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ABSTRACT

The fate of tin moieties in chemical reaction in both 
solution and solid state, is followed using thermal 
analysis, optical and electrical measurements, X-ray 
crystallography and 119Sn MiJssbauer spectroscopy to identify 
the nature of the tin species on reaction.

Thermal analysis is used to provide evidence for the 
formation of new compounds, to obtain information on the 
strength of the tin-ligand bonds, and to construct phase 
diagrams in some solid state systems. Optical and electrical 
measurements are used to detect the presence, if any of 
band to band transitions in some solid state materials 
prepared in this work. Optical reflectance and photoacoustic 
spectra of phases in the mixed halide CsSnBr3: CsSnCls and 
mixed.metal CsSnBra: CsPbBr3 systems are compared, and 
additional information is obtained from photoacoustic 
spectroscopy on the atomic and band transitions in some 
transition metal metastannates(IV) and hydroxostannates(IV ) 
Optical electronic spectra are used to follow the formation 
of a formally tin(iv) species in the Pd : Sn : Cl : I 
system.

The X-ray crystal structures of five materials are 
determined viz.K3Sn2(S0i»)3Br, . K 3 Sn2 ( SO u ) 3C1, Sn7Bri0S2, 
. n ( acetate ) 2.2 tu and Sn2Br<,. 5tu. 2H20. This technique 
is used to show details of the tin(ll) environments in 
compounds which contain tin in unusual bonding situations.

Transmission HBssbauer spectroscopy is used to identify 
changes in the use of tin bonding electrons in chemical 
reactions, and to determine the extent of competition 
between ligands for the use of tin bonding electrons, and 
between tin and other metal ions for the use of the ligand 
bonding.electrons. In addition, the validity of the 
assumption that a direct relationship exists between the 

ssbauer data recorded at 80K and room temperature 
crystallographic data is tested. Results from the 
application of the surface sensitive ^^9Sn conversion 
electron Mfissbauer technique to various surface systems 
including glasses, fabrics and ceramics are reported.

In conclusion, the theories of bonding in tin(ll) 
chemistry are.reviewed and the concept of orbital matching 

o escribe tin(ll) in both high and low symmetry sites is 
discussed.
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CHAPTER 1

INTRODUCTION

1 .1.Introduction

Any study of the fate of tin moieties in chemical 

reaction must essentially be conterned with the ways in 

which the use of the valence shell electrons of the element 

changes as a result of the reaction and with the physical 

methods of studying such changes.

The purpose of this introductory chapter is, therefore, 

to give a brief account of the ways in which tin can use 

its electrons in bonding, and to describe those techniques 

used in this work to study any changes in the use of the 

valence shell electrons of tin on reaction.

This introductory chapter is then followed by 'four 

chapters describing work carried out on studies of the fate 

of tin moieties in chemical reaction. Chapter 2 describes 

the results of a series of investigations on the changes in 

the use of tin bonding electrons resulting from chemical 

reaction, while any changes resulting from solid state 

effects are discussed in Chapter 3. The use of NHssbauer 

spectroscopy as an element - specific technique for study-

ing the ways in which tin uses its electrons in bulk and 

surface interactions is detailed in Chapter 4. The 

purpose of the final chapter is threefold in that it deals 

with conclusions drawn from the present work, with a survey 

of the models used to describe the stereochemical activity 

of the lone pair in tin(ll) chemistry and with a new model 

which fully describes the bonding of tin(ll) in its various 

compounds and which accounts for all of the structural and
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physical properties of these compounds.

1.2 Bonding in Tin Compounds

In the chemistry of tin, a distinction is made 

between the formal oxidation state of the element in 

compounds, to describe differences in the usage of the 

bonding electrons of the element. The outer electronic

2 2configuration of tin, 5s 5p , permits the formation of 

both tin(lV) and tin (II) compounds. For tin(iv) the 

formal oxidation state represents the loss or use of all 

the valence shell electrons in bonding, whereas the 

tin(ll) oxidation state describes situations in which, 

in formal terms, only the outer p-electrons are being 

lost or used in bond formation.

1.2.1 Tin(lV) Compounds

The element in its (IV)+ oxidation state can form 

derivatives in three ways:

(i) By loss of all four valence electrons to form 

the stannic ion Sn* + .

(ii) By hybridization of the available orbitals in 

a suitable environment to form four covalent bonds.

(iii) By complex formation, i.e. making use of the 

empty 5d orbitals which are of similar energy to the 5s 

and 5p orbitals.

These extreme views of the bonding in tin(lV) 

materials would suggest a spherical ion for ionic 

bonding, tetrahedral coordination of the tin atom in 

covalent bonding and octahedral coordination in most 

complex ions and adducts. The bonding in tin(lV) 

compounds is summarized in Table 1.1
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T h e Bonding in T i n (IV ) Compounds

Bond Type Electronic
Configuration

Shape of Ion 
or Hybrid

Typical Ions 
or Compounds

5s 5p 5d

Tin atom 
(Ground 
state)

Stannic Ion

n ooo
Spherical Sn0„ ; BaSnO-,

(radius 0,74$)

Covalent Tetrahedral SnBr.: most4 
organotin (IV)

compounds

sp hybrid

Complex
[Tin(lV)] Trigonal 

bipyramidal
(CH3)3SnCl-py.

