C
of the first experiment, in an attempt to promote crystallization
of the producgs. 85°C is still in the sub-critical region,
and the autoclave loading was the seme as in the first experiment
except for varying the amounts of hydrogen sulphide. In
Experiment 5.2, 30 g were used, the specific volume being
0.3 litre/30 g (5.46 cu ft/1b mole). The vapour pressure
according to Sage and Lacey (389) and West (388) was estimated
as 900-1000 psi. The pressure due to ethane (assuming decomp-
osition of the mercaptides to form ethane) was estimated as
254 psi (see Section 5.2.2), and therefore the maximum pressure
expected was about 1200 psi.

The autoclave was loaded as in the previous experiment,
36.30 g of H S being employed. It was heated to 85°C probe

temperature (9OOC oven temperature) for one week, the pressure



being 720 psi. As in Experiment 5.1, this was considerably
less than the calculated pressure. The product was again
obtained as a hard solid, and it was impossible to remove it
completely without risk of excessive contact with the atmosphere.
It hydrolysed on contact with water to liberate H,S, and the
aéueous solution obtained precipitated sulphur on treatment
with dilute acid, although less than in the previous experiment.
Therefore it seemed less polysulphide had been formed.

It again appeared that decomposition of the mercaptides
had occurred to form A§233 and SiSz. An infra-red spectrum
(KBr disc) of the solid product showed no organic features
characteristic of the parent merceptides. An X-ray powder
pattern (Figure 5.2, Appendix A2) revealed the presence of
crystalline NaSH (cf Appendix A6). There was only a single

line (@ = 1.52) that could be attributed to SiS,, and no

09
evidence for crystallization of A0253. There were no lines
at the wider spacings associated with the formation of complex
phases with larger unit cells (@ greater than about 53). It
therefore seemed that the only reaction that had occurred was
the decomposition of the mercaptides to form AstB and SiS,

in a finely divided, non-crystalline form. = It appeared that
less conversion of NaSH to non-crystalline polysulphide had
occurred than in the first experiment.

L+

Experiment 5.3 (AQ3+, o Na+, one veek at 8500)

 This' experiment was identical to experiment 5.2,

except for the use of a larger quantity of hydrogen sulphide

(60 g) to assess the effect of concentration on the reaction

266
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pattern. The specific volume was 300 m%/60 g (2.73 cu £t/
1b mole). At BSOC, the pressure expected was 1050 psi and
1000 psi according to Sage and Lacey (389) and West (388)
respectively. The maximum system pressure (including ethane)
would then be about 1300 psi.

62.38 g of H,8 were used, and the autoclave was heated
to 85°C (probe), 95°C (oven) for one week. The pressure was
920 psi. The appearance, chemical properties and X-ray powder
pattern (Figure 5.2) of the product were identical to those
from the previous experiment. The additionel volume of hydrogen
sulphide had apparently had little effect on the ovefall couree
of the reaction, decomposition of the mercaptides still being
the only effect noted. No evidence for erystallization of the
amorphous sulphides was obtained, the only crystalline phase
present being yaSH. ‘

L+

Experiment 5.4 (A13+, GBI Na+, one week at 150°C)

This experiment represented the first use made of
supercritical conditions. The autoclave loading was identical

to Experiment 5.1. The specific volume of the H .S was 0.3 litre/

2
50 g (3.26 cu f£t/1b mole), and at the reaction teﬁperature of
150°C the pressure expected (388, 389) was about 1100 psi.
The pressure expected from ethane if this was formed was 300 psi,
the maximum total pressure therefore being about 1400 psi.

54.89 g of HQS were used, and the autoclave was
heated to 150°C (probe), with an oven temperature of 155°C

and a pressure of 1330 psi. This pressure was much closer to

the calculated valve than in the previous experiments, and the
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product was removed from the reasctor more readily, as a fine
powder. This suggested that the mercaptides had decomposed
more completely to sulphides. The product again hydrolysed
with water, but comparatively little polysulphide was detected.
The X~ray powder data (Figure 5.2; Appendix A2) showed the
presence of NaSH together with some additional weak lines. Many
of these may be accounted for by SiS, and Aﬂ253 (Appendix A6),
but the lines were very weak and crystallization was far from
complete. Again, there were no lines at wider spacing that
would suggestthe formation of complex phases of larger unit cell.
The conclusions were therefore similar to those from
the previous experiments - the mercaptides had decomposed to
form sulphides, but no complex crystalline phases had been
formed. Slight crystallization of A£253 and Si82 was apparent,

however, at 150°C.

Experiment ﬁ.é (AQ?+, Si

This was & similar experiment to 5.4, but conducted

)
" Na', one week at 200°C)

ab 200°C. The same autoclave loading was employed. The pressure
estimated for the H2S from thermodynamic data (388, 389) was about
2000 psi, and the ethane pressure (assuming complete decomposition
of the mercaptides) was calculated to be 334 psi. The maximum
total pressure was therefore estimated at 2350 psi.

53.60 g of H,S were employed. The oven temperature
was 20000, and the probe temperature 190°C. The pressure
was initially 1530 psi, but this rose to 1590 psi over the

following U8 hours. As the temperature only increased by
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2% in thig time, a reaction within the autoclave was suggested.
The experiment was continued for one week.

The product was similar to that from the previous reaction
although rather darker in colour and not completely uniform. Some
hard, dark aggregates were present. The chemical reactions were
similar to those of the product from the previous experiment, and
the material did not reveal any new phases with x-ray powder
diffraction, Two samples were used, one of the bulk of the material
and one of the dark material. The results (Figure 5.2, Appendix A2)
again indicated that £he only crystalline product present to any
extent was NaSH (Appendix A6). The lighter material appeared to
be predominantly NaSH, while the darker material was essentially
non-crystalline, only very weak lines characteristic of NaSH being
present ., This suggested that the derk aggregates were the
decomposed mercaptides, which were separated due to poor mixing
of the feedstocks in the supercritical hydrogen sulphide.

Experiment 5.6 (Al?+; Sih+; Naf, 1 week at 85°C

+ preheat to 350°C)

It was apparent from the first five experiments that whilst

some decomposition of the mercaptides to form A{zss and 8iS,, was

2
occurring under all the conditions used, complete decomposition appeared
to oceur only at the higher temperatures. For this reason, a pre-
heéting to 350°C with a small amount of hydrogen sulphide was used in
Experiment 5.6 to assist the complete decomposition of these materials.
It was also evident that no complex phases were being formed, and

one of the main reasons was felt to be the low solubility of NaSH in
liquid H,8. As no benefit had been found to result from the use of

higher (supcreritical) temperatures, 85°C was used in this experiment.
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Less NaSH was employed, as the excess used in the first five
experiments was apparently serving no useful purpose in view of
its low solubility, and in fact hindered x-ray tabulation of any
new lines. A larger volume of hydrogen sulphide was employed
to assist the solubility of the starting materials.

Instead of using.the starting mixture of a typical
zeolite preparation, the proportions of Si, AL and Na found in a

typical zeolite (Zeolite A) were employed (60, p 62):-

5102 : A€é03 £ Na20
2.0 1.0 1.0 mole

Using mercaptides as starting materials, this becomes:-

Si(sEt), - : [Et,AR(SEt) : NaSH
T l) 1.0 1.0 mole
or; 9.31 5.00 1.92 g
100 g of HQS were used for the main reaction; this had a

specific volumé of 0.3 litre/100 g (1.64 cu ft/1b mole). From the
data of Sage and Lacey (389), the pressure expected was 1000 psi
at 8500. 20 g of Hes were used for the preheating. The expected
pressure (0.236 cu £t/1b, 350°C) was estimated as 1325 psi from
data of West (388). Assuming complete decomposition of the
mercaptiqes to ethane, the pressure due to the ethane at 350°C was
calc'ulaj:.ed as 600 psig by the method outlined in Section 5.2.2.
Therefore, the maximum total pressure expected during the preheating
was 1925 psi.

The quantity of H,S used in this experiment (100 g) was

arrived at from a consideration of the volume of liquid that would

be present under the reaction conditions. From the thermodynamic
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data of Sage and Lacey (389) the specific volume of liquid H28

and its saturated vapour at 85°C is:-

Specific volume of gas 3.66 cu ft/1b mcle = 0.149 g/ml

and Specific volume of liquid = 0.9599 cu ft/1b mole = 0.569 g/ml

If the volume of liquid in the 300 ml autoclave is V ml, the
volume of gas is (300 - V) ml.

L] . wt Of liquid'

0.569 V g

and wt of gas 0.149 (300 - V) g

As 100 g of H,.S were used, 0.569 V + 0.149 (300 - V) = 100

2
whence V = 127 ml
This represented a convenient volume of liquid.

A similar calculation showed that the 60 g of HES used in
Experiment 3.6 hed a volume of 36 ml under the experimental conditions
used.

The autoclave was loaded, and 20.05 g of H

i

was heated to 350°C (oven temperature), the probe temperature being

28 added. i
32000 and the pressure 1920 psi. The autoclave was vented hot to
assist in the removal of any organic sulphides or thiols formed.

Tt was refilled with 100.10 g of fresh H_S, and heated to 85°C (prove),

2
90.000 oven temperature for one week. The pressure was 930 psi,
close to the calculated value (1000 psi).

The product was obtained as a free-flowing pale brown powder,
quite uniform in appearance and texture. A yield of 6.99 g was
obtained, representing 91.5 per cent of the total weight of A8283,

SiS2 and NaSH expected to be present. :

The chemical reactions of the material were identical to

those of the products from the previous experiments, indicating the
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formation of hydrolysable sulphide and a little soluble polysulphide.
The x-ray powder pattern (Figure 5.2, Appendix A2) indicated that
congsiderable crystallization had occurred, a large number of diffraction
lines being observed. The presence of NaSH was apparent, although

the lines were considerably less intense than those found previously,
due presumably to the smaller amount present. The presence of
crystalline A€283 and Si§2 was indicated by characteristic lines

(cf Appendix A6), and the presence of new phases was also indicated

by many additional lines, including those of larger 'd' value (up to
9,22 K). Thus the formation of material with larger unit cells was
indicated, although many of the lines found are near to those observed
in commercial silicon disulphide (Appendix A4), and are possibly weak
reflections associated with this material. Nevertheless, it was
apparent that at least considerable crystallization of aluminium and
gilicon disulphide had occurred, although the part played by the hydrogen
sulphide in this was uncertain, as the NaSH will have been near its
melting point (35700) during the preheating, and may have been involved.
Certainly, it appeared that the preheating to 35000 had resulted in

a more free-flowing product, and its uniform nature implied better mixing
than had been obtained in the experiments conducted wholly under super-
’ criticq}_conditions.

5.2.4 Reaction between Etaﬁ.t SEt end s:‘L(sm)lL

In order to throw further light on the part played by hydrogen
sulphide in the decomposition of the mercaptides observed in Experiments
5.1 - 5.6, the reaction of Et A€ SEt and Si(SEt)h in the absence of
solvent was investigated. Two experiments were conducted, one with

the two mercaptides only, and the other with sodium hydrosulphide.
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(i) Et,.A%2SEt (2.0 g) and si(SEt)h (2.0 g) were mixed,

2
no reaction being observed until the mixture was warmed, when it rapidly
solidified to a white, opaque gel-like materisl. The solid was well
washed with toluene (in the dry box), and dried under vacuum. The
infra-red spectra of nujol and hexachlorobutadiene mulls (Figures 5.3
and 5.4) revealed that the material was essentially inorganic in nature.
The alkle)(C—H) bands between 2900 cm_l and 3000 cm_l were very weak,
and further very weak bands at 975 cm_l and 1260 cm * associated with
the mercaptides indicated that only a trace of organic residues remained.

An x-ray powder pattern was obtained of the solid material,
but showed no lines, The material was therefore non-crystalline. gy
reacted with water to liberate hydrogen sulphide. A solid residue
remained, which was partially soluble in dilute hydrochloric acid
to leave a trace of residue assumed to be silica. The solution was
shown to contein aluminium with alizarin. It therefore seemed that
the mercaptides' had decomposed to the sulphides on being warmed
together.

(ii) Bt ALSEL (2.0 g), 5i(8Et)) (1.9 g) and NaSH (1.2 g)
were mixed with the immediate evolution of a gas and the deposition of
a pale yellow, finely divided solid. On heating the tube, the reaction

* went to completion and & clear yellow solution and pale yellow precipitate

remained; As in the previous experiment, the résidue was shown to be
essentially inorganic in nature, and to probably consist of aluminium
and silicon sulphides. Crystelline NaSH was also present in the
residue from the present experiment, this being the only phase detected
by x-ray diffraction (Figure 5.5, Appendix A2; cf Appendix A6).

Therefore, a similar result was obtained in both reactions,

the mercaptides interacting to deposit non-erystalline SiSE and AEESB.



TRANSMITTANCE (%)

WAVELENGTH  (MICRONS)

S L SRR 7 g L o, gl RS T TR

Yo }_ill 1 | i ! 1 | | | 1 ] 1 | | l { | !

0
O

O~
O

g
4000 3000

1 .
WAVENUMBER {CM™") 2

Fig. 5.3 Infrared Specirum of solid product isolated from the reaction between ;

EtzAISE% and Si(SEt)4 «Nujol mull, Peaks marked T due to nujol.



- WAVELENGTH  (MICRONS) _
| 11 12 13 14 15

Wemee——m e e e e o 00

co
O

()
(o

S
O

TRANSMITTANCE (9]

- BN
=)

==l ., SR TR s = e o i = an e T LS e e :.‘_:i' . ;f_ : . 2o L'_:;._--f‘ = 1 s b e e S N ST C s
e e e S R e e e e e s e e U B e
1500 1000 900 800
WAVENUMBER (CM™')

L e} e — s sl

0 s = S e
4000 3000 2000

Fige 5.4 Infrared Spectrum of solid product isclated from the reaction between
mzAlsEt and Si(SEt) 4" Hexachlorobuiadiene mull, Peaks marked T due

to hexachlorobutadiene,



n_l ¥
h:'
SN
o
l‘.

(a)

Fig. 5.5 X-Ray Powder Patterns .

(a) Solid Product isolated from the reaction between Et, AlSEt,
Si(SEt)4 and NaSH,

(b - £) Products from the Hydrothermal Reaction of aluminium and
silicon sulphides with sodium hydrosulphide in liquid
hydrogen sulphide.

‘%) Bxperiment 5.7; Grey material, (e) Experiment 5.8.
' © 7. Yellow material, (f) Experiment= 5.7& 5.8; Blank.
(4) Zaperiment 5.73 Control '

(a) (e) (£)
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When NaSH was present, this apparently did not affect the course of
the reaction.

These reactions are very similar to those observed in the
experiments employing liquid hydrogen sulphide as solvent, and
indicated the suitability of these starting materials for the formation

of finely divided AEQS and Sisg. In the presence of liquid H.S, it

3 2
might be supposed that decomposition of the mercaptides to thiols
would occur (in direct analogy with the hydrolysis of alkoxides by
water):-
5i(SEL)), + 28,8 ——— 8i8, + 2EtSH

2Bt MSEt + 31,5 -—-——a-aeesg + 2FEtSH + h02H6
In the absence of HES’ such reactions would not be possible.Si(SEt)h
could decompose to diethyl sulphide;

si(sm)h —_— 3152 + _2Et28

but & more complex reaction would be indicated for EtQAQSEt.

5.2.5 Carbon snd Hydrogen Analyses of Products of
Experiments 5.1 = 5.6

To throw further light on the decomposition of the mercaptides
in these experiments, representative samples of the vacuum dried products
wvere analysed with aﬁ F and M Model 185 carbon, hydrogen and nitrogen
analyser, The results are presented in Table 5.3, and show a surprising
consistency in view of the differing conditions used. Virtually complete
decomposition of thé mercaptides was suggested, even at 5000, essentially
inorganic products being obtained. The atomic ratio of carbon to

hydrogen found in these analyses (CH_ to CH6) indicate an excess of

-,
hydrogen, poséibly due to SH or water contamination during handling.

5.2,6 Reactions of the Sulphides of Aluminium and

Silicon with Sodium Hydrosulphide in Liquid H2§_

In the first group of experiments (5.1 - 5.5), interesting

but incomplete crystallization had been found at 8500, following a
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Experiment Carbon (%) Hydrozen (%) Temp. (°C)
51 5289, 430 2+14, 219 50
5e5 4495, 4+13 2025y 2230 200
5.6 4T, 471 1492, 1492 350 (preheat)

( C:H atomic ratio is about 1:5 to 1:6 )

Table 53

Bxperiments 5.1, 5.5 & 5.6 .

Carbon and lydrogen Content by Weight of the products of

Experinent Et4N+ (54) Na™ (%) Et4N+ (mole %) Nat (mole %)
510 - 4+45 = 0195
5l - 1474 - 0+075
5,12 27-8 - 0-214 5
2413 243 - 0+187 b
5.14 294 - 0236 -
515 28+5 - 0219 2
5.16 2771 - 0208 -
5e17gTeen |62 2+22 0+048 0101
S5e17yellow|27+9 3%33 0214 0+144

Table 5.4

Cation concentrations of the VWashed Producis from the

Hydrothermal Prepzrations in Hydrogen Sulphide.

it

Expeximent Residue Solution

5010 Trace of yellow Inzs3

5.11 omall amount of black material| Colourless
Bel2 it Dark green
5y " Dark green
S:14 . Lo Yellow-green
> £ " Dark orenge
516 n Dark orange
5T s Dark orange

Table 5.5

Preparations in Hydrogen Sulphide.

Base Solubility Tests of Materials from the Hydrothermal
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preheating to 35000 to aid decomposition of the mercaptides. 1In

an attempt to discover whether this crystallization was due to the

high preheating temperature or to the reaction period at 85°C, two
further experiments were carried out. In the first (Experiment 5.7),

an extended reaction period at 8500 was used, and in the second, reaction
was conducted wholly at 35000. In view of the fact that carbonaceous
residues were formed when sluminium and silicon mercaptides were used

as starting materials, commercial A€283 and Si82 was used in these
experiments. The sources and purities of these materials were

discussed in Chapter L.

h

+
Experiment 5.7 (A€3+, Si +, Na , 3 weeks at 85°C)

The proportion of reagents used was the same as in Experiment

5.6 (ie a 8i:AQ:Na ratio typical of zeolites):-

Si82 : AQQSB : NaSH
2.0 150 2.0 mole
‘ 5.00 4.10 3.06 g
As in Experiment 5.6, 100 g of H2S would be expected to produce 1000 psi
pressure under the experimental conditions. The sulphides were finely

ground (>h4 mesh) in the dry box, and well mixed in the required
proportion. To enable any crystallization that occurred to be readily
assessed, a control experiment was conducted in which a sample of the
reaction mi;ture was heated in a segled tube at 85°C for the duration
of the main experiment. Thus any crystallization promoted by the

H.S would be immediafely apparent. An x-ray powder pattern of the

2
starting mixture was obtained before the sodium hydrosulphide was

added (Blank) i

The autoclave was loaded by the usual technique and the H.S

2
(96.40 g) added. The temperature was raised to 8500 (probe) for
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three weeks, the pressure being 920 psi. A yield of 10.71 g of a

grey granular material was obtained, representing 88 per cent of the
weight of sulphides taken. The difference arose from losses in handling.
The product was not wnmiform in appearance, containing some yellow
‘aggregates as well as the grey material. X-ray powder patterns were
obtained of the two materials and also of the control experiment
(Figure 5.5; Appendix A2). All the diffraction patterns (including
the blank) were very similar, the only differences being some intensity
variations. This suggested that no crystallization had been promoted
by the hydrogen sulphide. The diffraction patterns of the two parts
of the reaction product showed that the yellow material was mainly

NaSH (Appendix Ak, A6) and that the grey material was mainly A£283

and Sisg. It was therefore apparent that no reaction had occurred

in either the main experiment or the control experiment, the only
effect noticed being a tendency for the NaSH to segregate to form
discrete lumps. No new phases were indicated by the x-ray data and
the hydrogen sulphide had produced no additional crystallization.

N

Bxperiment 5.8 (483", 8i'", Na', 1 week at 350°¢)

The same proportion of reasgents was used as in the previous
experiment, except that L0 g of HES were used. The pressure for this
specific volume (0.3 litre/L0 g; 0.120 cu £t/1b; 4,08 cu £t/1b mole)
was estimated from the data of West (388) and Sage and Lacey (389) to
be about 3000 psi.