DODO □
3 , sp d hybrid

Octahedral

□ □□□□□

3,2 u usp d hybrid

SnFg ; many 

complexes of 

tin(IV ) halides 

with monodentate 

donors

Table 1.1
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The Sn^+ ion (radius 'v 0.74?) may be

present in the lattices of compounds like 

regarded as

tin(IV) oxide 1» 2

variouswhich has a rutile-type structure, and in

stannates e.g. BaSnOj^. The strong electronegativity 

of the oxygen suggests the presence of predominantly ionic 

bonding, although appreciable covalent character in the 
me tai-oxy gen bonds has also been reported^). The 5s°p° 

configuration of the Sn^+ ion should give regular 

octahedral coordination for tin in ionic lattices, 

although there are tendencies towards distortion from 

octahedral to tetrahedral environments due possibly to 

partial covalent character of the bonding in the lattice.

Hybridization of the available 5s and 5p orbitals

of tin produces a suitable situation

of four tetrahedral covalent bonds.

for the formation

The structure and

halides and mostbonding in such compounds as the tin 

(6)organot in (IV) compounds'1 7 can be explained in these 

terms. The literature of organometallic tin chemistry is

now one of the largest for any element, but is however 

well documented and reviewed^ Many organotin( IV) 

compounds have a coordination number 4, giving a

tetrahedral arrangement of ligands about the tin.

X-ray crystallography has established (1^-12) that

the tendency for tin to adopt a stereochemistry of

higher coordination numbers is very marked among organotin

(IV) compounds. Many triorganotins, R^SnX, diorganotins, 

R^SnXp, and monoorganotins RSnX^ (R = carbon bonded organic 

group ; X = inorganic substituent) which were previously

thought to be simple tetrahedral molecules, have been 
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found to achieve these more complex structures in the solid 

state, and sometimes in solution, by intramolecular or 

intermolecular association. Although the compounds, 

Me^SnOH, rie^SnF^t and MeSnCNO^)^ (Figure 1.1) might be 

expected to have tetrahedral structures, they do in fact 

have trigonal bipyramidal, octahedral and pentagonal 
bipyramidal coordination respectively\ Such environ-

ments in the solid state arise as a result of bridging 

ligand groups namely, the hydroxyl groups in Me^SnOH, the 

fluoride groups in Me^SnF^ and the nitrate groups in 

FleSn (N0^) •

Finally tin(lV) compounds make extensive use of the tin 

5d orbitals. Thus, for example, in complexes such as 

(CH^)^SnCl.py1, (py - pyridine), the five coordinate tin 

atom is sp^d hybridized in a trigonal bipyramidal environ-

ment. Similarly in octahedral molecules or ions such as 

SnCl.2py1)and SnFg^’in the mixed oxidation compound 

Sn ..F 1 ? ) , the 5d orbitals of similar energy to the 5s

and 5p orbitals are utilized to form sp^d^ hybrid orbitals 

for largely covalent bonds.

1.2.2 Tin(ll) Compounds

In a review of the bonding in tin(ll) materials, 

(18)Donaldson' 7 discussed four possible methods of bond 

formation:

(i) Loss of two p-electrons to'form Sn?+ ions.

(ii) Use of these electrons to form covalent bonds.

(iii) Complex formation using the empty 5p and 

possibly 5d orbitals to form hybrid acceptor orbitals.

(iv) Combination with an acceptor species using the 

lone pair electrons.
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Coordination number 4 - tetrahedral

R R

Sn Sn

Coordination number 5 - trigonal bipyramidal

X

R e. g. Me^SnOH

X

Coordination number E - octahedral

e.g, *le2SnF2

Coordination number 7 - pentagonal bipyramidal

R

e.g. PQeSnCNO^)

Figure 1.1 Stereochemistries of Organotin(IV) Compounds
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In view of the recent work1these four categories 

should now be extended to cover the effects of direct 

population of solid state bands by the non-bonding lone 

pair electrons, by addition of a fifth category of 

bonding; K

(v) Use of solid state bands to accommodate the 5s^ 

lone pair electrons.

These five aspects of bonding will now be discussed 

in more detail to provide examples of the ways in which 

tin in its lower oxidation state can use its electrons in 

bonding.

The ease with which tin can lose-its two p-electrons 

to leave an ion with an outer electronic configuration
2

of 5s is shown by the values of its first and second 

ionization potentials (7.63eV and 14.63eV respectively). 

The 5s2 configuration consists of a non-bonding pair of 

electrons beyond a completed shell and this has a

considerable effect on the stereochemistry of compounds 

containing the Sn ion . Ions with this configuration 

are often found in distorted environments in solid state

compounds and for this reason they can be regarded as non 

spherical with a bulge of electron density arising from 

the presence of the non-bonding electron pairs. The 

distortion would then be due to the bulge of electron

density preventing the close approach of ligands along 

the directions in which it points, fl crystal structure 

(2°) _ _ _n
of SnSD^ showed that in spite of determination

similar X-ray diffraction powder and unit cell data, 

BaSD^ and SnSO^ were not isostructural. The tin(ll) 
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sulphate structure can be regarded as a badly distorted 

barite lattice with twelve Sn-0 distances of between

2.250 and 3.340 , but three of the oxygen atoms are in 

fact much closer to tin than the others giving a trigonal
\

pyramidal environment of nearest neighbour oxygen atoms.

The oxygen atoms in directions opposite to the three short 

bonds cannot approach the Sn^+ ion any closer because of 

the bulge of electron density on the ion.

The use of the two p-electrons in covalent bond

2formation, involving essentially sp hybridization is most 

likely to be of importance in the vapour state. The 

existence of angular structures of the tin(ll) halides in 

the vapour state support this assumption.
2

formed by sp hybridization have emptyCompounds

p-otbitals. A tin(Il) compound with appreciable covalent

character will therefore act as a monofunctional

to give either an adduct or a complex ion based

acceptor

3 
on sp

hybridization. Higher coordination could be attained using

the d-orbitals, but of the available orbitals, this is less 

likely because of the large 5s-5d energy difference.
( 21 2 21Tin(ll) chloride dihydrate'1 * provides a good 

example of adduct formation based on sp^ hybridization. 

Crystal structure determinations on SnC12.2H20 have shown 

that only one water molecule is directly bonded to the 

tin, using the empty p-orbital. In this compound the 

tin(ll) moiety acts as an acceptor towards one ligand 

water molecule. The second molecule is not bonded to the 

tin to give a higher coordination, but forms hydrogen 

bonds with the water molecule already bonded to the tin, 
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giving a two dimensional network of hydrogen bonds. The 

structure consists of double layers of the aquo complex 

Cl^Sn(OH)^ parallel to (1 DO) with intervening layers of 

the second water molecule.
\

The stable predominant species in solution of 

monodentate anionic ligands are the triligand-stannate 

(II) species. Most complex tin(ll) chlorides, for 

example, contain discrete pyramidal SnCl^ units e.g. in

(23) the monoclinic form of CsSnCl^ '

Tin, in its efforts to form bonds to ligands is 

usually found in a distorted environment. The most 

common tin(ll) environment'is shown to consist of a 

trigonal pyramidal arrangement (Figure 1.2a) of three 

nearest neighbour tin-ligand bonds with three longer 

essentially non-bonding contacts completing a distorted 

octahedral coordination about the tin. These longer 

contacts arise because close approach of the ligands to 

the tin is prevented by the lone pair orbitals. The 

main structural feature found in all distorted four coord-

inate environments is the existence of two long bonds 

of considerably greater length than those normally 

found in tin(ll) compounds (Figure 1.2b).

In its (ll)+ oxidation state, tin not only has the 

ability to act as an acceptor but also as a donor species. 

In its role as an acceptor the empty p-orbitals are used 

whilst as a donor the non-bonding lone pair electrons 

are used. The lone pair orbital in acting as a donor 

towards a powerful acceptor species such as a metal, 

uses all four electrons in bonding, causing the tin to



Trigonal Pyramidal Tin(ll) Coordination

Sn

Figure 1.2a

Square Pyramidal Tin(ll) Coordination

Figure 1.2b
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become formally in the (IV)+ oxidation state. This 

feature of tin(ll) bonding is apparent in those Sn-metal 

complexes with Pt-metal acceptors or Pd-metal

acceptors 2 B *
\

The four methods described have for some time 

provided the basis for discussion of bonding in tin(ll) 

compounds. These have since been extended to account for 

the way in which tin in the small number of regular 

undistorted structures uses its valence shell electrons. 

In those structures in which no distortion occurs the 

tin atom is in a high symmetry environment, lying at the 

centre of an octahedron. Such an environment for tin 

arises because the distorting effect of the non-bonding 

electrons is reduced by populating an empty low energy 

solid state band, thus giving rise to optical colouration 

and electrical conductivity. Regular octahedral environ-

ments for tin are found in, for example, the perovskite 

structure of CsSnBr^27) and SnTe^2B\

The work described in this thesis deals with most 

aspects of the bonding of tin(ll) but does highlight the 

difficulty associated with the existing models for 

bonding in tin(ll) compounds. The distorting effects of 

the non-bonding electrons as lone pairs which have such 

an influence on the chemistry, structure and reactivity of 

tin(ll) compounds is a well known feature of a main group 

element in its lower oxidation state. A number of 

theoretical approaches have been used to explain these 

effects, but no single approach has successfully explained 

all aspects of the bonding in these compounds. In certain 
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ways the currently available theories provide a very 

convenient pictorial representation of the lone pair 

distorted environment of tin in its (Il)+ oxidation 

state compounds but fall far short of providing an 

adequate description of the details of the use of the 

tin valence electrons in bonding in the solid state. 

This problem is discussed in greater detail in Chapter 5.

1.3 Techniques

The following techniques were used in this work to 

study changes in the use of tin electrons in bonding on 

reaction.

1.3.1 Thermal Analysis

1.3.2 Mfissbauer Spectroscopy

1.3.3 X-ray Diffraction

1.3.4 Solid State Measurements

The basis and general background theories applicable 

to those techniques are described in this introductory 

chapter.

1.3.1 Thermal Analysis

The term thermal analysis is used to describe those 

techniques in whicn some physical parameter of a system 

under study is determined as a function of temperature 

and in which the physical parameter is recorded as a 

dynamic function of temperature. The principal techniques 

of thermal analysis are dynamic thermogravimetry (TG), 

differential thermal analysis (DI A) and differential 

scanning calorimetry (DSC). Two of these techniques 

(TG and DTA) were used in the present work and are 
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described in detail in this introduction.