The autoclave was loaded with the sulphide mixture and H2$
(40.50 g) added. The temperature was raised to 350°C (probe),

36000 (oven) for one week, the pressure being 3300 psi. A yield of
92 per cent of the sulphide uqed was obtained, and the product was

considerably more uniform than that from the previous experiment. An
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X-ray powder pattern (Figure 5.5; Appendix A2) revealed that extensive
recrystallization had occurred, although considerable quantities of
the starting sulphides remained.

It thus seemed that crystallization of new phases was very
glow, even at 35000, when the NaSH will have been near its melting
point (35700). It therefore seemed that very extended reaction times
would be needed to promote the complete recrystallization of the
feedstock to complex phases, and this was felt to be largely due to
the negligible solubility of the sulphides expected in the hydrogen
sulphide.

5.2.7 Reactions of the Sulphides of Indium, Tin and

Germanium with Sodium Hydrosulphide in Liguid
Hydrogen Sulphide

09 Ge52 and In283 was described in

Chapter k. For the purpose of evaluating the extent to which

The preparation of SnS

crystallization of the feedstock was occurring, a 'blank' x-ray
powder pattern was obtained of the sulphide mixture before the NaSH
was added. In most of the subsequent experiments, a 'control!'
reaction was set up, in which a sample of the reaction mixture was
sealed in an evacuated Pyrex tube, and kept at the reaction temper
ature for the duration of the main experiment. In this way, the
part played by the hydrogen sulphide in any crystallization that
occurred was revealed.

Experiment 5.9 (In3+, th+, Na¥, 1 week at 85°C)

Inzs3 (1.0 g) and SnS.2 (1.0 g) were reacted with NaSH (5.0 g)
in an initial assessment of this system.

The In283 and Sn52 were finely ground and mixed together,
a blank x-ray diffraction pattern obtained, and then the NaSH added.
The mixture was then loaded into the autoclave, HES (103.5 g) added,

and the autoclave heated to 82° (probe), 85°C (oven) for one week.
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Fig.5.6 X-Ray Powder Patterns of the Products from the Hydrothermal
Reaction of Indium (III) Sulphide and Tin (IV) Sulphide with
Sodium Hydrosulphide in Liquid Hydrogen Sulphide at 85°C,

(a) Experiment 5.9; Ex-Reactor. (d) Experiment 5.10; Ex-Reactor.
(b) Experiment 5.9; Water-Washed, (e) Experiment 5.10; Water-Washed,
 (¢) Experiment 5.9; Blank. (f) Experiment 5.10; Control.

Copper KJ Radiation
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A control experiment was set up, a sample of the reaction mixture
being heated to 8500 in a sealed tube, for the duration of the
experiment . The reaction time was increased to three weeks in the
hope that the reactions would go to completion.

The autoclave was loaded and HZS (101.70 g) added. After
three weeks at 85°C (probe), 89°C (oven), with a pressure of 820 psi,
& deep yellow coloured product was obtained. 8.74 g was obtained,
representing 80 per cent of the sulphides used. Difficulty was
alvays experienced in completely extracting the material from the
autoclaves, accounting for this deficit.

The product from the control experiment was similar in
appearance. 'The x-ray powder patterns (Figure 5.6; Appendix A2),
again revealed considerable crystallization of the non-crystalline
feedstock, and much of the crystalline material was retained after
washing with water. Much less crystallization was observed in the
control experiment, and thus it seemed that extensive promotion of
crystallization by the solvent had occurred. In view of the
stability of the crystalline material to water washing, it seemed
that the reduced amount of base and extendsd reaction time used in
this experiment had resulted in variations in éhe product compared to
that obtained in the previous experiment. Again, a possibility
existed of the presence of crystalline &ns, (aﬁd possibly In283) in
the residue remaining after water washing, although correlation with
the ASTM data for these compounds (Appendix A6) was not good. It
seemed that as in the previous experiment, crystallization of the feed-
stock had occurred and that the materials formed were more complex

than could be accounted for by crystalline Sn82 and In2S In view

3‘
of the similarity between the washed and unwashed samples, it seemed



that very little free base remained after the reaction, and the

formation of ternary or more complex sulphides was Suggested.

Geh+

Experiment 5.11 (In>', , Na', 2 week at 85°C)

This experiment constituted a repeat of Experiment 5.10,

with Ge32 in place of Snsg.

G382 : In283 2 NaSH
2.0 ) 2 e 2.0 mole
3.00 3.58 1.28 g

The autoclave was loaded and H S (92.00 g) added. It was heated
to 85°C (probe), 90°C (oven) for two weeks, the pressure being
825 psi. A control experiment was also conducted. The product
from this experiment was pale grey, in comparison to the pale yellow
colour of the starting mixture. The x-ray powder patterns (Figure 5.7;
Appendix A2) revealed the virtually completgly non-crystalline nature
of In253 and GeS2 used, and showed that a limited amount of crystal-
lization had occurred in the control experiment. Rather more
extensive crystallization was observed in the product from the auto-
clave, but most of this was lost on washing the material with water.
‘The presence of excess base in the ex-reactor sample was
suggested by reference to the ASTM data for NaSH (Appendix A6).
Neither In253 nor 0382 are soluble in water, and therefore the non-
crystalline nature of the water washed sample indicated that little
crystall}ization of these materials had occurred. The similarity
of its diffraction pattern to that of the blank indicated that
considerable quantities of non-crystalline In253 and GeS2 remained
after reaction. The extensive crystallization found in the material

removed from the autoeclave was apparently due to soluble phases

extracted with water.



(a) (v) (e) (a) - (a) (v) (c) (a)
Fig.5.7 Fig.5.8

Fig.5.7 X-Ray Powder Patterns of the Products from the Hydrothermal

Reaction of In233 and GeSp with NaSH in Liquid HpS at 85°C,
Experiment 5.11. '

(a) Ex-Reactor. (b) Water-Washed. (c) Control. (d) Blank,

Fig.5.8 X-Ray Powder Patterns of the Px;oducta f_rom the Hydrothermal
Reaction of InpSy and SnSp with Et/N+SH™ in Liquid HpS at
85°C, Experiment 5,12.

(a) Ex-Reactor. (b) Water-Washed. (¢) Control. (&) Blank,

Copper KA Radiation,
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Therefore, as in the reactions employing SnS,, considerable

2

erystallization of the feedstock had occurred. However, less evidence
for the formation of erystalline Ge82 was obtained than was found for

the formation of ecrystalline SnS_, and the complex phases apparently

2

formed by GeS_, were considerably more soluble in water than those of

&
SnSa. Either ternary sulphides formed with the base, Or more complex
sulphides, could have been responsible for the diffraction features
observed, and it seemed that a definite role of liquid hydrogen

gulphide in premoting this crystallization had been established.

5.2.8 Reactions of the Sulphides of Indiuwm, Tin and

Germanium with Tetra Ethylammonium Hydrosulphide

in Liquid Hydrogen Sulphide

In view of the known solubility of certain metal sulphides
in hydrogen sulphide solutions of organic bases (Section 5.1), a
much greater possibility existed of forming complex sulphides in
this type of system than with a sparingly soluble inorganic base.

Literature reports suggested that tetra ethylaemmonium hydro-
sulphide, EthN+SH~, would be thermally stable to at least 15D°C.
Therefore, the optimum temperature for the hydrothermal synthesis
appeared to be 8500, Jjust below criticel, where the maximum temp-
erature consistent with an adequate amount of liquid present offered
the greatest chance of solubility. The rather unstable nature of
the base led to the possibility of decomposition to form amine and
thiol:~

EthN+SH- ——> Bt N + EtSH

However, the amine would itself possess basic properties in liquid
HES’ and the presence of thiol would probably not be a disadvantage.
Available data indicated that there would be adequate solubility of
the base under sub—critical conditions, which were therefore used

throughout this series of experiments.
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In view of the ready solubility of the organic base in
liquid hydrogen sulphide, reaction mixtures typical of those used
in zeolite preparations were employed. Because of the stability of
IHQSS, Snse and GeSz towards water and methanol, excess base was
essily removed after the experiment by washing the product. I
was hoped that any complex sulphides formed would be insoluble under
these conditions.

N

: + +
Pxperiment 5.32 (o', B0, Et)N , 2 weeks at 85°C)

This experiment was based on a typical zeolite preparation

(60, p 62) with a Si0,:AP,0, ratio of 2:1, and 85 per cent solvent,
g Svaty

. i
1e SnS2 4 In233 : EthN SH
0.70 0.35 3.16 mole/litre
128.0 114.6 515.0 g/litre

For 85% solvent, weight of H,S = (128 + 114 + 515) 85 = L283 g

15

2

The starting mixture used was SnS, (2.98 g), In S, (2.66 g),

EthN+SH" (12.02 g), H,8 (100.0 g). The autoclave was loaded, and
heated to 85°C (oven), 80°C (prove) for two weeks. The pressure was
830 psi (calculated H,8 pressure = 1000 psi - Experiment 8.6 A
blank diffraction pattern (without base) was obtained, and a control
experiment was conducted as previously.

The product obtained from the autoclave was a brown solid,
in contrast to the pale cream starting mixture. As in previous
experiments, was difficult to completely remove it from the autoclave.
The mixture in the control experiment also became dark, and developed
an oily texture.‘ .

Samples of the control and ex-reactor materials were dried

utider vacuum and x-ray powder patterns obtained (Figure 5.8; Appendix A2).
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A sample of the ex-reactor material was washed with methanol and
water and an x-ray pattern obtained.

The control experiment had lines in its diffraction pattern
characteristic of EthN+SH- (Appendix Al). The bulk of the crystall-
inity present appeared to be due to this material, although some changes
in the lines of wide spacing indicated that a certain amount of re-
erystallization may have occurred. Et3N and EtSH formed by decomp-
osition of the base may have acted as a flux to promote such crystall-
ization. 'Their presence in the sample vapour were detected by GIC.

The ex-reactor sample revealed many new lines in its diffraction
pattern, including those of wide spacing (up to d = 11.95 R). Obviously,
extensive recrystallization had occurred, and furthermore the products
were not soluble in methanol on water, the diffraction patterns of
the ex-reactor and washed samples being nearly identical.

Therefore, it seemed that the H28 had promoted recrystallization
of the sulphide feedstock, and further tests were conducted to investigate
the nature of the materials formed. An infra-red spectrum was obtained
of the washed product (Figure 5.9), and showed e similarity to the
spectrum of EthN+SH_ (Figure 4.31). The chief difference was the
abgence of Y(S-H) near 2600 cm—l, implying that the product contained
the EthN+ group in an ionic material of some sort. This was confirmed
by a carbon, hydrogen and nitrogen analysis of the material.

Found:—C, 20.5, 20.9 ; H, 4.37, 4.37 ; N, 2.92, 2.92%
Calculated for 28.0% of (cens)hf: C, 20.65; H, 4.33 ; N, 3.01%

The washings from the methanol and water treatments were
yellow, indicating that either excess base or & new (soluble) phase
was being removed. It was evident that interesting reactions had
been promoted by the liquid hydrogen sulphide, extensive recrystall-
ization oceurring to form new, insoluble phases containing the EthN+

ion and a large unit cell.
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Experiment 5.13 (In3+, Geh+, Ethm+, 2 weeks at 85°C)

This experiment constituted a repeat of Experiment 5.12,

with gemmanium in place of tin. The starting mixture became:-
-+ —
Ge82 : In283 - Ethﬂ SH
0.70 0.35 3.16 mole/litre
or: 2.34 a1t 12.52 g/100 g st

A blank diffraction pattern (before the addition of base) was
obtained, and a control experiment without HQS was conducted.

The reactor was loaded, H,S (126.5 g) added and the auto-
clave heated to BSQC for two weeks. The probe temperature was 7500,
the oven SSOC, and the pressure 810 psi. The control material
became green after a few hours at BSOC, but later faded to white,
with a few drops of liquid on the walls of the tube above the sample.
This was later identified by GLC as being a mixture of EtSH and
EtBN, attributed to decomposition of the base. The material removed
from the sutcclave was brown and moist, liberating gas identified as
hydrogen sulphide. The material slowly solidified on standing for
a few hours in the dry box. It was therefore implied that co-
ordinated Has cauvsed the material to remain liquid when the auto~
clave was vented, solidification occurring as the st was lost.

Semples of the materials from the experiment and control
reactiong“were dried under vacuum and x-ray Ppowder patterns obtained
(Figure 5.10; Appendix A2). A semple of the material from the
autoclave was washed with methanol and water, leaving a white sub-

stance. Its diffraction pattern was also obtained, and an infra-

red spectrum taken of a KBr disc. The spectrum revealed the presence
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(a) (v) (c)

Fig.5.10 Fig.5.11

 Fig.5.10 X-Ray Powder Patterns of the Products from the Hydrothermal
Reaction of InpS3 and GeSp with EtgN*SH™ in Liquid HpS at
85°C, Experiment 5.13.

(a) Ex-Reactor. (b) Water-Washed. (c) Control. (d) Blank.
Fig.5.11 X-Ray Powder Patterns of the Products from the Hydrothermal

Reaction of In2S3 and Sn82 with Et4N+SH' in Liquid HQS at
60°C, Experiment 5.14..

(a) Ex-Reactor. (b) Water-Washed. (ec) Control. (d) Blank.

Copper K Radiation,



of the Ethﬂ+ group as in the previous experiment and this was
confirmed by carbon, hydrogen and nitrogen analysis.
Found: €, 17.9; H, 4.0; N, 2.4%
Caleulated for 24.3% of (Czﬁs)hﬁ+ : C, 17.9; H, 3.T4; N, 2.62%

As in the previous experiment, the ex-reactor material
'gave a diffraction pattern containing many lines, including those
of wide spacing. Many of these were also present in the control
experiment, but on washing the material most of the crystallinity
was lost. Therefore, the organic derivative identified by infra-
red and elemental analysis wes non-crystalline in this experiment.
X-ray dats indicated the presence of excess base in both the main
and control experiments, and this was confimmed by the yellow colour
of the washings. Many more lines were observed in the diffraction
pattern of the control sample in this experiment, far more than
could be &cogunted for by the base; The Et3N end EtSH formed
probebly acted as & flux to promote this crystallization. The
sample from the autoclave showed more extensive crystallization
than the control sample, however, and many differences were apparent.
Therefore, promotion of crystallization by the H,S was again found,
although not to the same extent as in the previous experiment. The
main difference noted on replacing tin with germanium was a loss of
most of the crystallinity on washing the product, suggesting that

—

most of the crystalline phases formed were soluble.

)

Bopsrindit 5.1k (I, 8n s EthN+, 1 veek at 60°C)

The previous two experiments (5.12 and 5.13) were repeated
(5.1% and 5.15) with the tempereture reduced to 60°C, in an attempt
to prevent decomposition of the base with the formation of amine and

thiol. The quantiiy of H_S was increased to 150 g (about 90 per

2

cent solvent) to encoursge the complete dissclution of the soluble
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phases formed. The pressure at 60°C was estimated from Sage and
Lacey (389), with a specific volume of 0.3 litre/150 g (1.09 cu ft/
1b mole), to be about TOO psi.

A control experiment was set up, the autoclave loaded with
snS, (2,98 g), InyS, (2.66 gland Et,N'SH (12.02 g), and H,S (155.00 g)
added. The temperature was held at 60°C (oven), 55°C (probe), for
one week., The pressure was 610 psi.

When the feedstocks were mixed before the experiment, a
darkening was noticed. This implied that reaction was occurring
before the solvent was added, possibly as a result of traces of EtaN
and EtSH beihg present. The blank x-ray powder pattern was therefore
obtained on a vacuum dried sample of the complete feedstock mixture,
rather than just the mixture of Group IIIb and IVb sulphides as
previously. It revealed the presence of crystalline phases other
than EthN+SH: (Figure 5.11; Appendix A2; cf Appendix Al).

At the end of the reaction period the control sample had
become yellow-green and moist in appearance, decomposition of the
base having apparently still occurred. Much of the crystallinity
found in the pre-reaction blenk was lost, the remaining diffraction
lines being rather diffuse (Figure 5.11; Appendix A2). The powder
pattern of the dark yellow ex-reactor material showed crystallinity
very similar to that found at 85°C (Experiment 5.12), although not
80 com;ietely developed. The crystallinity was again stable towards
methanol and water washing, additional diffraction lines becoming
visible as excess base was removed. Strong lines with wide 'a'
spacings (up to 12.46 E) were again found, and it was apparent that
the H,S solvent had promoted erystallization of the feedstock,

e
although not to the extent found at 85°C.- The diffraction lines
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were rather weaker and fewer in number in the present case.
Decomposition of the base had apparently still occcurred at 60°C.
The infra-red spectrun of a KBr disc of the washed product
(Figure 5.9) sgain indicated retention of the EthN+ ion, and this
was confirmed by the carbon, hydrogen and nitrogen analysis:
Found: C, 21.4%; H, 4.8; N, 3.2%
Calculated for 29.4% of (CEHE)hN+: C, 21.69; H, 4.55; N, 3.16%
The general conclusion was therefore that the crystallization
found in this experiment was similar to that found at BSOC, but that
the reduction in temperature to 60°C had reduced the extent of the
reaction,

Experiment 5.15 (In3+, Geh+

, BtyN', 1 veek at 60°C)
This experiment was similar to Experiment 5.1k, with
germanium in place of tin. GeS2 (2.34 g), Ines3 (2.77 g) and
EthN+SH_ (12.52 g) were loaded into the autoclave, and H25 (150.00 g)
added. A diffraction pattern of the feedstock mixture (including
base) was obtained, end a control experiment set up.
The sutoclave was heated at 60°C (oven), 55°C (probe) for

one week. The pressure was 5.90 psi. At the end of this time,
the control experiment had become brown in colour. The material
removed from the autoclave was dark and moist in appearence, similar
to the product obtained from this system at 8500 (Experiment 5.13).

~ X-ray powder patterns were obtained on vacuum dried samples
of the control and ex-reactor product, and also of this product
after washing with methanol and water. (Figure 5.12; Appendix A2).
The powder pattern of the control material showed strong diffraction
lines characteristic of EthN*SH- (Appendix Al), with only two

additional lines, both at wider spacing. A certain number of



(a) (b) (e) (a) (a) (b)™ (o) (a)
Fig.5.12 Fig-5013'
Fig.5.12 X-Ray Powder Pattems of the Products from the Hydrothermal

Reaction of InpS3 and GeSp with Et4N+SH™ in Liquid HpS at
60°C, Experiment 5.15.

(a) Ex-Reactor. (b) Water-Washed. (c) Control., (d) Blank.

Fig.5.13 X-Ray Powder Patterns of the Products from the Hydrothermal
Reaction of In,S3 and GeS; with Et N*SH- in Liquid HpS at
85°C. Seeded wzth 5% of 13X Zeolite. Experiment 5.16.

(a) Ex-Reactor. (b) Water-Washed, (¢) Control. (d) Blank,

Copper KX Radiation.
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additional lines were present in the diffraction pattern of the
ex-reactor sample. As in the experiment employing tin (5,1k),
reaction at 60°C seemed to proceed similarly to reaction at 85°C
(Experiment 5.13), but with less extensive crystallization at

the lower temperature. There was -not an exact correlation between
the diffraction patterns obtained at the two temperatures, although
the general characteristics were similar. In both cases, the
crystallinity was lost on washing.

An infra-red spectrum (similar to Figure 5.9) was obtained
of the washed sample, and the presence of a similar quantity of
EthN* wae indicated in spite of the non-crystalline nature of the
material.

Found: €, 21.%; H, 4.15; N, 2.9%
Calculated for 28.6% of (Czﬂs)h“+‘“ C, 20.99; H, 4.40; N, 3.06%

The overall conclusion was therefore that reducing the

4

reaction temperature from 85°C to 60°C had not markedly altered the
o 3

course of the reaction in either the Sn =-In +-EthN+ or the Geh+-
In3+—EthN+ systems, although in both cases the rate of reaction

(and hence extent of crystallization) was reduced. No reduction
3N and EtSH was

found to result from reducing the temperature, and reaction at

in the tendency for EthN+SH_ to decompose into Et

85°C appeared to represent the most suitable conditions.