Differential thermal analysis (DTrt) is a technique 

which involves the heating or cooling of a test sample 

and an inert reference sample under identical conditions 

and the recording of any temperature difference which 

develops between them. This differential temperature 

is then plotted either against time, or against 

temperature at some fixed point within the apparatus. 

Any physical or chemical changes occurring to the test 

sample which involves the evolution of heat will cause 

its temperature to rise temporarily above that of the 

reference sample. This exothermic reaction is recorded 

as a peak on the DTA plot. Conversely, a process, which 

is accompanied by the absorption of heat will cause the 

temperature of the test sample to lag behind that of 

the reference material, giving rise to an endothermic 

process which is also characterised as a peak on the 

DTA plot (Figure 1.3).

However, even under conditions where no physical 

or chemical process is occurring a small and steady 

differential temperature normally develops between the 

test and reference materials. With care being taken to 

avoid errors due to sample mass and packing density, 

the differential temperature will de due to differences 

in the heat capacities and thermal conductivities of 

the two materials. It therefore follows that DTA can 

be used to study transitions in which no heat is evolved 

or absorbed by the sample, as is the case in certain
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Figure 1.3 Typical curves of melting and resolidification 

processes.

Fi pure 1. A Block diagram of DTA apparatus:

1. Sample holder-measuring system: 2. Furnace:

3. Temperature programmer: A. Recorder. 
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solid-solid phase changes. lhe difference in the heat 

capacity of the sample before and after the transition 

has occurred will then be reflected in a new steady 

differential temperature being establisned between the 

test and the reference samples. The base line of the 

differential thermal curve will accordingly show a 

sudden discontinuity at the transition temperature, the 

slopes of the DTA curve in the regions above and below 

this temperature will differ significantly.

For the work described in this thesis, unless 

otherwise stated, a Stanton Redcroft STA 780 simultaneous 

Thermal Analyser, designed to give simultaneous TG 

records (i.e.weight versus time or temperature) and DTA 

curves (i.e.AT-t curves,where AT is the temperature 

difference between tne sample and an inert reference 

material) was used. This simultaneous unit eliminates 

problems of correlating TG and DTA data for the same 

substance.

Figure 1.4 shows a block diagram of a DTA apparatus 

and its principal components are described briefly here. 

The sample holder measuring system (a) is the heart of 

the apparatus comprising the thermocouples, sample 

containers, an inner ceramic cup system and an outer 

hangdown ceramic tube. The water cooled furnace (b) 

provides a heat source having a large uniform temperature 

zone, and permits both rapid heating and cooling. To 

supply energy to the furnace in such a manner as to 

ensure a reproducible rate of change of temperature, 

a temperature programmer (c) is attached. A Linseis 
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four-pen chart recorder (d) is the recording system 

used which provides the simultaneous temperature, TG, 

DTA and derivative thermogravimetrie (DTG) traces.

A brief description is now given on the 

interpretation and presentation of the data using 

such an instrument. Part of a simple and idealized 

DTA curve is shown in Figure 1.5, On raising the 

temperature of the furnace a small but steady temperature 

difference develops between the test and reference 

materials. The DTA curve continues in an approximately 

rectilinear manner, until tne test material undergoes 

some physical or chemical change (AB). At B, the curve 

begins to deviate from the base line due to an 

exothermic process occurring within the test sample. 

This point B represents the onset temperature of tne 

reaction, or phase transition. The exothermic peak 

temperature C, corresponds to the maximum rate of heat 

evolution detected by the differential thermocouples. 

The exothermic process giving rise to peak BCD becomes 

complete at some temperature between points C and D.

No furtner evolution of heat is detectable above D, so 

the curve returns to a new baseline DE.

The onset of an endothermic process is indicated 

by the downwards deflection of the baseline at E, giving 

rise to an endothermic peak EFG, Completion of this 

process and the formation of a new thermally stable 

phase, is confirmed by the horizontal portion of the 

curve GH, Figure 1.6 shows examples of DTA traces
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Fioure, 1.5 A hypothetical DTA trace showing an 

exothermic peak, an endothermic peak 

and the change in off-set temperature of 

the baseline resulting from these, processes
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obtained from materials studied in this work which will 

be discussed in later chapters. Seldom is the UTA peak 

as sharp as that observed for the melting point of S n 

or the phase transition i discussed later in

this work, there is a tendency for overlapping peaks 

which makes interpretation difficult. The area under a 

UTA peak is proportional to the total enthalpy change 

giving rise to that peak, whilst the area under a 

melting endotherm is proportional to the latent heat of 

fusion of the test substance. Determination of such 

changes involves the precise measurement of the area 

under the peak, which may be done by a number of methods, 

the most common of which is the ’cut and weigh’ method.

To rely solely on the evidence of DTA to elucidate 

the thermal properties of a compound is inadvisable, 

hence the technique of thermogravimetry (TG) is commonly 

used in conjunction with DTA. In TG, changes in the 

weight of sample are recorded as it is subjected to a 

uniform rate of rise in temperature. This enables any 

DTA peak due to a chemical reaction involving a weight 

change to be identified. If a DTA peak occurs at a 

temperature where TG shows that the sample weight 

remains constant, it follows that either a chemical 

reaction, or a phase transition, must have occurred.

The thermal analysis technique of thermogravimetry 

is one in which the change in sample mass is recorded 

as a function of temperature. Three modes of TG may be 

described:
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(i) Isothermal or static thermogravimetry,in which 

the sample mass is recorded as a function of time at 

constant temperature.