Experinent 56 (1T, ge't) Et,N', 1 week at 85°,

seeded with 5 per cent 13X zeolite)

This and the following experiment (5.17) were an optimi-
zation of the system employing tetraalkylammonium hydrosulphide as
base. They were conducted at 85°C as no advantage had been found

to result from the use of a lower temperature. In view of the
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extensive crystallization found in the previous experiments, the
quantity of solvent present was increased by 100 per cent to
ensure thé complete dissolution of the soluble phases. C—eS2
was used, and the starting mixture (based on Experiment 5.13)
vas GeS, (1.75 g), In,S, (2.08 g), E“thN"'SH_ (9.45 g) eand H,8
(150 g). In an attempt to promote the required type of
erystallization, five per cent w/w of 13X zeolite was added to
'seed' the mixture. The purity and source of this material was
described in Chapter 3.

An x-ray 'blank' diffraction pattern was obtained of the
compiete feedstock mixture, and a control experiment without solvent
was set up. The autoclave was heated to 85°¢C (oven), 75°¢C (probe)
for one week, the pressure being 900 psi. The material was removed
from the autoelave as a black, oily liguid that liberasted HES and
slowly solidified. It was similar in appesrance to the products
from the pre;ious reactions employing Ge52 with the organic base.
The material from the control experiment was & pale orange-pink
colour, similar to Experiment 5.13. X-ray powder patterns were
obtained of the vacuum dried control and ex-reactor samples, and
of product after methanol end water washing (Figure 5.13; Appendix A2).
The ex-reactor pattern was very similar to that previously obtained
with this system (Experiment 5.13). Again, most of the crystallinity
was 1lost on washing, only a few of the strongest diffraction lines
remaining. No lines attributable to the zeolite were detected,
its concentration apparently being insufficient. The material from
the control experiment gave a diffraction pattern very similar to
the control from Experiment 5.13, although some line positions and

intensities varied slightly.
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An infra-red spectrum (KBr disc) and carbon, hydrogen
and nitrogen analysis was obtained of the water washed sample.
These were similar to those obtained in previous experiments,
indicating the retention of the EthN+ ion.

Found: €, 20.2; H, L4.1; N, 2.8%

Calculated for 27.1% of (C2H5)hN+; C, 19.99; H, L4.20; N, 2.92%
The overall course of this reaction was therefore very similar to
Experiment 5.13, and the increased volume of solvent and use of

seeding egent had been without effect.
b

+ +
Experiment 5.17 (In3+, Ge ', By, Na , 4 weeks at 8500,
seeded with 5 per cent 13X zeolite)

The final experiment of this series employed two innovations.
Firstly, a longer reaction period (four weeks) was allowed in an
attempt to encourage reaction to proceed to completion, and promote
crystallization of the residue isolated by solvent washing.
Secondly , haif of the tetrethylammonium hydrosulphide was replaced
. by the equivalent quantity of sodium hydrosulphide. It was felt
possible that the tetraethylammonium ion was too large to become
incorporated in a complex sulphide analogous to the zeolites. This
should not be the case, as conventional zeolites have been prepared
using these bases, and it was expected that the larger sulphide ion
would facilitate their incorporation into a thioanalogue. Never-
theleég: it was felt worthwhile investigating the effects of using
a mixed-base system, the organic base providing the solvent medium
for the Groups IIIb and IVb sulphides, and the sodium hydrosulphide
providing a source of charge balancing cation.

The feedstock was GeS, (1.75 &), In283 (2.08 g), EthN+SH—

(h.73 g), NeSH (1.63 g) and H,S (175.0 g). TFive per cent w/w zeolite
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were again added to seed the mixture. After loading, the auto-
clave was heated to 85°C (oven), 75°¢ (probe) for four weeks, the
pressure being T20 psi. A blank diffraction vattern was obtained
on the feedstock mixture, and a control experiment was set up.

The product was removed from the autoclave as a moist,
non-uniform solid consisting of black and yellow particles. The
control material was pale cream and practically dry. X-ray
diffraction patterns were obtained of vacuun dried samples of both
materials, and also of the methancl and water washed product from the
autoclave (Figure 5.1l4; Appendix A2). After washing, a mixture
of yellow and green particles remained, and these were separated
under a microscope (X50) for further study.

A considerable amount of crystallization was indicated
in the ex-reactor sample, and most of this was lost on washing,
both the yellow and green materials being essentially non-crystalline.
Thus it seemed that either decomposition had occurred or that the
crystalline materials were soiuble. The control experiment developed
only limited crystallinity in comparison with the reaction and most
of the diffraction lines found with the ex-reactor material corresponded

to lines found in either the Geh+—1n3+—Na+ or the Geh+-1n3

+—EthN+
system (Experiments 5.11 and 5.13). There was no indication of the
formation of a new phase. -

—~The infra-red spectra of both the constituents of the washed
product showed evidence for retention of EthN+ (similer to Figure 5.9).

However, elemental analysis showed that the yellow material contained

most of the organic derivative.



Fig. 5.14 X-Ray Powder Patterns of the Products from the Hydrothermal

Reaction of In,Sz and GeS, with Et4N"'SH- and NaSH in Liquid
HoS at 85°C, See&ed. with 5% of 13X Zeolite, Erperi.ment 5¢17

(a) Ex-Reactor.

(b) Water-Washed; Green Phase.
(¢) Water-Washed; Yellow Phase,
(d) Control.

(e) Blank,
Copper KX Radiation.



322

Found: (Yellow Material): C, 20.8; N, L.3; N, 2.8%
(Green Material): €, 6.13 H, 1.58; N, 0.63%

Caleulated: (Yellow Material): 27.9% of (0255)hu+; ¢, 20.6; H, 4.29;
N, 3.00%

(Green Material): 6.2% of (C2H5)hN+; c, 4.58, H, 0.95;
N, 0.67%

It seemed therefore that the two bases had produced separate
reactions, and that a single homogeneous product had not been

formed. A very few week diffraction lines were observed in the
powder pattern of the green material, and these did not correspond
to linés found in the In3+-Geh+-Na+ system (Experiment 5.11).
Therefore the formation of a new phase was possible, although the low
intensity of these lines precluded the possibility of extensive
recrystallization.

5.2.9 Further Characterization of the Products from

Experiments 5.10 - 5.17

5.2.9.1 Sodium Analysis

One of the most significant features of the experiments
employing tetraalkylammonium hydrosulphide as base was the very
congistent quantity of the basic ion (EthN+) remaining in the
products after excess base had been removed by washing with methanol
and water. This suggested that an insoluble, complex phase was being
formed, either a ternary (Mlx M2y Sn), a quarternary (Mlx Mey MBZ Sn),
or a mo;; complex sulphide. To complete this assessment, the quantity
of sodium remaining in the solid phese after washing the products from
Experiments 5.10, 5.11 and 5.17 was measured. In these experiments,
NaSH had Veen employed as base, and if & new phase was formed similar

to those found when an organic base was used, then an equivalent

quantity of sodium would be expected to remain in the washed product.
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Sodium was determined with an EEl flame photometer, the
sample (0.1 g) being dissolved in 50 per cent HCQ, the solution
nearly neutralized with ammonia, and made up to 250 ml. The
instrunent was calibrated with solutions of NaC%, and & reagent
blank was deducted. AR grade reagents were used throughout. The
results of these analyses are collected in Table 5.k4. It may be
seen that the sodium concentration of these materials varied more
than did the organic ion concentration of the corresponding materials.
Nevertheless, the values are of the same order of magnitude, and
the implication was that reaction in the inorganic flux had been
much slower and less complete. There was no appreciable variation
detected in the amount of sodium found in the green and yellow phases
of Experiment 5.17.

5.2.9.2 Ton Exchange

If the phases fbfmed had possessed zeolitie properties,
then the cation would be performing a charge balencing function,
and should be readily ion-exchanged with other cations of similar
size, or less. Ion exchange with NaC{ solution was attempted with
several of the products containing EthN+, but in no case was any
retention of sodium observed. After contacting the material
with dilute Na(l solution, it was filtered off and well washed with
water before being dissolved in dilute acid for the sodium determin-
ation. In all cases the values obtained were of the same order
as the solvent blank, indicating that no exchange had occurred.

5.2.9.3 Base Solubility Tests

Conventional zeolites areprepared in alkaline media,
and precipitate from solutions of the ternary oxides. By analogy,

it might be expected that any zeolitic phése formed in sulphide
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systems would be insoluble in basic sulphide solution, and therefore
a possible means of separating any thiozeolite phases from the
reaction mixtures suggested itself.

The extraction of the various reaction mixtures with a
10 per cent w/w aqueous solution of Ha28-9H20 (AR grade) was
‘therefore investigated. The method was only applicable to systems
where the water stable Group IITb and IVb sulphides had been used,
The results are collected in Table 5.5. In Experiments 5.11 - 5.17,
very small amounts of black residue were obtained, and these
materials were filtered off, washed with distilled water ond dried
wmder vacuum. Infra-red spectra (KBr discs) and x-ray powder
patterns were obtained of the materials. The infra-red data did
not reveal any features attributable to organic residues, and the
x-ray data (Figure 5.15; Appendix A2) showed that the materials
possessed only weak crystallinity. Lines characteristic of
13X zeolite ;ere found where this material had been used as seeding
agent (Experiments 5.16 and 5.17). In Experiment 5.11, the lines
found after base washing corresponded with those found in the water
washed sample. In Experiments 5.12 and 5.1k, most of the lines
found after water washing were lost on base washing, and in the
other patterns any diffraction lines present were very weak.

It seemed from these tests, therefore, that the new
phases formed in the hydrothermal systems investigated did not
possess properties characteristic of zeolites. Although water-
insoluble materials were isclated, and these shown to contain cations
from the basic media in consistent proportions, these cations could
not be ion-exchanged, and the materials containing germanium exhibited

very little crystallinity. The almost complete solubility of all
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Fig. 5.15 X-Ray Powder Patterns of the Products from the Base

Solubility Tests conducted on the Materials obtained

from the Hydrothermal Reactions in Liquid Hydrogen

Sulphide.
(a) Experiment 5.11.
{b) Experiment 5.12.
(¢) Experiment 5.13.
(d) Experiment 5.14.

(e) Experiment 5.15.
(f) Experiment 5.16,
(g) Experiment 5.17.

Copper KA Radiation.
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the materials in dilute aqueous solutions of basie sulphides was also
not indicative of zeclitic properties. The very small smounts of
residue remaining were in all cases only weakly crystalline, and

may well have been due to impurities in the starting materials.

On the other hand, it seemed evident that the liquid
hydrogen sulphide had promoted reaction to form new phases in
many cases, and the organic base had undoubtedly formed a medium
in which the metal sulphides had dissolved. The formation of
simple ternary sulphides (eg enalogous to sodium thiogermanate)
was a possibility, besides the formation of more complex phases
that were not zeolitic in their properties.

5.2.10 Ternary Reactions in Liguid Hydrogen Sulphide

To enable a better assessment to be made of the reactions
that had occurred during the hydrothermal preparations in liquid
hydrogen sulphide, the individual reactions of éach of the Croup
III b and IV b sulphides used during the latter stages of the
work were investigated in each of the basic media employed.

The experimental conditions were similar to those used in the main
hydrothermal reactions, and the intention was to see whether eny
of the new phases that had been identified in the X-ray powder
patterns from these experiments could be attribﬁted to ternary
sulphides formed between indivudual Group IIT b or IV b sulphides
and the base. In particular, it was hoped to see whether the
diffraction lines of high 'd' value (above sbout 12 R) found with
many of the products could be attributed to simple ternary
sulphides, or whether these indicated the formation of more

complex sulphides of correspondingly larger unit cell.
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Fig. 5.16 X-Ray Powder Patterns of the Product from the reaction
of GeS, and NaSH in Liquid HpS at 85°C, Experiment 5,18,

(a) Ex-Reactor. (b) Methanol Washed.

Fig. 5.17 X-Ray Powder Patterns of the Product from the reaction
of 5nSp and NaSH in Liquid HpS at 85°C. Experiment 5.19,

(a) Ex-Reactor. (b) Water Washed. (c) Methanol Washed,

Copper K) Radiation.
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suggested that one or more of these materials have been formed.
The diffraction pattern of the methanol-washed product corresponded

fairly closely with NaGeS_, although there were some further

o
lines of weak intensity present.

It therefore seemed that a mixture of Na-Ge ternary
sulphides have been formed, and that at least some of these were
soluble in water or methanol. The rather weak intensity of the
diffraction patterns suggested that crystallizaetion was incomplete.
The weak line at d = 1250 QA probably resulted from a superlattice

diffraction rather than a large unit cell.

Experiment 5.19 (San', Na')

The material formed was pale yellow and rather non-uniform
in appearance. It was almost completely soluble in methanol
or water, only a small amount of residue remaining. X-ray powder
patterns were cbtained on (1) the ex-reactor material; (2) the
material rema:':ning after methanol-washing; (3) the material
remaining after water-washing (Figure 5.17; Appendix A3).

The diffraction pattern of the ex-reactor material
revealed a large number of lines, including a weak one of
wide spacing (d = 11.79 ).  The pattern of the methanol
washed material was similar, but after water-washing only a few
weak lines remained, close to lines associated with SnS, (Appendix A6).
Thus it:ppeared that some recrystallization of the essentially non-

erystalline SnS, has occurred, and that this remained after

2
washing the product with water.

Many other lines were found in the powder pattern of the

ex-reactor material besides those associated with Sn82 and NaSH
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Figo 5.18 Fig" 5'19

Fig. 5.18 X-Ray Powder Patterns of the Product from the reaction
of In283 and NaSH in Liquid H2S at 85°C., Experiment 5.20,

(a) Ex-Reactor. (b) Water Washed. (c) Methanol Washed.

Fig. 5.19 X-Ray Powder Patterns of the Product from the reaction
of GeSy and Et4N+SH"' in Liquid HyS at 85°C. Experiment 5.21,

(a) Ex- Reactor. (b) Water Washed. (c) Methanol Washed.

Copper KA Radiation,
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matching calculated diffractions for NalnS As many of the

5t
caleulated diffractions will only be weak, a certain number of
absences in the observed diffraction pattern do not invalidate
the assigrment.

Therefore, the only product from this reaction was NaInSQ.
Iines attributed to‘!.—-InQS3 are also found in NaInSe, and therefore
there was no evidence for the crystallization ofo@&nESB. It
is significant that liquid hydrogen sulphide had promoted the
formation of NaIn32 from In283 and NaSH at 85°C, in direct analogy
with the formation of this compound in water. 1In the absence

of & solvent, temperatures above 300°C are required (68).

Experiment 5.21 (Geh+, EthN+)

The product was obtained as a viscous black liquid which
liberated HQS and slowly solidified. It appeared that the
product contained coordinated HQS which was lost slowly when the
autoclave wa; vented. Samples of the solid material were washed
with methanol and water, but with little change in appearance
Iexcept for the removal of excess base. X-ray powder patterns
were obtained of the ex-reactor material (vacuum dried) and of
the washed materials. ( Figure 5.19 ; Appendix A3 ). A
large emount of recrystallization was indicated, and many lines of
of high 'd' value (up to 10 E) were present. Many of these lines,
as welifaa those attributed to excess base, were lost on washing.
Many of the remaining lines were attributed to orthorhombic
sulphur (Appené}x A6), indicating the formation of elemental
sulphur. The presence of soluble complex sulphides was indicated
by this data, but less soluble complex phases were indicated by

infra-red and elemental analyses of the methanol washed material.

The infra-red spectrum was similar to Figure 5.9, indicating
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Figo 5020

X-Ray Powder Patterns of the Product from the reaction
of SnS, and Et4N"'SH‘ in Liquid HpS at 85°C. Experiment 5. 22,
(a) Ex-Reactor. (D) Water Washed. (c) Methanol Washed.

Fig. 5.21 X-Ray Powder Patterns of the Product from the reaction

of In233 and Et4N"‘SH" in Liquid HpS at 85°C. Experiment 5.23.
(a) Ex-Reactor. (b) Water Washed. (c) Methanol Vashed. |

Fig. 5.22 X-Ray Powder Pattern of the Product from the reaction of
Et,N*SH™ in Liquid HpS at 85°C, Experiment 5.24.

Copper KL Radiation.
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that slowly sclidified. The solid beéame dark grey after
washing with methanol or water. X-ray powder patterns,
infra-red and elemental analyses were obtained as in the previous
experiments.

The elementel and infra-red data (similar to Figure 5.9)
again indicated retention of the (Czﬂs)hN+ group. Found: €, 16.38;
H, 3.01; N, 2.11 per cent; Calculated for 21.5 per cent of
(CQHS)LN? c, 15.86; 1, 3.33; N, 2.31 per cent.

The X-ray powder patterns were rather weak (Figure 5.21;
Appendix A3), although many new lines (including those of wide
spacing) were found. Most of these were lost on washing with
methanol or water. There was evidence for excess base in
the ex-reactor product, and also the possibility of p—InQS3
and elemental sulphur (Appendix A6), but other lines ('d' up
to 10.99 R) indicated the Yormation of new (soluble) phases.

Experiment 5.24 (EthN+SH* -decomposition test)

In view of the black, oily texture of the products
formed with the orgenic bese, EthN+SHh, and the presence of Et3N
and EtSH in some of the control experiments where this base
had been used, its reaction with liquid hydrogen sulphide was
investigated. It was required to determine the extent to which
it decomposed under the experimental conditions employed.

— A semple of Ethm"sn“ (3.5 g) was heated at 85°C (oven),
TBOC (probe), in H2S (50.0 g) for two weeks. The pressure was
720 psi. After the reaction period the product had the black,
oily appearance found in previous reactions employing this base.

Mixed in with the material were some well formed crystals of a

pale yellow colour. They were soluble in xylene and identified
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by an x-ray powder pattern (Figure 5.22; Appendix A3) as elemental
sulphur in its orthorhombic form (Appendix A6).

It was attempted to vacuum dry a sample of the oily residue
for an x-ray powder pattern, but the material did not solidify as did
that from the earlier reactions employing this base. An infra-red
spectrum was obtained of a small amount of the material pressed between
two KBr discs. (Figure 5.23). It was basically similar to the
infra-red spectrum of EthN+SH‘ (Figure 4.31), but there were differences
in the relative intensities of certain peaks. For instance, the

i had become a large peak at 1015 cmﬁl, and the

shoulder at 1115 cm
shoulder at 1230 cm-l had become a peak at 1220 cm_l. The (N-H)
bending mode (always present as a weak peak near 1600 cm—l in

EthN+SH*) had become scmewhat broadened. Possibly most significant

was the replacement of ¥ (8-H) at 2570 cm-l in EthN+SH- with a band

»

at 2500 cm_l and a group of partially resolved bands around 2650 cmnl.

This could be due to™(N-H), but is more likely due to coordinated
H2S in view of the shifting of the Y (S-H) band from 2570 cmhl.
: Therefore it was apparent that the base was undergoing

substantial modification during the reaction period in liquid H,.S.

2
Coordination with the solvent was likely, but decomposition to form
(EtBNH)+SH— was also a possibility:-
(EthN)-"SH_ —— Et N + BtsH

T BN+ HS —) (BeNH)'SH
The presence of elemental sulphur in the product from this reaction
(end also the presence of polysulphide in the products from some of
the earlier reactions) suggested that oxidation had occurred. Base

catalysed oxidation with gaseous oxygen was one possibility, although

the source of such oxygen contemination is not clear. The specification
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of the-HEF did not suggest that apprecisbly oxygen could be present
as an impurity. Seepage into the evacuated autoclave during filling
seemed unlikely as the units were completely pressure-tight during
use. The only other possibility would be reduction of one of the

bt to Sn2+), but this explanation would

reagents present (eg Sn
not be applicable in the present experiment. Therefore, some
contamination must be conceded as responsible for sulphur formation,
at least in the present experiment.
5.4 CONCLUSIONS

The factors that had emerged in the study of the
hydrothermel solvent properties of liquid and supercritical hydrogen
gulphide may be summarised as follows. Firstly, the Yole of the
hydrogen sulphide in promoting reaction and crystallization in the
gystems examined had been demonstrated. When this component was

.

omitted, reactivity and crystallization was generally very much less,
clearly indicé%ing its power as a solvent. Secondly, the
greater degree of solubility and reactivity of the Group III b
and IV b sulphides in the organic rather than inorganic base was
demonstrated, and the formation of complex sulphides in these media
was indicated. Thirdly, it seemed that the sulphides of the lower
elements of Groups III b and IV b were more reactive in the inorganic
base than were the sulphides of aluminium and silicon. Fourthly,
the comﬁiex sulphides formed in these systems had not been shown to
possess properties that would bé .associated with sulphur analogues
of zeolites. In general, it seemed that the reaction products
could be considered as mixtures of ternary phases formed between
the individual sulphides and the base, many of which had been

shown to produce X-ray powder patterns characteristic of large unit

cells.
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As was predicted, thg controlling factor in these
experiments was the establishment of suitable basic media in which
the Group IIT b and IV b sulphides caild be dissolved. It
seemed highly likely that solution of these sulphides as ternary
phases occurred. There was no evidence to suggest, however, that
these ternary phases were reacting to form more complex, insoluble
sulphides, in the way that aluminosilicate gels react under aqueous
hydrothermal conditions to form zeolites. It appeared that the
ternary sulphides were remaining in solution, and were precipitated
wichanged when the hydrogen sulphide was removed. In addition
tolthis, there was also evidence to suggest that some crystallization
of the non-crystalline binary sulphide feedstock occurred, indicating
a certain amount of ionic or molecular mobility in solution.

The low solubility of ionie materials in liquid H,S was

*

discussed in the first part of this Chapter. Only where large ions
are present ar; the electrostatic forces reduced to the point
where the weak solvation forces of liquid HQS are agble to promote
solution. In general, only covalent materials crystallizing in
molecular form are soluble, and the three dimensional close-packed
anion structures of the Group IIT b and IV b sulphides do not fall
into this category. This is consistent with their observed solubility
in basic solutions containing the large tetraethyl-smmonium ion,
where c&ﬁplex ionic species may be formed to promote solubility.

The reported formation of complex phases under such
conditions ie [(CBH5)3NH:]3ASSB, has been discussed inthe first
part of this chapter. It is not completely established, however,
the degree to which such species are ionized in solution in liquid
H.S. Conductivity measurements indicate that in the case of

2

solutions of organic bases, lonization must be considerable.
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However, covalent species are probably unionized in solution,
consistent with the low dielectric constant of H,S. For instence,
SiCRh is readily soliuble in both water and liguid H.S, but
whereas hydrolysis to hydrated silicon species is immediste in
water, the correspecnding thiohydrolysis with HéS cceurs only at high
temperature (see Chapter 4).

The proposed solubility of the sulphides of germenium,

4in and indium in solutions of EthN+SH- in liquid H. S is there-

2
fore in agreement with the published properties of such solutions,
and the detection of the EthN+ group in the products indicated the
formation of complex ions. Far less evidence for similar solubility
in NaSH/HES mixtures was found, although a certain amount of
reactivity was detected.

Reaction of the mercaptides of aluminium and silicon,
EtEMLSEt and S:i.(S]L‘t,)]4 in NaSH/HHS mixtures resulted in the
formation of AQESS and 8182 in a finely divided, non-crystalline
state. Virtually complete decomposition of the mercaptides to
form sulphides was indicated under all the conditions used, even
at 50°C. However, very little tendency for the non-crystalline
AQ283 and SiS2 to react and form complex species was detected.
Only above the critical temperature was slight crystallization
of ARQSS and 8152 observed, and the formation of new (more
cdmplexiﬁphases only occurred (to a very limited degree) at 35090.
The flux of nearly molten NaSH may well have played a part in the
crystallization processes at this temperature.

Only with the sulphides of indium, germanium and tin

was appreciable reactivity with the inorganic base detected.
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Evidence for the formation of ternary Na-In, Na-Sn and Na-Ge sulphides
at 8500 was obtained, those of germanium and tin being at least
partially soluble in methanol or water. In the case of indium,

complete conversion of In to NaIn32 was found, the product being

23
identified by its X-ray powder pattern after excess base had been
removed by washing with methanol. A temperature in excess of 30000

is required for this reaction in the absence of solvent, and therefore
direct evidence for the interaction of liquid H2S as a solvent

was obtained, It may be inferred that sufficient solubility of the
NaSH occurred to enable reaction with 1n233 to proceed in solution
during the extended reaction period of two weeks, Thus, the
feasibility of the reaction systems employing NaSH as base was
demonstrated, although the extent o which ionic reactions were

involved in the formation of HalnS_, is not known.

2
Similar.results were obiained when the organic base

Et4N+SH- wa;s used in place of HaSH., Interaction of the base with

the solvent was indicated, with the formation of a dark, viscous

liquid possibly involving coordination of HES' Reaction of the solution

with InZSS’ Ge52 or 81152 produced evidence for the formation of new

phases in each case, The X-ray powder patiterns contained lines

not accounted for by crystallization of the starting material,

and new diffraction lines of high 'd' value suggested the formation

of materials with large unit cells, Only the new phases formed

with indium appeared to be appreciably soluble in methanol or water,

and the residues remaining after methanol washing were shown to

contain the Et4N+ group, suggesting the formation of termary sulphides

of the type (E%4N)xbysz.
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In all cases, the possibility existed of contamination
of these ternary sulphides with unreacted starting material. This,
together with uncertainty as to whether only a single ternary
sulphide was formed, made their accurate identification
impossible within the restrictions of the approaches adopted.

No evidence was obtained that suggested the formation of phases
more complex than the ternary sulphides in any of the main hydro-
thermal reactions. It seemed that lines of wide spacing in the
powder patterns of the products from these reactions could be
satisfactorily explained by the formation of ternary sulphides.
In the experiments employing indium and tin or indium and germenium
sulphides with NaSH, the majority of diffraction lines in the
powder patterns of the products coincided with lines found with
the individual ternary sulphides. Only a few diffraction lines
could not be explained in this vay. Similar results were
obtained in the experiments employing EthN+SH_ as base, the
diffraction patterns being interpreted as mixtures of ternary
;ulphides. Crystallization seemed less complete at 60°C than

at 85°C, and attempts to seed the mixture with 13X zeolite, or the
use of a mixed base system (NaSH/EthN+SH_) did not significantly
alter the course of the reaction.

The chemical nature of the products from these reactions
was in general sgreement with the conclusions already reached.

The solubilities of the products in water, organic solvents and
aqueous sulphide solutions all pointed to the formation of ternary
rather than complex phases. Although the presence of cations from
the base was detected in the washed products from these reactioms,
the absence of any ion exchange precluded the formation of phases

analogous to zeolites.
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Therefore, only partial analogy with the type of aqueous
hydrothermal system used to prepare zeolites was demonstrated.
The crystallization of complex phase did not proceed in the sulphur
system in the way it does under aqueous conditions, although this
did not appear to be the result of a solubility limitation in
view of the ready formation of ternary sulphides under suiteble
conditions. Rather, the fundamental differences between the
chemistry of the sulphides and oxides appeared to prevent the low
temperature formation of complex sulphides under conditions analogous
to the hydrothermal formation of aluminosilicates. It scems
unlikely that sulphur analogues of zeolites or related oxides
could be formed in systems other than the hydrothermal type
considered here, and for this reason the formation of this type of
compound must be considered infeasible in the light of evidence

»

obtained.
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CHAPTER 6. AQUEQUS REACTIONS

6.1 INTRODUCTION AND LITERATURE

The previous chapter considered the formation of
complex sulphides by the hydrothermal reaction of simple sulphides
in liquid hydrogen sulphide as solvent. However, as was pointed
out in the Introduction to that chapter, some of the sulphides
used (In233, GeS, and SnS,) were stable in aqueous media with
respect to hydrolysis to oxides or oxide species, and therefore the
possibility existedof conducting the hydrothermal preparation
of complex sulphides from these starting materials in aqueous
solution. This approach is described in the present chapter.
To avoid any hydrolysis of the sulphides that might occur under
the reaction conditions, the basic media required for the
hydrothermal preparation were obtained with sodium sulphide rather
than sodium hydroxide, the base conventionally used in the preparation
of ﬁeolites in hydrothermal systems.

The work described is therefore concerned with the reactions
of the sulphides of indium, germanium and tin in aqueous solutions
of sodium sulphide. Ideally, this type of reaction should
~ include work conducted in an autoclave, at temperatures above 100°C.
This would then be in direct analogy with the formation of zeclites
in hydrothermal systems above 100°C and 1 atmosphere pressure.
Howevé;; zeélites have been formedbelow 100°C (see Chapter 2), and
this type of preparation may then be conducted in open vessels at
atmospheric pressure. It may still be described as'hydrothermal',
as the basic experimental concept remains unchanged, only the temper-

ature being reduced.
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As it was not wished to interrupt the main experimental
programme employing liquid hydrogen sulphide, this phase of the work
was conducted wholly at atmospheric pressure, and not in the
high pressure equipment. Although it was obviously desirable
to extend this approach to higher pressures, it was felt that
the use of atmospheric pressure laboratory techniques below 100°C
offered the best compromise with the availability of equipment
in & preliminary study to characterise the results that may
be expected from this type of system.

Only a very limited number of publications relate
to this type of system. The three sulphides of interest in
the present work (SnS,, GeS, and InZSB) are all reported to
dissolve quite readily in aqueous alkaline sulphide solution,
with the formation of ternary sulphides, which may be crystallized

from solution in various degrees of hydration. This has been
discussed in Chapter 2, and the compounds isolated by such
techniques detailed. They may be represented (in aqueous

solution) as M'x M"y 8_, where M' = alkali metal, and M" is Ge,

A
Sn or In. Their preparation presents no difficulty,

provided that the alkali metal sulphide is kept in excess, and
they may be formed from the halides as well as the sulphides
under such conditions. A tendency for NalnS, to form poly-
thioindates was observed in polysulphide solution (76). These

compounds may be written as NaIn(Sz)z, HaIn(S3)2 and NaIn(Sh)z.

The polysulphides In2(82)3, etc were also reported.
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The only reports of the formation of complex, insoluble
phages from the reaction of the sulphides of a Group III b element
with a Group IV b element in aqueous sulphide solution relate
to the co-precipitation of gallium sulphide with other sulphides.
This process has been described by Sheka, Chaus and Mityureva in
their book on the chemistry of gallium (L470). Gallium sulphide
is precipitated in the pH range of 2 - 3, but may be co-precipitated
with the sulphides of certain heavy, non-ferrous metals in more
acidic (0.2 N HCL) and alkaline solutions. Also, co-precipitation
occurs with the precipitation of aluminium or iron hydroxide.
Sulphides with which gallium sulphide was co~precipitated include those
of zinc, arsenic qnd COpper. A tendency to form complex phases was
also noted. For instance, when gallium was precipitated with iron

sulphide, Ga(FeS was formed. Interaction between gallium ions

2)3
and sulphide or hydrosulphide ions on the surface of the precipitate,

or the formation of solid solutions, were proposed as explanations.
More recently, the co~precipitation of gallium sulphide
with the sulphides of indium, bismuth and germanium have been

reported (471-4T73). Co-precipitation in the InyS5-Ga S, system

was attributed to the secondary exchange adsorption leading to

the colloidal dispersion of Ga,8 OI'Ga(SH)3 throughout the

3

In253 gell. Co-precipitation was found to be decreased by
+ ‘. . :
the presence of TQF ions or by increasing n* concentration.
In the co-precipitation of gallium and germanium sulphides a number

of double sulphldes were formed:-

In253 SGeS In283 2GeS 3In283.GeS SIn283 EGeS

The reactivity for the formation of this type of compound increased
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in the order Ga <In (Tf, A complex phase Inh(}ess was formed

from InC..'t,3 and NaSGeS6 (k75).

Co~precipitation of this type is not confined to
sulphides. Analogous co-precipitation of GeO2 with In(OH)3
from agueous solutions of their salts has been reported (4Th).
Formation of indium germanates (21n20

+Ge0,-xH,0; In,0 .2Ge02.yH20)

3 3

as the phase precipitated was believed to occur.

The main difference between these precipitations and the
type of work described in the present Chapter is the higher pH
(ie excess of base) employed in the hydrothermal system. Instead
of precipitating sulphides in carefully controlled ratios, in
the present work the reaction of the Groups III b and IV ¢ sulphides
was examined in an excess of alkaline sulphide solution. The

-

gystems employed were chosen to be analogous to those from

whicﬁ zeolités are precipitated. Gallium sulphide was not used
in this work in view of its partial hydrolysis in aqueous solution
(see Chapter 2).

6.2 EXPERIMENTAL

The germanium, indium and tin sulphides employed,
GeSe, In283 and SnSz, were prepared by the methods described in
Chapter 4. The sodium sulphide used was AR grade N328-9H20,
suppli;a by BDH and used without further purification. In view
of its deliquescent nature it was weighed out in the dry box, but

apart from this all experimental work was conducted on the bench.
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6.2.1 Analytical Methods

The precipitates formed from these systems were analysed
for their constituent elements. Sulphur was determined by -
dissolving the material in sodium hydroxide solution, and
determining the sodium sulphide formed by reaction with standard
iodine. This technique has been described in Chapter 3.

Sodium was determined by dissolving the material in dilute hydro-
chloric acid, and using a flame photometer (see Chapter 5).

Indium, germenium and tin were all determined
colourimetrically. The indium determination was derived from
data in 'Methods of Quantitative Inorganic Analysis' (476). 25 ml
of a solution containing 0.15-1.00 mg indium in dilute HCL were
put into a 250 ml separating funnel, and 2.5 ml of pH = 3.5 buffer
solution (sodium acetate =~ acetic acid) added. 5 ml of 0.01 M
oxine in chloroform containing 1 per cent ethanol was added, and
the mixture was well shaken. The chloroform was run off into a

. \
25 ml volumetric flask, and the aqueous layer extracted with four
5 ml aliquots of chloroform/oxine. The solution was then made up
to 25 ml with chloroform, and the optical density measured against
a blank determination at 395 mu , in & 0.5 em silica cell, The
only element of interest interfering with this determination was
tin (Sn2+). It was claimed that th+ does not interfére.

The germaniun determination was obtained from 'Standard
Methods of Chemical Analysis'(477). 25 ml of a solution containing
1-5 mg of germaniun in dilute acid was neutralised with 5N sodium
hydroxide,and AR glacial acetic acid (30 m1) added. It was
diluted to 80 ml, and 10 ml of freshly prepared 2.5 per cent

ammonium molybdate solution added. The solution was made up to



100 ml with distilled water, and the optical density measured
against a blank determination at 440 mp, in a b cm silica cell.
None of the other elements of interest in this work was reported
to interfere with this detemmination.

The tin determination employing 'Dithiol" reagent
was obtained from Vogel (478, p 800). 10 ml of a solution
containing 0.05 ~ 0.5 mg of tin in dilute acid was added to a 25 ml
volumetric flask, and 1 drop of thioglycollic acid, 2.0 ml of
concentrated HCL, 0.5 ml of a 1 per cent solution of Teepol in
water and 1.0 ml of freshly prepared 'Dithiol' resgent were added.
The dithiol reagent was prepared by dissolving 0.1 g of the solid
(obtained from BDH) in 2.5 ml of 5 M NaOH solution,adding 0.5 ml
of thioglycollic acid and making up to 50 ml with distilled water.
When the 'Dithiol' had been added to the tin determination, the
mixture was placed in a water bath at 60°C for 10 minutes while
the characteristic’'red colour of the complex developed. The
solution was then cooled to room temperature, made up to 25 ml
and the optical density measured at Si5 mu against a blank
determination in a 1 cm silica cell.

The optical densities in these three determinations
were measured in a Unicam SP 600 spectrophotometer. The instrument
was calibrated with standard solutions of indium chloride dissolved
in dilute HC{, germanium disulphide dissolved in ammonia and AR
hydrated stannic chloride, Snciﬂ.SHéo, dissolved in dilute HCC.

.Graphs of concentration versus optical density under the standard

determination conditions were prepared.
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6.2.2 Reactions
Experiment 6.1

This experiment formed an initiasl assessment of
this type of system. The interaction of the thiostannate and
thioindate ions in sodium sulphide solution was investigated.
Initially, a solution of each of the metal sulphides
in sodium sulphide soiution was prepared by dissolving 1 g of

SnS, and 1 g of In S, each in 10 g of Na28.9H20 in 100 ml of

3
distilled water. The stannic sulphide dissolved readily on
werming to give a clear, colourless solution. The indium
sulphide dissolveq on boiling to give a clear, pale orange solution.
The two solutions were mixed cold and brought to the boil. No
visible reaction occurred except a slight darkening in colour.
The mixture was boiled gently for 6 hours, but without any
further change in appearance or formation of a precipitate.
The pH of the solution was 1L.0,measured with an EIL vibret
meter calibrated with 0.05 M potassium hydrogen pthalate
(pH = 4.005) and 0.05 M borax (pH = 9.180) at 25°C.

By direct comparison with the formation of zeolites,
it might be inferred that this pH is too high due to the large
excess of base used,and therefore the experiment was repeated
under conditions of lower pH. A 1:1 mole ratio of In283:8n82 was
used with a minimal excess of the sodium sulphide base.

In,S, (1.79 g) and SnS, (1.00 g) were placed in ebout
100 _ml of distilled water, and 1.0 g of N325.9H20 added. The

mixture was brought to the boil, and further sodium sulphide
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added until the indium and tin sulphides had just dissolved.

About 10.0 g were used. In this way a large excess of base

was avoided. However, the pH of the resulting solution was
5till about 14.0, and no precipitation or other reaction was

observed on mixing and boiling.

Experiment 6.2

In an attempt to investigate the pH range in which
the ternary sulphides of indium and tin remain in solution,
and thereby obtain information as to the minimum pH at which
this type of reaction ﬁay be conducted, a mixture of their
solutions was titrated against hydrochloric acid, and the pH at
which the various phases precipitated recorded.

A similar starting mixture to that used in the

previous experiment was employed, 1.79 g Inzs and 1.00 g SnS

3 2
being dissolved in the mi;imum necessary volume of sodium sulphide
solution. i.O N hydrochloric acid was then added dropwise, and the
pH monitored as the various precipitates formed. This data is
ineluded in Table 6.1.

Precipitates II and IITI were taken to be indium and
tin sulphides respectively by their characteristic colours. Precipitate
I was shown by qualitative analysis to be a termary sulphide
of sodium and tin. It was checked for the characteristic
blue flame test for indium, but none was detected. It
dissolved in dilute hydrochloric acid with liberation of
hydrogen sulphide. The solution was made alkaline with

ammonia. A white precipitate was formed which was shown to contain

tin by dissolving it in dilute hydrochlofic acid and precipitating
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pH Observation

140 Starting pH. Fale orange solution,
1200 Solution becoming chrome yellow,

110 Cloudiness developing. Flocculent white precipitate appeared
on standing, Filtered- Ppt. I.

100 No further precipitation,
90 Flocculent yellow precipitate formed., Filtered- Ppt. I1I.

8+0 Cloudiness developing. Colour becoming orange,
7«0 Flocculent pale brown precipitate formed. Filtered. Ppt.III,
00 Solution colourless, No further reaction,

Table 6.1 Reaction of In S3 and Qnaz

with dilute hydrochloric acid. (Experiment 6.2).

in sodium sulphide solution,

pH Observation

127 Starting pH.

120 VWhite precipitete forming,

113 Precipitation complete, Filtered. Ppt. I,
101 Solution becoming clondy. Green Colour,
9e2 White Precipitate, Filtered, Ppt., II,
8e1 Yellow precipiiate. Filtered, Ppt. 111,

8+0 Solution colourless,

TeT Solution becoming cloudy.

65 Yellow precipitate formed, Filtered,., Ppt, 1V
0«0 Solution colourless. No further reaction,

Table 6.2 Reaction of Inzﬂaand S.hS2 in sodium sulphide solution,
with dilute hydrochloric acid. (Experiment 6.3) .

pH Observation

12+9 Starting pH.

12¢8~ | Becoming pale green in colour.

12¢3 White precipitate forming.

120 Precipitation complete, Filtered., Ppt. I.
110 Solution becoming cloudy. Green in colour,
105 White precipitate formed. Ppt, II,.

90 Precipitate redissolving.

Be2 Clear green solutién.

5¢9 |- Solution becoming cloudy,

2+8 White precipitate formed. Filtered, Ppt.III1.
0«0 Sdlution colourless, No further reaction.

Table 6.3 Keaction of In. 553 and GeS, in sodium sulphide solution,
with dilute hydrochloric acid., (Experiment 6.4).
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the dark yellow precipitate of stannic sulphide with H, S, vhich

2
dissolved in excess acid. The ammonia solution was shown to contain
sodium by evaporating it to dryness and heating to remove
ammonium salts, dissolving it in water and reacting the solution
with zinc uranyl acetate to form the yellow crystalline
precipitate characteristic of sodium.