(ii) Quasistatic thermogravimetry, in which the 

sample is heated to constant mass at each of a series of 

increasing temperatures.

(iii) Dynamic thermogravimetry in which the sample 

is heated in an environment whose temperature is changing 

in a predetermined manner, preferably at a linear rate.

All of the studies carried out in this work make use 

of the dynamic TG mode.

The mass-change versus temperature curves produced 

in TG provide information on the thermal stability and 

composition of the initial sample, and of any intermediate 

compound that may be formed and on the composition of any 

residue. To yield useful information the sample must 

therefore evolve a volatile product, which can originate 

by various physical and chemical processes. Much of.the 

information obtained from the TG curve, except for mass-

change, is of an empirical nature in that the transition 

temperatures are dependent on the instrumental and sample 

parameters.

The characteristics of a single stage mass-loss 

curve are illustrated in. Figure 1.6a, Two temperatures 

may be selected as characteristic of any single-stage 

monoisothermal reaction: T., the initial temperature or 

procedural decomposition temperature (pdt), which is the 

temperature at which the cumulative mass-change reaches
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A(solid)—> B(sol id) + C(gas)

Fi gure 1.6 (a) Characteristics of a single stage reaction

TG curve

(b) Water Loss from Sn^Cl . 5tu .21)^0 
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a magnitude that the thermobalance can detect; and T^., 

the final temperature, which is the temperature at wnich 

the cumulative mass-change first reaches its maximum value 

corresponding to complete reaction. At a linear heating 

rate T^. must be greater than ”T\ and the difference 

is called the reaction interval. For an endothermic 

decomposition reaction and both increase with 

increasing heating rate, the effect being greater for T^. 

than for 1\.

The thermal stability is defined as a general term 

indicating the ability of a substance to maintain constant 

properties on heating. From a practical point of view 

thermal stability needs to be considered in terms-.of the 

environment to be imposed on the material and the 

functions it has to perform.

In conventional thermogravimetry, the mass of a 

sample m is continuously recorded as a function of 

temperature T or time t.

m = f(T or t)

Quantitative measurements of the mass changes are 

possible by determination of the distance on the curve 

mass axis between the two points of interest or between 

two horizontal mass levels. In derivative thermogravimetry 

(DTG), the derivative of the mass change with respect to 

time dm/dt is recorded as a function of temperature or 

time.

dm = f(T or t)
dt
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The curve obtained is the first derivative of the 

mass-change curve. A series of peaks are now obtained, 

instead of a step-wise weight loss curve. The areas 

under the DTG peaks are proportional to the total mass-

change of the sample. The UTG curve, whether derived 

mathematically or recorded directly contains no more 

information than does the integral TG curve obtained 

under the same experimental conditions, it simply 

displays it differently.

The advantages of the DTG have been summarized by 

Erdey et al(29) .

(i) The curves may be obtained in conjunction with 

TG and DTA measurements.

(ii) The curves for DTA and DTG are comparable but 

the results of the former method indicate even those 

changes of state that are not accompanied by loss in 

mass. The curves by the latter method are more re-

producible .

(iii) While the curves for DTA extend over a wider 

temperature interval due to subsequent warming of the 

material after reaction, the DTG measurements indicate 

exactly the temperatures of the beginning, the maximum 

rate and the end of the change.

(iv) In TG, when changes which follow each other 

very closely cannot be distinguished becaus-e of over-

lapping weight loss curves, the DTG curves of the same 

changes are usually indicated by sharp maxima so that 

the TG curves can then be divided into stages.
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(v) The DTG curves are exactly proportional to the 

derivatives of the TG curves, therefore, the area under 

the curves give the change in mass precisely. 

Accordingly DTG can give the exact quantitative analyses.

(vi) The DTG method can be used for the investigation 

of materials which for some reason or another cannot be 

analysed by DTA.

Applications of TG and DTA Techniques

The applications of TG to a particular problem is 

possible if a mass-change is observed on the application 

of heat. Some of the applications of TG are summarized 

in Table 1.2.

The TG technique provides a means, not only of 

determining weight loss (Figure 1.6b) but also as a 

method of identifying the similarity of materials, an 

example of which is found in Chapter 2 in confirming 

the products of the phases from the SnCl2: glycyl glycine 

system were identical. Figure 1.6b shows the initial 

loss of water from Sn2Cl^.5tu,2H20, (tu=thiourea), with

a second stage weight loss occurring at-163°. Further 

details of the decomposition of this complex are given 

in Chapter 2.

The manner in which a tin(ll) compound decomposes 

thermally affords a useful "indication of the donor 

strength of the anionic species towards tin, Some 

tin(ll) compounds with strong donor species melt without 

decomposition, although disproportionation to tin metal 

and a tin(iv) material may occur at higher temperatures. 

The tin(ll) halides which melt without decomposition at
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219, 247, 226, and 320°C respectively are examples of 

this class of tin(ll) compounds. Many of those tin(ll) 

materials containing strong oxygen-donor species decompose 

thermally to give tin(ll) oxide. Tin(ll) materials 

containing weak oxygen-donor species and oxidizing anions 

decompose to give tin(lV) oxide. The stages involved in 

the decomposition of those thiourea and glycylglycine 

complexes of tin(ll) compounds discussed in Chapter 2, 

provide information on the strength of the tin-ligand 

bonds in such materials.