It seemed therefore that the pH that could be used under
these conditions was limited by the solubility of the sodium-
tin ternary sulphide,which was not stable in solutions more acid
than pH 12. No evidence for the precipitation of a more complex

phase than the binary and ternary sulphides was obtained.

Experiments 6.3 and 6.4

Having established that reaction of the sulphides of
tin and indium in sodium sulphide solution should be possible
in a solution no more alkaline than pH 12, the above reaction
was repeated in the presence of the minimal quantities of
sodium sulphide (Experiment 6.3). A similar reaction was
conducted in parallel in which the sulphide of germanium (GeSz)
vas used in place of stannic sulphide (Experiment 6.4).

A typical composition for a zeolite starting mixture

transcribed to the sulphur system would be (see Chapter 5):=

v NaES.HEO : In2s3 : SnS2
1.58 0.35 0.70 mole/L.
379 11% 127 g/
3.20 0.96 1.06 g/8.5 ml
and 'Na2S.9H20 : 11.125_3 :IGeS2
1.58 0.35 0.70 mole/Q
379 114 136 g/e

‘3.20 * 0.96 1.15 g/8.5 ml
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It was attempted to prepare solutions of the Gesz, SnS2 and
In283 in the theoretical amounts of sodium sulphide. Whilst
no difficulty was encountered in dissolving the Sn82 and Ge82
in 1.0 g of soldium sulphide in 20 ml of water each, it was not
found to be possible to dissolve the 1.92 g éf In2$3 required
for the two experiments in the remaining amount of sodium
sulphide (4.4 g, dissolved in 25 ml water). It initially
dissolved readily if the sodium sulphide solution was boiled
and the In283 (ground to a fine powder) slowly added, but

the ternary sulphide apparently beceme saturated in solution,
and precipitated out before the whole of the In283 was added.
Thigs precipitation was only redissolved when further sodium
sulphide was added. It was found to be necessary to used

15 g of sodium sulphide t; keep the 1.92 g of In283 in solution
in 20 ml of water.

The pH of the three ternary sulphide solutions was measured:-

In/Na pH = 13.2
Sn/Na pH - 915
Ge/Na pH = 10.5

The solution of the indium ternary sulphide was divided
in two, and mixed with the solutions of tin and germanium
sulphides. . Both the Sn-In and the Ge-In solutions were green
at this stage. They were boiled vigorously for several hours,
their volume being maintained at 20 ml with distilled water.

The colour of both solutions graduslly became yellow, and‘finally

orange-red, but no precipitation cccurred. The solutions vere
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cooled to room temperature and left standing overnight. No further
changes were noted, so the two solutions were gradually acidified
with N HC€, as in the previous experiment. The observations made
are included in Tables 6.2 and 6.3.

In the Indium - tin reaction (Experiment (6.3), four separate
precipitates were obtained, two of them occurring at very close pH
values (9.20 and 8.10 respectively), and not being completely separated .
It is apparent that the smaller amount of sodium sulphide used had
resulted in different precipitation characteristics in this experiment
compared to Experiment 6.2 (see Table 6.1). The white precipitate
found in the present experiment at pH 9.20 was not found in the earlier
reaction. The present reaction had therefore yielded two yellow
precipitates (III and IV), probably attributed to indium and tin
sulphides respectively, as in the previous reaction. It also yielded
two colourless precipitates*(I and IIL), probably attributed to the
ternary sulphides of indium and tin with sodium. Precipitate II
could not be separated from the precipitate of indium sulphide (III).

The precipitate I was filtered off, washed with distilled
water and dried. It was analysed for indium, tin, sodium and sulphur
in cage it should contain any more complex phase than the ternary
sulphide.

Found: Na, 11.62, 11.47; 8, 32.00, 35.79; In, 51.98; Sn, 3.36%

-~ Calculated for NaInS,; Na, 11.k4; 8, 31.7; In, 56.9%
Precipitate I therefore appeared to be the ternary sulphide of sodium
and indium with a small amount of tin present. Complex phase formation
in this reaction was therefore precluded. Precipitate II was probably
the ternary sulphide of tin and sodium. It is interesting to note that
with the larger excess of sodium sulphide employed in Experiment 6.2,

the Na=Sn sulphide precipitated at higher pH than the Na-In sulphide,
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which is the reverse order to that found in the present reaction.
In the indium-germanium reaction (Experiment 6.4), only

three precipitates were formed, and the second redissolved almost as
soon as it was formed. The first precipitate (which appeared at about
the same pH as the first precipitate in the In-Sn reaction) was
gseparated and analysed for indium, germanium, sodium and sulphur
in case it contained any complex phases.

Found: WNa, 10.38, 10.36; S, 58.35; In, 34.04%. Ge, None detected.

Calculated for Ne,In,S

G g i -
for Naln (33)2: Na, 6,96; 8, 58.26; In, 34.T78%.

Na, 10.09; S, 56.30; In, 33.61%

The analysis is very different to that of the first precipitate
formed in the In-Sn system, which corresponded fairly closely with
NaInSz. The analysis of the present material corresponds most

nearly with Na3In2512,

but is in spproximate agreement with HaID(SS)Z’

a polysulphide reported to be formed in this type of system (76).

It seemed that considerable supersaturation of the sodium indium
ternary sulphide could occur, and the particular phase that precipitated
depended on the particular conditions. Considerable variation in
composition was indicated by the difficulty experienced in obtaining
three separate samples for the sodium, indium and tin analyses which
would give a total composition of 100 per cent.

The absence of any germanium in the precipitate ruled out
the pogsibility of complex phase formation. Precipitate I apﬁgared
to be & sodium-indium ternary sulphide, precipitate II was probably a
sodium-germenium ternary phase, while precipitate III, which existed

in acid conditions was probably Gesz. Apparently no indium sulphide

was obtained under the conditions of this experiment.
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Experiments 6.5 and 6.6

These experiments constituted & repetition of Experiments 6.3
and 6.4, with further effort to reduce the excess of sodium sulphide
to more nearly the level equivalent to the sodium hydroxide used in
typical zeolite preparations. It was felt that the highly basic media
employed were probably a contributory factor in the failure to
precipitate eny complex phases analogous to thiozeolites.

Freshly prepared indium sulphide was used in an attempt to
promote its solubility. 1.35 g of indium metal were dissolved in
50 per cent HC{ and evaporated to dryness. Ines3 was precipitated
by dissolving this chloride in buffer solution and saturating with
hydrogen sulphide (Section 4.3.5). The In283 was centrifuged off
and washed with distilled water.

1.35 g of indium when converted to its sulphide (1.92 g)

require 1.42 g of Na28.9H26 to form NaInS This represents the

"
minimm quantity of sodium sulphided needed to form the ternary phase.
Any further addition will merely increase the basicity of the solution.
For the zeolite preparation being attempted a 1.5 times molar excess
of base was required (see Experiment 6.3).

Sodium sulphide was added to the indium sulphide suspended
in 25 ml of boiling water until the solid dissolved. U.5 g were
required (cf 15 g in previous experiment). A dark green solution
vas obtained, with a pH of 13.5. There was still an undesirable
excess of base present, but this seemed inevitable in view of the
difficulties experienced in dissolving the indium sulphide. The

neutralization experiments conducted previously had indicated that

the ternary sulphide should be stable in solution of pH 12 or sbove.
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To avoid adding any further sodium sulphide to the mixture,
the solution of indium sulphide was divided in two, and the Sn52 (1.06 g)
and.Ge82 (1.15 g) were added directly to each portion (Experiment 6.5
and Experiment 6.6 respectively). These sulphides readily dissolved,
and on boiling a white precipitate formed in each case. The flasks
were stoppered and kept in an oven at 80°C for 1 week, with frequent
stirring to promote crystallisation. At the end of this time, the
precipitates were filtered off and washed with water. They were
then dried under vacuum, end x-ray powder patterns and elemental
analyses obtained.

The x-ray powder diffraction pattern (Figure 6.1;

Appendix AS5) indicated that the materials were practically non-cryst-
alline. The elemental analyses were as follows:-
Produet from Experiment 6.5,
Found: Na, 9.80; In, 37.40; Sn, 10.10; S, 42.16 per cent.
Product1from Experiment 6.6,
Found: Na, 11.00; In, 47.70; Ge 2.20; 8, 31.21 per cent.

In the tin-indiuvm system (Experiment 6.5), the bulk of the
material appeared to be the ternary sulphide of sodium ana indium,
but the analysis did not corrcspond to HaInSe, 10.1 per cent w/w of
tin being present. The non-crystalline nature of the materials
precluded formation of a complex (zeolitic) phase, and some form of
co-precipitation seemed likely. The analysis corresponded most
closely to Na Inh Sn 315, and probably represents a mixture of

5

NaIn82 with ternary sulphides of tin end sodium. The high sulphur

content indicated that some oxidation to polysulphide or free sulphur

occurred.



u h-n-‘:
(a) () (c) (a) (e)
Fig. 6.1 X-Ray Powder Patterns of the Solid Products isolated from

the Reactions of InpS3, GeSy; and SnSp in Aqueous Solutions
of NapS,

(a) Experiment 6.5.

(b) Experiment 6.6.

(c) Experiment 6.7,

(8) Experiment 6.8; Powder Phase.

(e) Experiment 6.8; 'Crystalline'Phase.

Copper KL Radiation,
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Only a trace of germanium was detected in the product
from the germanium-indium system (Experment 6.6), the bulk of the
material appearing to be the ternary sulphide of sodium and indium.
However, the analysis did not correspond completely to NaInSz
(Reqd, Na, 11.4; In, 56.9; S, 31.7 per cent). The deficit in the
analysis showed that partial hydrolysis had occurred with the
longer reaction period._ The lack of crystallinity precluded the
formation of new phases analogous to zeolites, and this was confirmed
by the low level of germanium present.

It therefore seemed that in spite of the reduced amount
of sodium sulphide used in these experiments, no tendency to form
complex phases had been found. Reduction of the pH had merely led
to the precipitation of the ternary sulphide of indium, albeit
contaminated with a small amount of tin or germanium. No crystallinity
had developed in spite of the prolonged reaction time allowed, the
products being essentially x-ray amorphous.

Bxperiments 6.7 and 6.8

These experiments used similar reaction mixtures and
conditions to 6.5 and 6.6, with the addition of about 5 per cent 13X
zeolite in each case to promote crystaellization of the required type.
It was hoped that the zeolite would seed the mixture. The reaction
mixture was prepared as in the previous experiments, the only variation
besides the zeolite addition being an increase in the amount of sodium
gulphide used from 4.5 g to 8 g, in an attempt to prevent precipitation
of the sodium-indium sulphide. The pH of the solution was similar,
being 13.5.

The two reaction mixtures were boiled and placed in an oven

at 80°C for 1 week., No precipitation occurred initially in either
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case,; but after about 24 hours a white precipitate slowly formed
from the germanium—indium reaction (Experiment 6.8). The solution
was coloured green. The tin-indium reaction (Experiment 6.7) remained
clear, being light brown in colour, and free from any precipitate.
On removing the flasks from the oven and allowing them to cool to
room temperature, a precipitate appeared in the tin-indium system.
The remasining solution was green, being similar in appearance to that
of the germanium-indium system. The mixtures were kept at room
témperature for a further two weeks, with constant stirring, to aid
erystallization.
At the end of this time the solids were filtered off, washed
~with water and dried under vacuum. The tin-indium product was a
very pale green powder (Yield = 0.45 g). The germanium=-indium
product was also pale green in colour, but appeared to be composed
of & mixture of a powder and a crystalline material (Yield = 1.11 g).
X-rdy powder patterns were obtained of the tin-indium product

(Experiment 6.7) and of the two phases of the germanium~indium product
(Experiment 6.8) which were separated under & microscope (X50). All
the samples were practically non-crystalline, (Figure 6.1, Appendix AS),
only the tin-indium product possessing very slight crystallinity. The
diffraction lines observed were similar, but not identical, to those
found in 13X zeolite. Accurate assignment was.not possible in view
of the very weak diffractions found, but the possibility of the formation
of & new phase did exist. Crystallization can only have been very
limited, however. Elemental analyses were performed as in the previous
experiments:

Product from Experiment 6.7:

Found: Na, 11.12; In, 50.70; S, 29.42 per cent; Sn not detectable.

Product from Exberiment 6.8:

Found: Na, 9.86; In, 33.40; Ge, 1.18; S, 30.22 per cent.
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Caleulated for Hal'n82 : Na, 11.4; In, 56.9; S, 31.7 per cent.
Once again, the predominant phase in each case appeared to be a
ternary sulphide of indium and sodium, although the indium content
was lower than that required for NaInS,. As in the previous
experiments (6.5 and 6.6) it is possible that the extended reaction
period had led to a certain amount of hydrolysis, as the analysis
. does not total 100 per cent. In any cese, the presence of molecular
sieve will cause an inaccuracy in the analysis.

The overall conclusion was that, as in the previous experiments,
only very little formation of complex sulphides or crystallization
had occurred, the main product obtained being the ternary sulphide
of indium and sodium, which had precipitated from solution as a
result of its limited solubility under the experimental conditions
used. Only a trace of the Group IV element was detected in the
product, this probably being due to co-precipitation or formation of
insoluble GeOé.
6.3 CONCLUSIONS

No formation of complex sulphides was found in an examination
of the reaction of indium sulphide with germanium or tin sulphide in
aqueous sodium sulphide solution. In spite of the variety of reaction
conditions used, the ternary sulphides formed in these systems did not
interact to form any insoluble phases that could be described as
analogues of zeolites.

One limiting factor was undoubtably the tendency of the
ternary sulphide of indium snd sodium to precipitate from solution
if a large excess of base were not used. This was in contrast to

the sulphides of tin and gefmenium, which dissolved readily and remained

in solution as long as the pH did not fall below about 10.0.  The
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formation of polysulphides was suggested by some of the analyses
obtained for the indium-sodium temmary sulphide, and phases such as

NaIn(Sx) were suggested. This is certainly consist nt with the

2
supersaturation and sudden precipitation found in this system. The
green colour found in many of the solutions suggested formation of
sulphur radicals or ions of the type discussed in Chap%er 2, and
this system has the appearance of being considerably more complex
than the oxide systems from which zeolites are precipitated.
Undoubtedly, the excess of sodium sulphide added played
an important part on the nature of the reaetibns occurring. When
the mixtures were neutralised with dilute acid, both the ternary-
sulphides and the binary sulphides were formed, suggesting that the
complex ion formation in solution was limited by the amount of base
initially present. However, reduction in the amount of sodium
sulphide sdded did not encourage the formation of complex sulphides;
the only effect noted was the precipitation of the sodium-indium
ternary phase. Whether this was a limiting factor in preventing the
P of the solution being reduced to the region where precipitation
of complex phases might occur is not known. There is no evidence
to suggest that the formation of such phases in this type of system
is possible.
The very low concentration of the Group IVb element found
in some of the precipitates is probably due to co-precipitation (or in
the case of germanium to hydrolysis to form insoluble germanium
dioxide). The longer reaction periods latterly employed had apparently
resulted in a certain amount of hydrolysis.
Although materials such as InhGeS6 have been reported

(see the Introduction), no compounds of this type were found in the
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present work. They are only reported to be formed under more acidic
conditions. No crystalline phases were found, and the use of 13X
seolite as seeding agent did not encourage any apprecisble crystallization,
The overall conclusions were therefore the same as those
reached from the reactions conducted in liquid hydrogen sulphide
(Chapter 5). Solution of the Group IIIb and IVb sulphides in the
form of ternary sulphides with the base occurred quite readily, but
interaction of these térnary sulphides in solution to produce insoluble
complex phases has not been found. A comparatively large range of
experimental conditions was investigated below 100°C, and the lack of
any complex sulphide formation under any of these conditions therefore
seems to reflect a basic difference between the sulphide and oxide
system in this context, too large to be overcome within the limitations

of the approaches adopted.
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CHAPTER 7. _FURTHER CHARACTERIZATION OF THE REACTION PRODUCTS

7.1 _INTRODUCTION AND LITERATURE

The.preparative work described in the earlier chapters
was concerned with the formation of sulphides with structures
analogous to the aluminosilicates, especially zeolites. The
latter materials have wrique and valuable properties, most of
which are concerned with their large surface areas and catalytic
activity. Although the results obtained from the preparative
studies conducted in the various sulphide systems had not indicated
the formation of any complex, crystalline phases that could be
considered as analogues of the erystalline aluminosilicates, it was
nevertheless thought worthwhile to obtain a measure of the surface
area and catalytic activity of the materials obtained. This
enabled a more.complete characterization of the reaction products
to be obtained and formed a further search for areas of analogy
between the oxide and sulphide systems.

T7.1.1 Burface Area Measurements

An examination of the properties of zeolites (60) reveals
a surface area (measured by nitrogen adsorption) of several hundred
metre squafeﬁ per gram, besides the high (and selective) adsorptive
capacity for larger molecules. The weight increase of a zeolite
can be as much as 50 per cent when the pores become filled with
molecules able to penetrate into the structure. Furthermore,
by obtaining a measurement of the relative adsorptive capacity for
molecules of graded size, a measure of the cross sectional size
of the various channels and voids in the zeolite structure can be

obtained.
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Therefore, the first requirement was a measurement of the total
surface area of the reaction products by nitrogen adsorption. Any
magterials possessing comparatively high surface areas would then
be suitable for further examination by means of the selective
adsorption of various molecules of larger size. The techﬁiques
of surface area measurement by nitrogen adsorption have been
reviewed by Frmett (479), and more recently by Inmes (L80).

A more general discussion of adsorption has been given by deBoer
(407). The adsorption is normally conducted at liquid nitrogen
temperature, and may be measured by either volumetric or
gravimetric techniques. Volumetric techniques rely on
monitoring the volume of gas that is adsorbed by the adsorbent,
vhile gravimetric techniques measure the weight change of the
adsorbent as adsorption takes place. Gravimetric methods are
generally quigker, and lend themselfes to automation. However,
temperature control of the sample is less reliable as it is
suspended in a balance pan, and not in direct contact with the
walls of the equipment.

An ideal adsorption isotherm is shown in Figure 7.1
(Brunauver Type II for multilayer adsorption (365)). The initial
sharp rise in gas adsorbed with increasing pressure is ettributed
to the filling of the first monolayer. There then follows a
point of inflection(generally termed Point B), above which a long,
linear part of the isotherm is regarded as representing the filling
of the second layer of adsorbed gas. The Point B therefore

offers a measure of the quantity of gas required to form a monolayer,
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A Volume of gas adsorbed

Pressure of gas
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Fig. 7.1 1Ideal adsorption isotherm for determination of surface area.
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but in many real systems the curves obtained are so far removed from
the ideal that identification of the Point B becomes impossible.
To overcome this, the Brunauer-Emmett-Teller equation was developed

(BET method):-

ﬁ X C-1 /0

= + P
V(o) VinC wme  fo

where f)= volume of gas adsorbed

("o

V = volume of gas adsorbed

vapour pressure of liquid adsorbed

Vm

]

volume of gas adsorbed at monolayer

i

C constant
This equation was derived from a consideration of multilayer physical

adsorption, and a plot of ) versus = gives a straight line

v(,‘_?o-&ﬁ
with slope %éﬁ and intercept '\'&']11;5 Thus a measure of Vm, the volume
of gas required to form a monolayer, may be obtained and from this the
surface area of the adsorbent can be found from the known molecular
diemeter of the adsorbate, assuming close packing in the unimolecular
layer.

When this technique is employed for the determination of
surface area by nitrogen adsorption at liquid nitrogen temperature,
the vepour pressure of the liquid adsorbate (r’o) becomes equal to
~ abtmospheric pressure. The adsorption isotherm (Figure T7.1) is generally
plotted as the volume (or weight) of adsorbate per unit mass of
adsorbent versus fo/(’o, the reduced pressure. Similarly, the BET
plot may be in terms of the weight rather than the volume of .
gas adsorbed. The surface area of the adsorbent‘ is generally

presented as the specific surface (8), expressed as metre squared

per gram.
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The surface area measurements made in the present work
used both the Point B and BET methods of estimating the quantity
of nitrogen required to form a monolayer. A gravimetric technique
was employed; the specific surface of the adsorbate was estimated from

the following relationship:-

*m

5 = ——N.A m2/g
M

where “m = weight of N, to form a monolayer (g/e)
M = molecular weight of nitrogen

Avagadro'snumber = 6.023 . 023

=
L}

16.2 ()2

=
]

area of nitrogen molecule

16.2 . 10°2%R2

i

The BET monolayer capacity is of doubtful validity unless
the isotherm exhibits a well-defined Point B. It is generally
regarded nowaéays that the BET measure of surface area has little
meaning for porous adsorbents, where micropore filling and
capillary condensation in mesopores can cause gross deviations from
the ideal isotherms. Much effort has been applied in recent years
to overcome these deficiencies, and one of the most significant
approaches has been the t-plot of Lippens and deBoer (481-497).
Information about the specific surface area, size and shapes of
pores, reversible capillary condensation and pore filling may be
obtained by plotting the experimental volumes of adsorbed nitrogen
as & function of the statistical (average) thickness of the adsorbed
layer, (t). This method was extended into a system of complete

pore structure analysis by Braunuer (498-501), and the surface
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area of microporous adsorbants has also been considered by Dubinin
(502-504), Bering et al (505-506) and Dollimore and Heal (507).
This is a widely developing subject, but in view of the nature of
' the materials obtained in the present work, it was felt that the
gstandard BET approach would yield adequate accuracy for the purpose
required.

7.1.2 Catalytic Activity Measurementg

The object behind the catalytic tests carried out on the
sulphides prepared was an examination for common features with the
catelytic properties of aluminosilicates. The catalytic activity
observed must therefore be correlated with the known activity of
both aluminosilicates and sulphides.

Tt would be inappropriate to attempt to review here the
very extensive field of aluminosilicate catalysis. Such materials
are widely used eitﬁer as catalysts in their own right, or
alternatively‘as supports for metallic catalysts. The acid
nature of the surfaces of aluminosilicates gives them activity
for the catalysis of reactions such as cracking and isomerization
of hydrocarbons. When these properties are combined with the well
defined structural geometry of zeolites, then valuable selective
catalysts result, The nature of zeolites and their properties
are discussed in Chapter 2 (2.1.4.1). Many reviews have
appeared on the catalytic properties of these materials,
especially useful being those of Turkevich (508=511), Venuto
and Landis (512), Riekert (513) and Weisz (514). Reactions
catalysed inelude cracking, hydrogenation, dehydrogenation,

isomerization, polymerization, cyclization, etc. Reactions such
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as the oxidation of hydrogen sulphide and the sulphurization

of carbon monoxidehave been discussed in Chapter 3. It is a
noteworthy factor that for reactions such as cracking, zeolites
possess activities up to 10 000 times greater then high surface area
silica~alumina.

A reaction associated with oxide catalysts is that of
catalytic "reforming. This processaimed at converting low octane
hydrocarbons to olefins and aromatic hydrocarbons of high octane
number. Although this type of reaction is invariably conducted
over supported metal catalysts nowadays, it was initially developed using
hydrogenation-dehydrogenation catalysts such as molybdenum and chromium
oxides (515). One of the principal reactions in this process is
the cyclization and aromatization of hydrocarbons (516), and the high
catalytic activity for this reaction (in the conversion of n~hexane to
benzene) foun? in tellurium doped zeolites described in Chapter 3.

Also described were the general catalytic properties of sulphided
zeolites and ultramarines with especial reference tothe work of

Dudzik. Such materials were found to have high catalytic activity

for reactions such as dehydrogenation, cracking and hydrodesulphurization.
This activity was attributed to the presence of sulphur radicals in the
aluminosilicate lattice. Improvements to catalyst activity and
selectivity by means of sulphiding was also briefly discussed in

Chapter 3. There have been a great many reports and patents relating

to this type of treatment.

Isomerization of hydrocarbons, a reaction generally
associated with acid catalysts, has been found to occur not only
on slumina, silica and aluminosilicates, but also on many other

oxides, and also on certain sulphides. The subject has been



313

reviewed by Condon (517). Molybdemum sulphide and molybdenum
sulphide~cobalt sulphide catalysts have shown activity for the
igsomerisation of straight chain paraffins, the conversion of
cyclohexane to methyleyclopentane, and several other similar
reactions.

One of the principal uses of sulphides as catalysts is in
the hydrodesulphurization reaction. This has been reviewed by
McKinley (518) and by Schuman and Shalit (519). The catalyst
used is almost invariably a sulphided mixture of cobalt and molybdenum
or nickel and molybdenum, supported on alumina. However, other
catalysts have been used, and included are tungsten and nickel
sulphides, ferrous sulphide and sulphided platinum or palladium
reforming catalysts. The exchange reactions between deuberium
and hydrogen, methyl mercapten, ethyl mercaptan and thiophen on
molybdenum and tungsten disulphides (522-525) demonstrated the activity
of the sulphide catalysts for the activation of the H-S, H~C and
H-H bonds. It is interesting to note that paramagnetic sulphur in
the form of chains of atoms with an unpaired electron at either end
has been found on sulphided molybden a~alumine catalysts(526),
analogous to the species detected by Dudzik in sulphided zeolites
(see Chapter 3).

Supported nickel sulphide has received widespread use
as a hydrogenation-dehydrogenation catalyst (520), owing to many
favourable properties, including low cracking activity and
resistance to poisoning by sulphur. The partial sulphiding of
supported nickel catalysts has been found to lead to very useful

selective hydrogenation catalysts (521).
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Many types of reaction have been reported as being catalysed
by metsl sulphides, and the following should be mentioned. The
formation of thiols by the reductive thiolation of aldehydes occurs
over the sulphides of cobalt, molybdenum or nickel (527). The
sulphides of copper, nickel and cadmium have proved effective for
the decomposition of ethyl mercaptan to ethylene and hydrogen
sulphide (528). Patents relate to the oxidation of hydrogen
sulphide by oxygen, carbon monoxide or carbon dioxide over
suported catalysts consisting of an alkali sulphide with a
sulphide of nickel, cobalt, manganese, cadmium, tin or aluminium
(529). The supported oxide or sulphide of aluminium, cobalt,
iron, molybdenum or nickel has been found to catalyse the
conversion of dibenzyl to toluene (530). Finally, the acidity
and catalytic activity of zine sulphide for the iscmerisation
of cis-2-butene vas investigated (531). . It was found that
zine sulphide showed a loss of surface area due to sintering at
500°C; +this could be retarded by doping with Aﬂ?+ on Ga3+.

The concentration of acid sites on pure zinc sulphide was found
to be similar to that on the silica aluminas and zeolites.

The reactions examined in the present work were (i) the
isomerization of 4 methyl pentene~l,(ii) the dehydrocyclization
of n-hexane. The first reaction was intended to show the presence
of acid sites on the catalyst surface, a characteristic feature of
aluminosilicates,which, as has been indicated above, is also
found on some sulphides. The reaction represented by (ii) is
commonly associated with mixed oxides, although it is more

commonly carried out over supported metals nowadays. It is
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of especial relevance to the present work in view of the very
high sctivity and selectivity of tellurium doped zeolites for this
reaction.
T.2 EXPERIMENTAL
T.2.1 pBSurface Area Measurements
7T.2.1.1 Description of Apparatus

This was a simple McBain balance constructed in the
laboratory (Figure T.2). A two stage rotary pump was used, which
with a liquid nitrogen trap gave & pressure in the system of less
than 1.10-3 Torr. The b&éking pressure was measured by means of
an Edwards' Vacustat gauvge, and the balance pressure was measured
with a differential mercury menometer (above 10 Torr) and with a
second Vacustat below this pressure. The silica spring was
tﬁennostatted at 25°C, and the sample area could be either cooled
with a liquid nitrogen bath or heated with a tube furnace for
semple outgassing. The sample was contained in a pyrex bucket.
Nitrogen (BOC oxygen free grade, passed'through a molecular sieve
drying tower) was admitted via a two valve system to enable small
volumes to be admitted in a controlled manner. A travelling
telescope was used to measure the spring extension.

The method of operating the balance was as follows:=
The sample was placed in the bucket and the system pumped down.
The sample was then heated if outgassing was required, its
temperature being taken as that of the furnace. The sample
tube was then cooled in liquid nitrogen, and the isclating tap
closed. The sample zero position was recorded with the
travelling telescope, and then change in reading with progressive
nitrogen admissions noted. The method of admitting nitrogen was

to open and close the valve on the supply side so as to fill the
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admission volume, and then to open the valve on the balance side

to let the gas dose into the system. The system was finally let
up to atmospheric pressure with nitrogen and the sample removed.

The barometric pressure at the time of the experiment was recorded.
The zero position for the spring with the bucket empty was checked
before the commencement of each experiment, and in this way the weight
of sample used was known. The development of electrostatic charges
on the sample during the experiments caused risk of loss through
scattering. This was overcome by lightly compressing the more
finely divided materials, and the use of a radiocactive source to
remove this charging effect was not required.

The silica spring was calibrated with analytical weights
up to 150 mg. The sensitivity over this range was 21.7837 em/g,
obtained from a graph of extension versus weight. The smallest
extension that could be measured was 0.002 cm; this corresponded
to 0.1 mg weight change in the sample. The sample size was about
100 mg, ar}d therefore the absolute sensitivity of the balance was
gbout 0.1 per cent w/w.

A test was conducted on active charcoal, which had been
previously checked by the manufacturers and found to have a specific
surface of 65 mafg. It was activated at 150°C for 15 minutes,
after which time no further weight change was recorded. The
tabulated results for this and the subsequent determinations are
presented in Appendix AT7. The weight uptake versus P/po and BET
Pf(Po-POx versus P/po graphs are illustrated in Figures 7.3 and T.h.
Good agreement was observed between both the BET and 'Point B'
estimation of the quantity of nitrogen required to form a monolayer,

and the adsorption isotherm (Figure T.3) was very.similar to the
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ideal isotherm illustrated in Figure T7.1l. The specific surface
area obtained from these results was an average of 82 m?/g; this
is slightly higher than the manufacturers value, but is in agreement
with an independent determination made in the wmiversity on a Cahn
micro-balance (80 m2/g).

The minimum specific surface area that could be determined
with the equipment with any degree of accuracy can be assessed by

using the minimum detectable weight change in the specific surface
3

caleulation. Assuming a 100 mg sample, this becomes .10 ele
; - my : 23 == :
Then 8 =1.0x 10 x 6.023x 16.2 x 10" %10 3.49 m2/g

28
Thus, ready discrimination between low surface area sulphides or
oxides (10-20 mzlg) and the higher surface area zeolites and related
materials (over 100 m2/g) was possible.

T.2.1.2 Measurements made

L]
Surface area determinations were conducted on the water

washed products from Experiments 5.10, 5.11, 5.12, 5.13 and 5.17,
activated at 100°C in vacuo. The results, calculated by both
'Point B' and BET methods are collected in Table T7.l. The data
plots are presented in Figures 7.5 to 7.1k, and the tabulations

are in Appendix AT. It may be seen that agreement between the two
methods was generally within experimental error, and that low
surface areas were obtained in all cases, confirming the conclusions
reached about the nature of these materials in Chapter 5. The
shape of the isotherms cbtained (with the possible exception of that
from Experiment 5.11) would at one time have been attributed to
Langmuir monolayer adsorption (Brunauer Type I isotherm (365)).
However, as was pointed out by de Boer (L4OT), a similar isotherm
will occug if negligible adsorbent-adsorbate intersction oOccurs

as long as strong inter-molecular forces occur in the adsorbed layer.



Fig. 7.3 Adsorption isotherm for Active Carbon,

Fig. 7.4 B.E.T. plot for Active Carbon.
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Fig. 7.9 Adsorption isotherm for Experiment 5,12,

Fig. 7.10 B.E.T. plot for Experiment 5.12.



Fig. T.11 Adsorption isotherm for Experiment 5.13. l
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Fig. T.12 B.E.T. plot for Experiment 5.13.



Fig. 7.13 Adsorption isotherm for Experiment 5.17. |[

Fig. 7.14 B.E.T. plot for Experiment 5. 17.
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Experiment System 8 (mz/g) 1
Point B BET
5,10 Ino* /st /v 26 22
5,11 mot e 35 24
5.12 In3+/sn4+/at4n+ 17 1
5,13 m>*/ce*t /Bt it 17 13
5017 In3+/Ge4+/Et4N+/Ha+ 21 14

Table 7.1 Specific Surface of the water washed products, determined
by nitrogen adsorption at liquid nitrogen temperature,
Calculated using both Point B and BET estimation of

Monolayer.
Experiment System Conversion of n-hexane fo
benzene (mele %)
5,10 ot /an? mat 155
511 : In3+/Ge4+/€a+ None detected
5,12 7t fen* /e ut 0+56
5,13 >t ce* /Et W 2408
5,17 1n*/Ge™ /B 5" /ua” 0465

Table 7.2 Activity of the water washed products for the conversion
of n-hexane to benzene at 65000.
Nitrogen : n-hexane ratio = 10 :1
GHSV = 1000 v/v/hr
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It is generally regarded nowadays that this type of isotherm may
be attributed to micropore fiiling as well as to Langmuir type
adsorption.

T.2.2 Catalytic Activity Measurements

T.2.2.1 Description of Apparatus

A conventional continuous flow microreactor was used for
the catalyst tests, (Figure T.15). The catalyst was contained in
a 2.5 mm ID silic%/glass tube between quartz wool plugs. This vas
heated in a tube furnace, temperature control of which was by means
of a thermocouple placed in contact with the reactor tube. A Variac
variable transformer connected between the controller and the heater
windings prevented temperature overshoot which can occur owing to
thermal lag in this type of arrangement. It enabled a controlled
heating rate to be obtained. The liquid feedstock was contained
in a saturator fitted with a themmostatted water jacket. The feed-
gas was assumgd to be saturated at the thermostat temperature and
could be diluted with a separate gas stream if required. A by-pass
arrangement allowed the saturator flow to be established and the
feed concentration checked on the GLC before it was admitted to the
catalyst bed. The separate carrier supply to the catalyst bed
enabled the catalyst to be preheated to the required temperature
before the feed gas was admitted. Flow control was by means of
needle valves in the gas supply, which was regulated by means of
Negretti pressure regulators. Two carrier gases were used during
the course of this work - nitrogen and hydrogen. BOC oxygen free
grade was used in each case, and it was further purified by passing
it through menganous oxide and activated molecular sieve columns to

Ll

remove oxygen and water respectively.
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The gas stream leaving the reactor was passed through a
six-port valve which was connected as a sampling valve for the
chrometograph. The effluent line from the reactor to the sampling .
valve and vent was wound with heating tape to prevent condensation
of the product. The chromatograph column was 6 foot x i inch, packed
with 28 per cent SE 30 silicone gum on T2 - 100 mesh celite. It was
conditioned at 25000 for 10 hours at 85 ml/min nitrogen before use.

A reference stream of nitrogen was passed through the chromatograph
oven, sample and reference detectors being employed. The detectors
used were of the vacuum discharge type, constructed in the laboratory.
They consisted (Figure 7.16) of a pair of iron electrodes mounted in

a pyrex glass tube, connected at one end to a vacuum pump, and at the
other (via a capillary flow restrictor) to the effluent lines from the
GLC. A high voltage was applied to the electrodes,a glow-discharge
established, and the current flowing in each detector balanced in a
bridge arrangement. When no gas was being eluted from the GLC column,
pure carrier gas bled into each detector and the bridge was then
balenced, the current flowing in each unit being similar. By keeping
the resistance ratio in the sample arm the same as on the reference
side, noise on the HT line was also balanced out. When a component
was eluted from the column, this appeared in the sample detector and
the voltage across the discharge changed. This caused the bridge to
become unbalanced, and the recorder connected in it registered a peak.
The arrangement gave a linear response over at least & hundredfold
variation in the concentration of hydrocarbon components up to about
_0.1 torr partisl pressure. It was only necessary to ensure that the
pressure in the detector remained constant, and this was controlled
by the throttling valve in the pumping line. The detectors were

operated at 500 volts and 3-5 torr pressure. Although not as
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convenient in operation as a commercial katharometer or flame
ionization detector, these discharge detectors were very sensitive
and had the advantages of being readily constructed and robust, and
served a need when no other instruments were available.

7.2.2.2 Isomerization of 4-Methyl-pentene-1

The feedstock was obtained from Koch-Light and was
distilled over calciumsulphate before use. The fraction collected
between 54.0 and 55.0°C was used; the reported boiling point is
53.6 to 53.900. The isomerization sequence expected was:=—

CH CH CH CH

i3 (3 |3 |3

a =Yy - —noet—_oa._._o(—-).—.—o_.“n _—.H'-."—” - T m——

L MP-1 4 mp-2 2 MP-2 3 MP-2

The formation of 2,3-dimethyl=l-butene and 2,3-dimethyl-2-butene

was also possible:=

°I|i3 C}l{?, CTs CII‘3
o==_'-.1—-t—--t W g T g =
2,3=dimethyl=l-butene 2,3~dimethyl-2~butene

The chromatograph was operated with an oven temperature of 45°C
end a flow rate of 85 ml/min. Calibration samples of the various
hydrocarbons expected to be formed were donated by the British
Petroleum Company Research Centre at Sunbury-on-Thames. Only
partial resolution of the lY-methyl-pentene-l and L4-methyl-pentene-2
isomers was obtained (bp = 53.7°C and 56.2°C), and similerly the
2-methyl~pentene-2 and 3-methyl-pentene-2 isomers (bp = 67.300 and
66.900) were not resolved, but a clear difference in retention
time was observed between the l-methyl-pentene-1 feedstock and the
materials likely to be formed as products.

The Y-methyl-pentene-1 saturator was operated at 25°C,

and nitrogen wes used as carrier gas, as tests had indicated that
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decomposition of the catalyst and formation of hydrogen sulphide
occurred if hydrogen was used. The nitrogen:hydrocarbon ratio was
10:1, and the GHSV (gas hourly space velocity) was 1000 ml feedstock/
ml catalyst/hour. 0.2 g of catalyst was used in each test, the
average density being 1.35 g/ml. It was necessary to pellet the
catalyst in a small press, and grind and sieve it to 60 = 80 mesh
before use to avoid the reactor becoming blocked.

The water waéhed reactor products from Experiments 5.10;
5.113 5.12; 5.13; and 5.1T7; were tested at temperatures between
150D and STEOC, but in no case was any appreciable iscmerization
of the feedstock observed. Only over 500°C did traces of dimethyl
butenes appear in the effluent gas stream, which was largely unconverted
h=methyl-pentene-l. The only other materials found in the effluent
gas stream were some carbon disulphide and hydrogen sulphide from
decomposition of the catalyst.

T.2.2.3 Dehydrocyclization of n~Hexane

The conditions used in this set of experiments were similar
to those used in the isomerization tests ie a nitrogen:hydrocarbon
ratio of 10:1 and a GHSV of 1000 ml hexane/ml catalyst/hour.

The principal products expected from this reaction were
benzene, cyclohexane and possibly methylcyclopentane. The GLC
oven was operated at TSOC, and a good separation of these components
was obtained. The chromatograph was calibrated gquantitatively for
n-hexane and benzene. Known quantities were injected from a 50 pg
syringe into a 5 litre flask containing a few rolls of metal gauze
end fitted with a septum cap. The synthetic gas mixture, after
mixing was pumped through the sampling valve with a 20 ml glass
syringe. The response of the GLC for known concentrations of the
various components was theréby'measured,‘and calibration graphs

prepared.
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The n-hexane used was BDH 'Specpure' grade passed through
Sinclair Baker alumina activated at 300°C. The materials tested
for activity were the water washed products from Experiments 5.10;
Sl 5.123 5:133 51T, Very slight conversion of hexsane to
benzene was found in each case except 5.11, and the mole per cent
conversion of hexane to benzene is presented in Table T.2. Reaction
was conducted at temperatures between 150o and TOOOC. The optimum
temperature for benzene.formation was 650°C, and this is the temperature
at which the reported conversion was obtained. Cracking was found
at temperatures of 600°C and above; a test without catalyst showed
that this was wholly due to reactor wall cracking.

Carbon disulphide was found in all the reactor off-gases.
Tésta were conducted in which the catalyst was heated in nitrogen
alone; carbon disulphide was initially found in all cases where the
tetraethylammoniun base had been used in the catalyst preparation.
However, & much larger concentration was found when the hexane feed
was admitted, and catalyst decomposition during the reaction was
therefore indicated. As in the case of the isomerization studies,
pretreatment of the catalyst in hydrogen led to the formation of
large amounts of hydrogen sulphide. The catalysts were found to be
inactive for benzene formation following this treatment.