The applications of DTA in this work, largely fall 

into one of two categories, which will now be discussed 

under the following headings:- (a) Phase transitions and 

(b) Phase diagrams.

(a) Phase Transitions: The determination of melting 

and boiling points has traditionally been used as a method 

of identification of organic compounds. DTA has the 

advantage that in the case of melting points, both the 

temperature and the latent heat of fusion can be 

determined in a single experiment. The conventional 

methods of melting point rely on observation of the sample, 

and the recorded melting point therefore depends to a 

certain extent on the judgement of the operator. It is 

well known that impurities -in the sample alters the melting 

point, so melting occurs over a wider range of temperature. 

DTA can be used to measure both the melting point and mole 

fraction of impurity present.

Phase transitions observed for materials in the 

present study are of three types, a solid-liquid, a liquid-
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vapour, and a solid-solid transition. A solid-liquid 

transition arises when the sample is either melting or 

freezing. The melting and resolidification of tin(ll) 

fluoride is studied in more detail in Chapter 3, but in 

Figure 1.6c, it provides a good example of such a 

transition. Examples of liquid vapour transitions i.e. 

boiling points, in this work, are few, although in the 

study of the thermal properties of some organotin(IV) 

halide adducts of glycylglycine discussed in Chapter 2, 

the parent compound BuSnCl^ was shown to have a boiling 

point at about 94°C. Its boiling endotherm is shown in 

Figure 1.6d,the change in baseline is due to evaporation 

of the sample. Finally, there are solid-solid transitions 

which may result from one of two transitions either 

involving a change in crystal structure, which is 

accompanied by evolution or absorption of heat, or 

involving the conversion of one phase to another each of 

which has different heat capacity. An example taken from 

this work of a solid-solid transition of the former type 

is shown in Figure 1.6e, where CsSnCl^ undergoes a 

transition at about 90°C.

(b) Phase Diagrams: DTA is a widely used technique 

for the determination of phase transitions in multicompon-

ent systems and in the construction of phase diagrams. 

Before investigating the reaction between two solids, it 

is first necessary to determine how the individual 

materials behave on heating. This is because DTA of the 

reaction mixture will initially produce a curve showing a 

combination of all exothermic and endothermic effects
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(c)

Figure 1.6 (c) Melting point and resoiidification of SnF£

(d) Boiling endotherm of BuSnCl^
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resulting from each of the materials present. In 

studying solids obtained from molten systems, in this 

work, this problem has been overcome by carrying out 

heating and cooling cycles. For example, a material of 

composition (70$ SnF^) in the phase study CsBr: SnF^ 

described in Chapter 3, shows two endothermic peaks 

on heating, a eutectic followed closely by the melting 

point of the material. These endothermic peaks become as 

expected exothermic on cooling (Figure l,6f).

1,3,2 MBssbauer Spectroscopy

One of the most powerful tools for investigating the 

behaviour of s-electrons and observing the symmetry of 

their environment is the MBssbauer effect. The MBssbauer 

ef f ect 3*-1) is the recoiless emission and resonant 

reabsorption of gamma radiation by an atomic nucleus. The 

transitions involved are between the ground and excited 

states (usually the first) of the atomic nucleus. In this 

study results are obtained from both transmission and 

conversion- electron experiments. A discussion of 

transmission MBssbauer spectroscopy, only, is given here, 

whilst details of the surface-specific conversion electron 

MBssbauer spectroscopic technique (CEMS) will be presented 

in Chapter 4.

Theoretical background

The emission of y -radiation results from the decay of 

an excited spin state of a nucleus to the ground state. In 

a solid the recoil of the emitting nucleus is taken up by 

the whole crystalline lattice and the y -ray quantum may be 

resonantly reabsorbed by another, identical nucleus. Thus,
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Figure 1.6 (e) Phase transition of CsSnCl^

(f) Phase: 70%SnF2:30ftCsBr 
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if the difference in energy between the ground and excited 

states of the absorber nucleus is the same as that of the 

emitter the Y-ray will be absorbed, if not, it will pass 

through and may be detected.

Since the changes in energy gap brought about by 

changes in the electronic environment of the nucleus are 

small (e.g. of the order 5 x 10”® eV for ^^®Sn), the 

frequency of the emitted y-rayzmay be modulated by supplying 

a small relative motion between the source and absorber - 

the Doppler Velocity. Therefore when the y-ray has the 

exact energy to match the energy gap the y-ray is absorbed 

and immediately re-mitted as resonance fluorescence. This 

effect is shown diagramatically in Figure 1.7.

The Mfissbauer spectrum is obtained by plotting the $ 

transmission (number of counts) of the y-rays transmitted 

by the sample at each instant as the relative Doppler 

velocity (in mms”^) varies. If the energy of the y-rays 

incident on the absorber is Ey , and the energy separation 

between the ground and excited states of the nuclei 

embedded in the absorber is E, maximum resonance will occur 

when Ey = E. Then the energy shift (AE) produced by the 

Doppler Velocity (v) is given by:

-AE = Ey v/c 

where c = velocity of light, and Ey = y-ray energy.