It therefore seemed that a sulphide species was responsible
for the iow level of conversionof n-hexane to benzene cobserved.

Whilst pretreatment to the reaction temperature in nitrogen,
and the use of nitrogen as carrier did not affect the catalyst, the
use of hydrogen for these functions resulted in complete loss of
activity through loss of sulphur as HQS. It must be stressed that

these conversions were very low in comparison with conventional

reforming catalysts, which would be expected to give 20 - 30 mole
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per cent conversion of n-hexane to benzene at 500 - 600°C and the feed
rate used. The low surface areas determined for these materials (Table
7.1) will have a marked bearing on this,

7.3 CONCLUSIONS

As was indicated in the introduction, certain sulphides possess
activity for isomerization of olefins, attributable to their acidic
properties, The sulphides tested in the present work showed a lack of
isomerization activity, and it is therefore concluded that these materials
did not possess appreciable surface acidity of the type found in alumino-
silicates, It was only in the dehydrocyclization reaction that a small
catalytic activity was found, and this was completely selective to benzene
formation., This activity is in direct analogy with the dehydrocyclization
activity of molybdenum and chromium oxides, which act by preliminary
dehydrogenation of the linear paraffin and subsequent cyclization of the
highly wneaturated intermediate(532)., This is in contrast to the activity
of metallic (Pt) catalysts, vhich in the absence of acid isomerization
activity yield' cyclopentane derivatives. The very low surface area
serves to explain the very low overall activity found. Very little
cracking was found with this reaction, and that which was observed was
vholly attributable to the walls of the reactor, at the high temperature
used, The maximum dehydrocyclization activity was observed at 65000,
which is at least 100° above the temperature at which this reaction is
normally conducted. The low cracking activity is again indicative of
the low acidity on the surface of these sulphides,

These experimentis therefore served to confirm the views already
reached concerning the nature of the sulphides prepared in the hydrothermal
system, The very low surface area and catalytic activities measured precluded
species analogous to aluminosilicates, and supported their characterization
2s mixtures of simple sulphides, It is interesting, however, that the high
selectivity for conversicn of n-hexane to bénzene is also found in

tellurium doped zeolites, as was described in Chapter 3.
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CHAPTER 8. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

It was shown in Chapter 2 that many of the Group IIIb and
IVb sulphides should be ecapable of forming structures analogous to
the alumino-silicates. Radius ratio considerations were favourable,
and the required tetrashedrally based structure was geometrically
feasible. Predictions of the chemical aspects were not as easy to
make., Certainly it seemed that the increased co-valency likely
to be found in the metal sulphur bonds as compared to metal oxygen
bonds would require careful consideration of the stereochemistry,
but a consideration of the structures adopted by known Group IIIb
end IVb sulphides and complex sulphides showed that many of the
structures were very similar to analogous oxides. The tetrahedral
coordination found in the Sioh building blocks of the silicates
occurs in many of the Group IVb sulphides, and given the correct
system, there seemed a good chance that complex framework sulphides
analogous to éhe alumino-silicates could be formed.

It was therefore disappointing that no tendency to form
these structures was found. Early work attempted the direct
sulphiding of 13X zeolite at elevated temperature with CSQ. This
technique was known to work witl: the more compact oxides, but it was
not found to be possible to sulphide the zeolite lattice in this way
without a total loss of crystallinity. The replacement of oxygen
by sulphur resulted in a complete loss of the structural framework.
Below the temperature at which structural sulphiding occurred (~500°c)
a tendency for reactive sulphide species to become absorbed within
thé zeolite lattice was observed. At least a part of the activity
appeared to be due to the zeolite catalysed oxidation of absorbed
carbon disulphide, which cccurred when the materizls were expcsed to

air.
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This section of the work was necessarily limited in its
scope. It could be usefully extended by the use of other
sulphiding agents (eg HQS, organic sulphides) and also the use of
other zeolites which may well react differently. Of especial
interest would be the use of germanium—-gellium analogues of zeolites.
As was indicated in Chapter 2, the lower group elements are more
likely to form sulphur analogues of zeolites than are aluminium and
silicon.

Even if such thiozeolites should be capable of formation,
it is by no means certain that sulphiding of a fremework oxide with
such an open structure would be possible wilthout destruction of the
lattice. For this reason the main emphasis in this research was
placed upon the synthesis of sulphur analogues of zeolites in systems
analogous to those in which the oxide structures are formed. The
results of this approach may be briefly summarised:- although
solubility of ‘the elemental sulphides in the hydrothermal flux
readily occurred, no tendency was observed for complex sulphides to
precipitate from solution in the manner of zeolites and related
materials.,

The solubility of Group IIIb and IVb sulphides in aqueous
solutions of alkali metalsulphides is well established. The failure
of the complex sulphide species in solution to feact and produce
insoluble species analogous to zeolites is probably conclusive
evidence against the formation of such materials under the conditions
used. The solubility of Group IIIb and IVb sulphides in similar
solutions employing hydrogen sulphide as solvent is a less well
documented topic, however, and the results obtained are significant
in that they illustrate an area of analogy between water and hydrogen

sulphide. The solubility of these sulphides in the highly basic
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solutions of tetraethyl—smmonium hydrosulphide was undoubtedly
the best way to obtain the required solutions. However, it was
somewhat surprising that apprecieble solubility (especially of
the lower sub-group sulphides) occurred in solutions of the
sparingly soluble sodium hydrosulphide in liquid hydrogen
sulphide. Whether or not ionic processes were involved is not
known, but the formation of HaIn82 from NaSH and In283 was shown
to occur readily at 85°C in liquid hydrogen sulphide, directly
in anaslogy with the formation of this compound in aqueous
solution.

The participation of liquid hydrogen sulphide as a
solvent in these systems was clearly demonstrated. Two distinet
classes of reaction were identified: (1) crystallisation of non-
crystalline feedstock: (2) the formation of new (crystalline)
phases, which appeared to be restricted to ternary sulphides
(ie M;ﬁ;sz). As predicted from theoretical considerations,
the lower sub-group elements appeared to be more reactive,
crystallisation of aluminium and silicon sulphides only occurring
at elevated (supercritical) temperatures. In view of the
solubility of the metal sulphides in the basic media, insufficient
interaction with the solvent (eg hydrogen bonding) ié implied
by the failure to precipitate complex phases.

An obvious extension of this work would be the use
of alternative basic media in an attempt to optimise conditions.
The pH of the solution is likely to play an important part.
Variation in base type and concentration is necessary to control
this. The use of organic bases with larger alkyl constituents

(eg lauryl trimethyl might well affect the crystallization
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processes, favouring the formation of more open structures. The

use of gallium sulphide would be of interest to complete the examination,
whilst other sulphides with suitable ionic size and stoichiometry

might be considered. The use of alternative fluxes (ie molten

salts) is also worthy of consideration.

In general, the properties of the reaction products were
in character with the naturé of the materials. Of particular
interest, however, was the slight catalytic activity some of the
materials were found to have in the conversion of n-hexane to benzene.
This would be worthy of further study. Attempts to increase the
surfece area of the materials (possibly by the use of an inert
support) would be necessary to increase the activity, and the
initiation of a more comprehensive programme to characterise
the catalytic activity of the various simple and complex sulphides
involved would be of value.

One other set of original data came out of the work
conducted, and this related to the formation of merceptide
derivatives of aluminium, AﬂKSR)B. It was not found to be
possible to prepare this type of material by a method analogous
to that used to prepare Si(SR)h (ie reaction of SiCQh with NaSR).
This was in part due to the difficulty of separating the
product (insoluble in the case of aluminium, but not of silicon)
from the NaCQ formed, and the use of a different base (ie ammonia)
'in conjunction with the mercaptan would be one way of overcoming
this. However, attempts to prepare this class of material from
ethylaluminium indicated that reaction further than EtAf.(SEt)e

was not possible, probably due to polymerization of the product.
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Literature and patent reports relating to the formation of ALISR)B
from solutions in coordinating solvents, or from the reaction

between aluminium and thiol, were not substantiated.
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AFPFENDICES 170 5 3 X RAY POWDER PATTELN TABULATIONS

__APPEKDIX Al . Diffraction Data for 13X Zeolite.

a(); (1/1)

_ Found  Reported (60, p.47)
14+52 E1oo) 14-46(100;
8+85 (50) 8+85 (18
770 (50 T+54 12;
5¢71 (50 573 (18
4+85 (30 4+81 (5
cumgina |
3495 ang 3+95 (4)

3484 (50 3081 (21)
77 \3
3461 §1
350 (1
3+32 (50) 3434 (8
' 303 (20) 308 (s
+03 .
3700 (20 2:94 (9)
2«86 {50 2.88 519)
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AP@F@?IX A2 Hvdrothernal Pleparatlons 1n rydrogen Sulphlﬂe

_ Bxperiment 5.1 Experiments 5,2 & 5.3 ~ FExperiment 5.4
a(®) (1/1) af) (/1) a®) (1/1)
b9, PR e
3406 5) 297 100)
2+98 10?) 2461 203
2430 70 2+51 10
1498 60; 2023 50)
179 50 1497 10)
1452 103 184 5
1448 20 1-81 5
1445 1) 178 5
140 30 144 5;
1429 10 1440 5
126 20
1424 20
1+12 5
1+10 5
1+05 5
Experimﬂnt 5.5 _ Experiment 5.6 Experiment 5.7 (Blank,control
' = | - - —  &ex-reactor
a®) (/1) d(ﬁ) (1/1,) d(R) (I/Io) similar),
(Dark Phase) % gg E::g; g.zg %2{)})
3419 Evvw; 692 15) 4486  (30%)
296 VW 5477  (25%) 4+13  (30)
2479 (vvw) g-gg 15 4+43 5*;
. 5 «28 #*
(White Phase) 4+68 20 2'46 20*)
| 452 25) 3+33 (20*;
3¢56  (40) 4230 5) 3023 100
330 10) 4+00 10; 3213 ao*;
2+96 100) 3491 5% 3406 30%
2460 10) 3486 80%*) 2498 80)
224 80 3460 20*; 2+88 (6o
:} . gg @g 3e42 60# 2483 (80
. & 5435 20*) 2+66 20)
}'gg ;g g'gg 210;*) 2-56 §1og {cont.)
o4 . 50 2449 10
2498 EJO) 220 E3og 1482  (20%)
2+90 60) 2+15 10) 177  (10%)
285 2409  (10) 1+75 55)
2+62 ; 2006 (5) 1469 (80)
2¢51 15 2402 (10)  1+64 (30%)
2+43 30) 1292 (10%) 1.61 (10)
2¢13 (30%) 1+88 (50) 1.58 (30)

* Broken Line
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Experiment 5.8 Ixperiment 5.9
(Blank available from 5.7) Blank * Ex-Reactor

a(R) (1/1,)

s

a(®) (/1)

a(®) (/1) a®) (1/1,)

9436 (5) 7263 (5) 8+94 (5)
6+80 210; 6474 Esog 657 (80)
6222 (30 5.85 (aiff) 601 (20
576 20% 5463 E15)
5¢33 (10 4+93 20; 507 Esog
4+70 (10) 484 (10 477 (50
e R s
4403 gﬁog 411 2?
3¢50 (10 579 (5
3434 (5) 2270 {15
3.22 (100) 3458 240;
3417 (5) 3.27 (aiff) 327 (5)
3.06 (10) 325 (20)
2498 iaog 3¢14 (diff) 3+10 (60)
2¢89 HO) 297 1g0)
2:83 (50 2¢89 (5
272 (50 2¢82 (50
2450 gsog 2468 (diff) 2+76 603 2+75 (100)
2+39 gzog 2¢60 (20
2e34 (10) 2+55 E15 2+54 (20)
2:25 (10 2+47 (30
2¢19 220) 2432 215)
2¢12 (5) 2:28 (5)
210 %403 2¢24 (70
1.92, (10 2.19 (60 2416 (30)
1486 (40) 2¢09 (20
AR 5200 (20) (50)
. € . _ 199 (50
1469 (60 197 (50;
161 (40 1.89 (diff) 1+91 Ezo 1+90 séo;
158 (40 1484 5; 183 (40
181 (5
R
. 10
1«71 (10 1e71 (1
1468 515; 1-26 5i
1257 A9 1+60 (1
155 §5§ 1+57 (20)
R
4 10
147 (10
1-2% g?g) 1e42  (5)
1,33 (5)
1.32 %5)
1.29 (5) 1:29 (15)
1.26 (10) 126 (10)
' 1.23 (10) 1.21 (20)

* Before addition of lNaSh.
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Experimqq; He 18

Control™® Ex-Reactor

Water-VWashed (Blank avzilable
S TR T LTl SN from 5.9)

a®) (/1) a®) (/1)  a®) (/1)

11+57 550)
9«02 (100) 8+65 (100) 8+54 (100)
663 (5) ggg gg()})
442 (5) 427 (50) 428 (60)
R
3024 gsg 3421 20% 324 (20)
3413 (5 3¢12° (60 g-ég go)
2¢84 2603 282 510; 2.81 5;
274 (60 2:73 (60 g-;g ug)
2. 5
2-4? 8{)} 2:44 (20)
2+3
2428 233 2+28 (30)
2¢1 1
2-12 10) 2¢14 (20)
200 (50) 2¢01 (20) f-gg Ego)
186 (20) 1487 §5§
1485 (5
1+82 (30) 182 (20)

I )

* All very diffuse
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_ Experiment 5.11

__nﬁ;??k_* Control Ex-leactor Water-vashed

a(f) (1/13) a®) (1/1,) d(ﬁ)-(l;go) d(ﬁ) (1/1,)

9+17 (20)
T+63 (30; 7-81 5100)
6+90 (30 6+69 (10)
6+46 (10)  5+97 (20)
5¢51 (10) 4+84 220;
453 (100) 452 (40
75 15y,
408 (80)  3-97 (40)
3 3
. 5
3.20(diff)  3.25 (50) 3021 (10; 3e23(aiff)
3013 £1o
3+03 (5)
3406 gso; 296 gso)
2:92 (50 2+85 (30)
2+70(d1£r) 2+71 (5)
2+65 (10) 2¢69(diff)
2:50 (5)
2+ 38 (53
2+34 (5
2+25 (10)
2020 gsg
2:08 (5
- 12 g?é
1+89(diff) 1491 10§ 1+90(diff)
185 &10
182 (10)

* Before addition of liaSH
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Ekpepéygnt 5.12

Blank® Control Ix-Reactor WVater-Washed &

T T | _Fethanol-Washed

a(®) (1/1) a®) /1) a®) (/1) a®) (/1)

10,70 (100) 11-95 (80) 1168 (100)
10-85 (60) 10570 E1oo)
9¢89 (100)  9+70

9«08 £1oo) 8«62 (50)

8+43 (60) 8+ 35 (803
7-89 (50) 7-89 (50

6+66 (603 6+22 (103

5.98 (vw) 619 (20 5495 (10 6+10 (5)
5478 (5)
TSR 0 M e
502 5¢14 J
4+85 (10 4+73 (5)
4264 £50§ 4+59 (20)
4¢41 (5) 4+38  (5)
4:30 (80)  4+25 Ezo) 4+22 (20)
412 (5) Then as Ex~Reactor Sample,
3+91 %10)
i
3460 Eeog 3255 %5)
3448 (10 3¢37 (10)
333 (80)  3.30 (10)
3410 (5) 3021 E1o)
3.05 (20) 305 (5)
y 2491 Es) 2+94 519)
2+83 10; 2«86 (10)
2+75 (10 272 (5)
2¢71 (40) 2¢55 510)
2460 (40) 2¢45 (5)
2¢3%9 530) 2¢40 (10)
Re30H20) - Se35 (5%
231 &5
2¢22 (10) 227 (5;
2¢20 Es)
5
2¢10 (20
2406 103 2:05 (10)
2+03 55)
2:00 (20) 1.88 (5)
1.87 (10)
1483 {10) 1482 510)
1279 (20) 178 (5)
173 (10)

#* Before addition of It 4}3+SH-.
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Water-Washed &
. Methanol-Washed

a(®) (/1)
6+52(aiffuse)

)
)

i

NSO O OO
Al Al BT o el
et e e e e e el e el S el e el e P e

NACNI-<TO NN O MO N N
MO OTNOON-INNOO-OMNM~O

e & 8 & o % > s s e > & & & & @
A e RN o BTaUTaUTaNTalt ot s b s s o S Al oW ot al oW o

20)
100)
80
30
100)

i St et N Sl N

Ex=Reactor

9+60

a(R) (1/1))
1120
10+09
893
8+ 50

100)
)

P e Vo Vo Voo o

COCOC o
=
N e M e et

O I I~
ON\D v e \D =T

&« & + .
TalaUTaBiat ~ghn o

(60

No Lines present on Blank,
9+62 (60

Experiment 5.13‘
Control
a(8) (1/1))

13400
10429

o

o P
7 50 el

- N

0

—
o
\

C o
MO

2

P Ve W - ~
DO OO ~—0
NN v~ = NN
e e,

NI~ IO
MO OVOND

. @
e ol ol o oV Ko iV ]

NN

e e e e e

Qv —~\O [~
DAOuvVsErMOoO o

@ B = & & & @
(o IR at N a TR o U o Vil ot



Experizent 5.14“

Blank®

1109
9+ 86

B I AT O

- L] - L] - Ld
o N \ N D - P \D =
jee s o oW 0 Ow

L

L S
341
3016

3010 |

300
281
271
2465
2+51
2+3%6
219
2:04

_Blank* Control
a(®) (1/1,) a(®) (1/1,)

—— e — e —

X RBa g 0 L
a®) (/1) ) (1/1)

Water-Washed

1146
sso) 1131

100)

8-58 (100)

;5;
5
10) 5+ 44
(20
gzoi 487
20 4066
Ezo; 431
50 4+11
(30) 3480
(20)

328
(10% |
10
5) 2493
%53
1
g
.
5)

ﬁao)

80)

(20;

12.33 (50)

10494 (40)
E100)

9-86
9+05 (so;
857 (60

.
\J @

MO OO o=
P

.
O~
—

OWhHh\Jgm -

N S N”

AN S DD \SRS ]
. e " . LI
=\ = -2 N

Oy =]
-0 \O \D
U \n

g

L]

NN NN i e e T i e o ¥ NN

AN =
—na O — OO OO
L

N AN AN
- =3 PO

%After addition of Et N'su™.

4

1246 (80)
11+64 (80)

9+94 (60)
9¢17
847 ;
7+90
T+53 g
T+23
6+ 40
607 %
577
552 10;
528 (20
5e11
4473 ;
459
4+38 (
4022 §
407
394
3074
3455
335
321 %
3412

(

421
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~ Experiment 5.15
Blank* Contrnl Fx~Reactor wateru‘hshed

ca®) (1) e@® ) (1/1 ) a(®) (/1)) d(ﬁ) (I/I )

1319 (5)
1091 (10) 1067 (100)
972 (10) 9+72 (50; 974 fzo;
8+ 30 5% 8+88 (30 8+33 (50 833 (medium)
7+20 (5 7+31 (5) 715 (5)
6484 20% 676 E10) 6+63 (10)
6+54 (50 6+53 (20)
6+16 (30) 6+19 (20) 5497 §10
542 (100) Then as blank 558 (10
sample, 5¢24 (10
507 E1og
4+85 (50) ﬁ‘?& §§
424 (50 4+39 (10)
4412 (20 4+11  (10)
e ;;?’ e
° 5 q .
3453 ( } 3460 (5)
3¢42 (20
3427 (50 3¢29 (20)
3413 (10 ;
3:02 (50
2:95 (50)
2672 ;10)
2466 (5)

¥\fter addition of Et4n+sn“.



Experimen

t 5.16

a®) (/1)  a®) (/1) a(®) (1/1))

9+62 Esg
8+94 (5
8230 (5)
676 (5)
6+51 (10)
6209 5%
5¢79 (5
541 (100
4296 (10)
424 (80)
4414 Es;
3490 (5
3063 (5)
%1 E‘iS;
3¢12 (10
3+02 SQ)
2+94 (60)
2«81 (1;
272 (1
2664 (1)
2e45 1%
2440 (1
227 220)
2416 (20
2+11 (10
203 szo
2400 (10
1493 is;
1+86 (1
1076 (10)

Contrq}

. 13«12
1098
10+05
9+60
8+98
866
7+86
704
6+39
; 6+09
586
100) 548
s blenk 5e24
4+99
4+76
4+ 31
4e12
390
319
3+69
3445
538
331
317
3403
2468
2483

1
1

i R i
e D00 O
P NN )

Sk
(==

R

mEE U O o O O MMNO W
- - Ll . - -

i)

BED A MO U= wWwO=-WwoOo

s OO o ON e |
[y B I L T o Vo Ve

.

-

¥After addition of Et4N+SH".
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Ex—Renctor

(10)

o0

(60)

&
50

(50)
5)
30)
5)

N o=
c o
T N S

S

P P P P T P, e, e, P . P P P s e P, P,
- 0
O~
S S

Wi\ =S\ MW =S Anan
et O D O s
o

a(®) (I/Io)

9-82 (5)
g+50 (100)

4+90 (50)

4423 (5)
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Experlment 517

Blank* Control Ek—neﬂctor Water—hashed

Gleen Phase 1ellou Phase“

= AEL ) 4l (vr) a(8) ) o) (yz g a(® (/1)

12:81 (20) 1232 (5) 12-68 (12)

11+79 (30)
10:0 555 AR s
9¢76 (10) 9-71 (50 8
T ey e &)
8«38 (10 .
8+30 (5
-1 EE(%% Gt GO R AT RO
681 (10 +87 5 . .
6+56 5100) 6454 ES%
6+13 (20) 6+14 (5 .
5¢80 (10) 5¢82 (20) 592 (80) 5-72 (50) 575 (vvw)
5o 56 5; 554 (5) 560 (5)
w0 SR s o
He12 £60;
4494 (100) 4+83 (10)
4462 (10) 455 (5)
4+51 (5) 446 (5)
4+39 %5) 4+35 (10)
A U
5 -
St tad) 4+05 (5) ﬁ'ég E?g
«92 (80) |, »
Bhis | 3485 (5) 3+84(100) 3.81 (vvw)
3067 210 3.72 (10) 376 (1)
3:66 (60) 365 (5)
8o S8 B LU B SR
41 (80 . . .
i 336 (1)
3¢28 (100) 331 (53 3430 (1) 333 ESO) 3+33 (vww)
S e e o B e
01 . , .
; 3404 520) 3+07 §5)
2499 (?) 295 (5) 2:96 (10)
2 0
5e26 5333 o (30) 200 (10) 269 ()
2+80 (1 2«01 1
2:7% 520) 2+ 77 51)
266 (1) 2¢71 (20)
2+57 (10; 2+65 (50) 2:63 (1)
2-42 E10 -
2+36 (5 2+34 (30
2032 E1§ 2+29 ssg
221 (5] g.fg (g)
2416 szo; 2+15 (5§
2:06 (20 2:08 (1
2.00 (20) 200 Es))
1«97 (10
193 - (60)
¥After addition of NaSH & Et m SH™
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_ Base Solubility Tests on Faterials from the lLiydrothermal Preparations,
Expt. 5.11 Expt. 5.12  Bxpt. 5.13  Expt. 5.14  Ixpt, S tBiy

a®) (/1) a®) (/1) a(®) (r/1) a®) (1/1) a®) (1/1)

1064 (m) :
62 (w) ) 6+11 (w)
5040 (w
5:00 (vw) 4.95 (vw)
3484 (w)
3042 (vw) 3448 vw;
3e1  (w) 3014 (vw) ;-gg vw)
. v
2497 (vw 2+96 (m)
2¢6 (w) 2:73 ng 2¢66 (vw)
249 (vw 247 (wvw
2:29 (vw 2031 (vw
19 (w) 2404 (vvw) 2¢10 vw; 1+91 va
181  (w) 1479 (vw 186 (vw
1476 (vw) 174 (vw) 1275 (vw
SeSEPEY  Bpte 5
d(R) (I/I ) a(R) (/1))
14«41 (100) 14+41 (100)
8+76 (50) 8+82 (50)
756 (30) 748 (30)
6-95 (60)
v 572 (60) 5¢69 (40)
Sl
456 (10)
441 (20) 4+38 (10)
- 4+20 (5)
3495 (10g 3¢94 (5)
3:80 (&0 380 £50)
3975, (2)
i
3433  (60) 3+34 (40)
325 (2)
5+05 13
2+94 (5
2.88 (20) 2.89 (30)
279 (5) 2:78 (5)
2+13 Es; 2+72 £5)
2:66 (5 2:65 (5)

eaction between Et, A58t , Si(SEt)4 and NaSH,

) (I/I;,)

(20)
(100)

0
(20)

'-‘—-‘NM\.N
-4\0!‘\}\9"‘\

1
?
.24
8
.19
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Ternary Preperations in Hydrogen Sulphide

ATPENDIX A3

Water-YWashed

o
bl

-

| o8
£l 8
]

215
oy a
MW
o
¥

E’xperi_m_ent 5.18
Ex—_I_{eactor

Methanol-Washed

" " Methanol-Vashed

a8 (1/1,)

a(R) (1/1))

a(®) (1/1,)

a(®) (1/1)
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Water-Washed

_ Methanol &
a(®) (/1))

Ex-Heactor

Experiment 5.21
a(®) (/1))

Methanol &

lwater—ﬁashed
a(®) (1/1)

Experiment 5.20
kx-Reactor

a(®) (1/1,)

~—
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Calculated Values of sin20 for HaInSz and Values of sin28 for the
Product from Experiment 5.20

NaIn82

has a hexagornal unit cell, with a =

5480 £ and ¢ =
The diffraction of all possible combinations of Miller Indices (hkl)

198 £ (68),

were ‘calculated by the method outlined by Lipson & Steeple ('Inter-
pretation of X Ray Powder Diffraction Patterns' Macmillan, 1970).

The Formula for sin29 in a hexagonal system is:

%0 \ a A 2/3a% (12 4 bk + X°) +A 4 (2%)

sin

hk

whereaz = wavelength

0 Brage

Angle

Using the permitted values of (h2 + hl + k2) listed by Lipson and
Steeple, all possible values of sin20 were calculated and compared to

the values found with the powder patterns from Experiment 5.20,

hkl
000
001
002
00%
004
005
006
100
101
102
103
107
104
105
008
106
009
107
00 10
108
110
111
112
109
113
00 11
114
115
10 10
00 12
116
200
201
202
203
10 11
117
204

d(found)(ﬁ)

9+16
665
5+32
332
325
313
2¢75
2+54
2+39
2+15

1299
190

182

1+71
1465

163
1*59
=51

hil

00 13
205
118
10 12
206
119
207
00 14
10 13
11 10
208
00 15
209
11 11

10 14

20 10
11 12
00 16
210
211
212
10 15
213
20 11
214
1 13
215
00 17
20 12
216
10 16
217
114
2013
218
00 18
10 17
300

gin ©

calc,

02535
2571
« 2606
=2709
« 2736
. 2862
«2931
+ 2940
* 3084
“3147
«3156
*3375
* 3411
-5462
+3489
« 3696
+3607
«3840
+3843
* 3858
+3903
-3924
+3978
« 4011
«4083%
<4182
+4218
<4335
*4356
«4383
«4389
+4578
«4587
«4734
«4803
» A860
4884
«4941

~found

042564

<2857
+2936

<3149
*3365
3481

* 3686
*3795

3992

+ 4068
*4197

d(founﬁ2£g}

1452

144
1042
T3
1353
1431

1.27
125

1410
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_sin%0 _ sin0
WA _cale.  found d(fownd)(R) ma  calo. found  d(found)(R).

301 04956 30 13 0+7476

302 «5001 315 «7512
11 15 #5022 05025 1-09 228 + 7548
219 «5058 207119 <7611
303,  *5076 11 20 <7647
20 14 +5136 316 <7677 0+7663 0881
304 +5186 21 16 <7683
305 5316  +5327 1+06 229  +7803 <7779 0874
21 10 <5343 10 22 +7809 +7824 0872
10718 5409 30 14 7881
00 19 5415 00 23 <7935
306 +5481  +5460 1+04 317 sB8072 +8057 0859
11 16 5487 22 10 +8088
20 15 <5571 318 «8097
21 11 +5638 5639 1403 21 17 +8178 8112 0856
307 *5676 20 20 8196
308 *5901 +5896 100 11 21 8262 +8298 0+847
10 19 +5964 30 15 +8316
11 17 #5982 319 «B8352
00 20 «6000 22 11 +8403%
21 12 +6003 +6015 04994 10 23 #8484 <8473 0+8%8
20 16 6036 31 10 <8637
309 «6156 00 24 +8640
21 13 +6378 21 18 +8703 +8708 0826
30 10 +6441 22 12 <8748
11 18 6507 30 16 +8761 8766 04824
20 17 6531 400 «8784
10 20 +6549 6554 0-953 401 *8799
220 <6588 20 21 +8811
221 «6603 402 «8844
0021 +6615 11 22 +8907 8918 04817
222 «G648  +6685 04943 31 11 +8952 8975 0814
22% +6723 403 +9019
30 11 <6756 6751 0939 22 13 +9123
21 14 <6783 404 «9124
224 «6828 405 +9159
225 «696% 10 24 +9189
20718 7056 21 19 +9258 9258  0+803
11 19 «7062 +7085 0+916 30 17 <9276
30 12 7101 31 12 +9297
226 <7128 406 +9324
310 *T137 00 25 9375
%11 « 7152 20 22 9456
10 21 7164 407 *6519
312 « 7197 22 14 #9528
21 15 +7218 11 2% <9582
00 22 +7260 31 13 <9672
313 <7272 403 *9744
227 +7325 7355 0899 30 18 «9801
314 <1377 21 20 <9643
: 22 15 9963

. 409  +9999
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Experiment 5.23
Ex-Heactor Vater-Washed

Ex-Reactor,Methancl
& Haterfyaﬁhed.

: Experiment 5,22
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Experiment 5.24

a®) " (1/1,)
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APPENDIX A4 Feedstock Tests for Crystallinity and Purity

]

NaSH Et4N+SH

a(8) (/1)

A1235
a(?) (1/1,)

—

3132
a(®) (1/1,)

a(®) (1/1)

~—~0 PN AN TN A TN TN A N — ~— — ~~ ~—
DO O~ COODOCOCLC OO~ Or~OrOrm O r——C
MAUN MO ANNYOMNMes NN = DN O NNV DN AN~ WD
e e e e N I I P P P P P P P e e e e et P e
D= -OOoMOMNONCTMNMMN- MNMNO NSO SN OVND T ON-
O FTONONMNIINMeE OO INSTTERMN ™~ O ONON=\D\D
- « & 8 & @ & ® @ 8 = 8 & » *® a4 & @8 @ @ L - L L] -
WO MNNSEMMAMAO RO NN NN NN NN NN v v

~—
— ~~g - — ~—~ NN NN N
AR D OO OO im0 O O O O s rm s
YWY = Ny v v v N O WINAD v Ny AD O MO RN B DA WY =ty 1D
e e L N L= DO M
< @\
MOO MO ATNRO e VWM~ N My O<rMe- N0 O
WVWOMrer OO NNINSTUN M ONONOVD O SEF T NN — O COYOWON
ttttt ¢ 8 & B 8. 8 0 8 8 B A & ¢ W B 6 8 4 6 8 s 8. 8 8
UMMM N NN NN NN == O0C O
~—
P L L™ D e ot T e —~— FTNITNSTNATN NS ITNITNTNITNS,
SN O0OO0D0DCOC~O~0O 00D SO0 ~OC—~0COQ OO
VIO == O INO IN™ ™M e OV Oy (VIO OV WNAD v NAD WD
e e el Ml el e et e et el N s e e e el el et et Nt e Nl e el et e el St
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42?4?988?{54551100098??66655
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5_;)433?222222222222»&1111111nl-l
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B e e L L A
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GeS2

SnSZ

Nearly completely non - crystalline

a(®)

In285

a(®)

~a(®)

6+43
3042
2460
1476

1005
6+29

611
2468
1488

(A11 very diffuse) -
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APPINDIX A5 Agueous Reactions

Experiment 6.5 (6.6 similar )

a(f)

T+50
3+ 26 Very diffuse, and of decreasing intensity.
186

Experiment 6.7 (6.8 similar )

The same very diffuse bands as above, plus the following:
a(®) (1/1))

et (%)

5¢01 %10
407 80
3078 ;10

3016
2089
2:67 (50)
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APPINDIX A7  Surface Area Tabulations -

Equipment Test With Active Charcoal

P (torr)  Wt. Uptake (g) x (&/s) P/P P/(Py- P)x
0+ 25 0+000551 0+01078 0+000325 0+0%019
146 +000827 - «01619 002082 0+ 12869
340 000918 «01797 +00%904 0421813
401 001148 02247 005336 0+23875
80 «001194 02337 «010412 0+ 44096
180 «001240 02427 023427 0+98841
530 « 001332 +02607 + 068979 2484195
92¢0 001423 02785 «119737 4286419
21440 001607 03145 * 278519 1227465
301+0 «001699 +03325 * 391749 19+ 37011
398640 +001719 +03509 *517993 30.66067
5840 «002066 « 04044 *760070. 78+ 33565

Wt, Sample = 0051093 g. Atmospheric Pressure = T68+35 torx
1) ¥rom plot of P/(PO-P)x VS, P/Po " |
Slope = 18+0/0<4175 = 43+1138 & Intercept = 0+0000
1/(8lope + Intercept) = x = 0-02319

25 qneld
e s iR _ 0002319.60023,16+2,10°7,10
Specific Surface = (thh)h.ﬂm - i

28

8080 mz/g

2) From plot of g/g vs. P/Po 5

Xh = 0‘024_‘
, 23 . =20
Specific Surface = 0"024+6+023.16+2,10°, 10 - 83965 ale
28
Experiment 5.10
P (torr) Wt. Uptake (g) x{@fe) BB P/(P ~P)x
0406 0+000416 0+004374 0+0000783 0401792
0+ 72 000462 004857 <0009404 041938
24 « 000485 005099 0031348 06167
4+0 +000576 006056 005225 0+8672
7+0 «000691 007265 009143 142701
1040 « 000691 « 007265 *013061 148217
2540 * 000691 007265 03265 446464
52:0 000714 007507 05792 9+ 7069
10040 000737 007748 « 13062 19+3907
20440 000737 007748 « 26645 46+8825
32340 «000714 «007507 42189 972159
397-0 « 000737 *007748 « 51854 139+0105
49040 000737 007748 (400 2294759
60040 000737 007748 <7837 46726539

Wt, Sample = 04095114 g. Atmospheric Pressure = 765+60 torr
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1) From plot of P/(PO—P)x vs., P/P. ,
Slope = 50+0/04310 = 161+29 & Intercept = 0+0000
1/(S1lope + Intercept) = x = 602,10

6-2.10_5.6-032.1023.16-2.10—20

28

Specific Suxface

i

I

2160 mz/g

2) ¥From plot of g/g vs. P/Po -

x = 746,107
. —3 . 23 . —20
Shetloio” Bixbace & 706,107 7 .6+023,107,16+2,10
28
= 26448 m2/g
Experiment 5.11
P (torr) Wi. Uptake (g) x (g/g) P/Po P/(PO-P)x
0001 000064 0+00569 0+0000013% 0+0002%47
10 «00108 «00691 «001335 02347
22 +00108 « 00961 «002938 0s 3066
34 «00105 +00934 « Q04540 0+483
58 +00105 +00934 «007745 08357
240 «00110 +00979 «03205 %+3818
5740 «00117 - +01041 +07611 729137
986+0 « 00131 01166 « 13086 12912
2010 «00133 «01183 « 26839 31010
299+0 00137 +01219 * 39925 54+519
388.0 +00156 «01388 +51809 17456
4940 «00151 «01344 *65963 144+196
585+0 © «00160 «01424 < 78115 250653

Wt, Sample = 011238 g. & Atmospheric Pressure = 74890 torr

1) From plot of P/(PO-P)X VS P/Po P

Slope = 100+0/0+7 = 142+85 & Intercept = 0+0000
1/(Slope + Intercept) = x = 7+00,1072

Specific Surface =_779r10"3c5-02§:1023.16-2.10‘20

28
= 24+40 0’/

2) From plot of &/g vs. P/Po ;
x_ = 10:0,1077
m .

Specific Surface = 10-0.10—3.6-023.1023.16-2.10-20

28

= 34+85 n/g
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Experiment 5.12

P (torr) Wt. Uptake (g) x ( g/g) P/Po P/(Pé— P)x
0+001 0+000138 0+001416 0+0000013 0000935
060 « 000321 +003295 = 000794 0+2414
22 « 000413 «004239 +002914 0+6894
346 « 000482 + 004946 «004769 1+0046
649 « 000482 « 004946 «009139 18648
110 « 000505 «005183 +01457 28526
250 « 000505 +005183 «03311 6460764
55¢0 + 000505 « 005183 «07285 151595
101+0 + 000482 « 004946 +1337 31224
2070 «000505 «005183 +2742 72+ 582
32540 « 000505 +005183 « 4305 145+820
39540 « 000505 «00518% +52%2 211728
5030 « 000482 +004946 6663 4034562
65040 + 000459 «004711 « 8609 1314419

Wt. Sample = 04097435 g. & Atmospheric Pressure = 75500 torr
1) From plot of P/(PO-P)x Vs, P/Po X
Slope = 15040/0¢480 = 3125 & Intercept = =3+00
1/(Slope + Intercept) = X, = 3023.10“3

o7 s 1601670
Specific Surface =_2_35119*#;§_9??:19*_:19 ?:jo.____

28
2
= 112 n“/g

2) From plot of g/g vs. P/Po :

'l Bap 4058
A =20

Specific Surface = 240 '10-3'6°02§1193?'1§:2'10

28
= 17-4 n°/g

Experiment 5.13

P (torr)  Vt. Uptake (g) x (&/g) P/P, P/(P - P)x

0+10 0+000275 0+002859 0+0001341 0+0469

0+90 000229 +002381 «001206 0+5074

2¢10 «000321 «003538 +002816 08459

30 40 «000367 +003816 +004559 142001

580 s 000367 +003816 007777 2+0540

9+0 + 000459 «004773 «01207 285093
22+0 000459 «004773 « 02950 63681
500 +000505 + 005251 « 06704 136851
104+0 « 000505 « 005251 1304 3048596
20240 000505 = 005251 27109 707407
30040 « 000505 + 005251 « 4023 128+ 1558
3980 +000505 «005251 *5337 217-9270"
502+0 » 000459 004773 6731 451+3827

63240 *000459 «004773 <8474 1163-4756
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Wt, Sample = 04096173 g. & Atmospheric Precsure = 745+80 torr
1) From plot of P/(Po— P)x vs. P/Po ‘
Slope = 110¢0/0+40 = 2750 & Intercept = 0+0000

1/(5lope + Intercept) = x = 3-64.10’3

Specific Surface “.§n§9:19_2_5"032_1023_16_?_19_20
28
= 12¢7 m2/g
2) From plot of g/fg vs. P/Po v
X = 500,107
5 -3 23 1cn 10-20
Specific Surface =_5'0°10 6*93? LA 10 -
28
= 174 n°/g

Experiment 5.17

P (torr) Wit. Uptake (g) x (g/g) P/Po P/(P - P)x

Q=01 000023 0002672 00001431 0+004868

1420 «000%2 «003718 «001561 042047

2¢50 « 00037 - =004299 +003252 Q= 75886

380 00042 « 004880 004942 1401617

6+90 00051 005925 008975 1066413

8+50 00051 «005925 «01106 1+88687
2100 + 00051 + 005925 «02732 473966
5100 + 00051 = 005925 « 06633 1199165
10100 + 00051 005925 +1314 2552632
194+00 «00051 005925 2523 - 56+96%3%2
31400 «00051 005925 « 4084 116+525
502400 00051 -00552 6530 317560
61%+00 + 00055 + 006390 *7973 618911

Wi. Sample = 0+08607 g. & Atmospheric Pressure = 768480 torr
1) From plot of P/(PO-P)x vs, P/Po "

Slope = 120+0/0+465 = 258+66 & Intercept = 240

1/(Slope + Intercept) = x_ = 384,107

3-34 1073,6+023.10%3,16+2.15%°
28
=1338n°/s
2) From plot of g/g vs. P/PB '
== pl "'3
g 5:9.10
-20

Specific Surface =_5:2:39j3.§_Q?§ 10_?.16-2 10 ©
= 20456 m°/g ke