If the source and absorber are identical maximum 

resonance will occur at zero modulation of Ey. Figure 1.8 

illustrates the MBssbauer spectrum of BaSnO^ using a 

Ba119SnO3 source The spectral line possesses a finite
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F igure 1.7 Fundamental features of the FOfJssbauer Effect.
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Figure 1.8 Mdssbauer spectrum of BaSnO^ using a 

d 11 9 q nHa bn source.
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width,f, due to the Heissenberg Uncertainty Principle:

Tt = h/2TT

where T is the mean lifetime of

Planck’s constant. The natural

the excited state and h is
119line width bf Sn is

calculated as 0.646 mms’l and the shape of the spectral

line approximates to a Lorentzian distribution, wi th

intensity, I at energy E given by:

F r i + 2(e 
l RI Er )]-1

r.2
2

where ER is the resonance energy and is the line width

at half height.

Measurable Parameters

Those parameters reported in this work to explain the

ways in which tin uses its outer electrons in bonding, are 

the chemical shift (6) and the quadrupole splitting (A).

(a) Chemical Shift(6): As described above, a change 

in the electronic (i.e. chemical) environment of the

Mfissbauer nucleus produces a shift in the position of the 

resonance line, resulting in a maximum resonance at 

other than when the Doppler velocity is zero. This 

the resonance maximum is called the chemical isomer 

a point

shift in

shift(6)

(Figure 1.9).

For a nucleus with a uniform, spherical, charge 

distribution, the change in the energy separation of the 

ground and excited states due to electronic interaction is 

given by:

AE = 4/5 irzZ e2 R2 . AR/R | (0) |2
s

where Ze is the nuclear charge, R the radius of the charge

distribution, AR the difference between the nuclear radii in
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fioure 1.10 MBssbauer spectrum of a-SnF2 using a

BaSnO^ source showing chemical shift and

quadrupole splitting
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the ground and excited states, and |il> (0)|2 the total 

s-electron density at the nucleus.

Since the MBssbauer chemical shift is measured as the 

erence in energy between the chemical environments of 

the source and absorber.

<5 = F(z) AR/R { |KPs(O)fl|2 . |l(,s(Q)s|2} 

where F(z) = 4/5.7rZe2R2 and l'l’s(0)fl|2 and ks(0)s|2 

are the total s-electron densities at the nucleus of the 

absorber and source respectively. This equation contains 

parts, the nuclear term F^^AR/R, and the atomic term 

}. Since the nuclear term is 

constant for a given transition, the chemical shift gives a 

measure of the change in s-electron density of the nucleus.

Sn AR/R is positive thus a positive chemical

shift corresponds to an increase in s-electron density at 

the nucleus.

(b) Q^drupole Splitting (A): The expression for the 

chemical shift assumes a spherical nucleus with a uniform 

charge distribution. However, in practice any nucleus with 

a spin quantum number not equal to I = 0 or I = 1/2 has a 

spherical charge distribution and hence a nuclear 

quadrupole moment, eQ, which reflects the deviation from 

spherical symmetry. The various allowed orientations of 

the quadrupole moment in an electric field gradient leads to 

differences in the energy with orientation. The quadrupole 

Plitting arises from the interaction between the different 

Possible orientations of the nuclear quadrupole moment (eQ) 



-40-

with the electric field gradient (eq) at the MBssbauer 

nucleus. Tin-119 has transitions b e t ween the nuclear spin

states 1=1/2 and I = 3/2, therefore the spectral line is

split into two (Figure 1.10) with an energy difference of:

where g is an asymmetry parameter related to the electric 

field gradient. The centroid of the doublet corresponds to 

the chemical shift without a quadrupole interaction.

The extent of the quadrupole splitting is therefore a 

measure of the asymmetry of the s-electron density at the 

nucleus due to a non-uniform electric field gradient.

Applications in the Chemistry of Tin Compounds

The interpretation of the MBssbauer spectra of tin 

compounds is based on qualitative rather than quantitative 

arguments, with the results discussed in terms of trends 

in the change in s-electron density and not in absolute 

values.

Ideally Sn(lV) and Sn(ll) may be considered to have 

the outer electronic configurations 4d^°5s° and 4d^°5s^, 

respectively, with a-Sn intermediate with the configuration 

4d^^5s^ thus providing a convenient distinction between 

Sn(iv) and Sn(ll) compounds. In practice, a-5n is taken as 

the reference material and arbitrary zero. Then, as AR/R is 

positive, positive values of 6 refer to Sn(ll) materials 

and negative values to 5n(lV) as illustrated in Figure 1.11. 

An increase in positive values of 6 indicates an increase in 

the ionic character of the bonding, conversely an increase 

in negativity suggests a stronger covalent character.
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(b) 5nF3 ion.
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The splitting of the Mfissbauer spectral line is due to 

quadrupole coupling, which is governed largely by the 

electric field gradient at the nucleus. It has been 

suggested )̂ that the 5p-electron density in the non-

bonding lone-pair orbital provides the major contribution 

to the electric field gradient, and hence the quadrupole 

splitting in tin(ll) materials. Therefore, the larger 

the quadrupole splitting, the greater the asymmetry of the 

electronic environment around the tin nucleus. This can 

be demonstrated by comparing the corresponding pentafluoro-

di stannate ( I I ) and trifl uoro stannate (11) complexes (Cs'Sn^F^ 

A = 2.08 mms CsSnF^, A = 1.86 mms ^)^^\ the larger 

quadrupole splitting reflecting the lower symmetry pf the 

tin site in the Sn^Fc-ion (Figure 1.12). Similarly, 

compounds of higher symmetry have smaller quadrupole 

splittings. Caesium trichlorostannate(II) has a distorted 

octahedral tin environment and a quadrupole splitting of 

only 0.9 mms 1(35) ^ich reduces to zero in compounds 

with regular octahedral environments e.g.CsSnOr^. When 

quadrupole splitting cannot be resolved, the Fifissbauer 

line width (T) also gives an indication of the symmetry 

about the tin nucleus.

MBssbauer spectroscopy is a useful tool for readily 

distinguishing between tin (’ll) and tin(iv) materials, and 

for obtaining information about the character and symmetry 

of the bonding about the tin nucleus.

In the later part of this work the Fiflssbauer curve-

fitting programs PARLOR^36) and MFIT^37^ were used to 

fit the spectra.



-43-

1«3,3 X-ray Diffraction

X-ray diffraction may be used for the study of any 

crystalline material. An X-ray diffraction pattern can be 

detected when a monochromatic X-ray beam strikes a small 

single crystal which is usually turned on a spindle. The 

crystal behaves as a three dimensional diffraction grating 

since unit cells with dimensions of the order 5 to 508 are 

regularly stacked in each direction. The pattern may be 

recorded as an array of spots on a photographic film, or 

by counting the x-radiation. The spot patterns arise from 

diffraction of the X-ray beam (wavelength X) from stacks 

of parallel planes (spacing d) when the incidence angle (6) 

is such that Bragg's Law nA = 2dsin6 is obeyed.

Crystal powder data were obtained in this work using 

both 11.6 Debye-Scherrer cameras and a Philips PW1010 

X-ray diffractometer. X-ray single crystal data were 

obtained using four-circle diffractometers at both Queen 

Mary College, London, and Padua University, Italy.

The following account is given of the general theory 

of crystal structure determination, providing a background 

knowledge of the technique involved, for further discussion 

of the structure determinations carried out in Chapters 2, 3 

and 4 .

General Theory of Crystal Structure Determination 

A crystal diffracts X-radiation in discrete directions. 

By measuring the intensities of these reflections it is 

possible to deduce the distribution of electron density 

within the crystallographic unit cell.
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The Structure Factor

The most important quantity derived from the intensity

data is the structure factor modulus |F (hkl) | which is

related to the experimentally observed intensities by

|F(hk1)| « /I(hkl)obs

The structure factor may be related to the atomic positions

in the crystal by the expression

F(hkl) = Efj(hkl) exp 2rri ( hx j+ky j + lz j ) 

where f. is the atomic scattering factory and x.,
J 0

(1)

y ., z ., yJ J

are the coordinates of the jth atom and the summation is

carried out over all atoms.

The above equation is however, true only for stationary 
(3 B)atoms. In a real crystal, thermal vibrations'* ' cause the

atoms to vibrate so that the electron density cloud is

distributed over a larger volume than assumed in the ideal

stationary case and the scattering power of the atom is

reduced. For isotropic vibrations the atomic scattering

factor is modified by a function

-B sin2G/X2T(hkl) = exp
2

where B = 8rr U and is known as the isotropic temperature

factor and U is U the mean-square amplitude of vibration

in any direction. However in practice, vibrations are

generally anisotropic so that

T(hkl) = exp -(blxh2+ b22k2+ b33l2+ 2b12hk + 2bi3hl +2b23kl) 

where bn = 2tt 2 a*2!^, b12 = 27T2a*2U12, etc. Un is the 

vibration component in the 100 direction parallel to att, 

with units of 82, b^^ are called the anisotropic 

temperature factors.

The following pages are 
in reverse oruer.
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I0bs^hk1^ * LPA(hkl)Fy (hkl)

which allows one to obtain from the observed intensities 

lobs^kl)* the value of |F(hkl)|^from 

lFT(hkl)|2obs = (LpJ'^xChkl)

where A* (hkl) = 1/A(hkl).

The structure factor thus obtained experimentally is 

>nn a relative scale, but its phase and absolute values can 

only be obtained from calculated data in the process of 

crystal structure determination,

Fourier Series 1̂-^

Since a crystal is periodic in three dimensions its 

electron density-(p) can be represented by a three 

dimensional Fourier Series:

p(x,y,z) = 1_ EZZ | F ( hkl) | exp [-2iTi ( hx + ky + lz)]
V hkl

where x,y,z are the fractional atomic coordinates within 

the unit cell. Also F(hkl) = |F(hkl)|exp [ia(hkl)J.

As only | F(hkl)| is experimentally measured, it is 

necessary to determine the phase angles, a(hkl) before 

the structure can be determined. In this work the general 

method used to solve this problem was to find the positions 

of the heavy atoms in the cell by a Patterson synthesis 

and then to assume the sign of F(hkl)Q^s uas ^he same as 

that of the calculated structure factor, F(hkl)calc«

Patterson Function an'd the Heavy Atom Fie thod » ^2 )

In order to overcome the phase problem, Patterson) 

defined a Fourier series using the experimentally obtained 

p2(hkl) values and therefore not involving the phase of 

the structure factor.
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Thus equation (1) becomes:

Data Reduction

The observed reflection intensities are influenced 

by the time over which the crystal plane will give 

diffraction (Lorentz factor), polarisation of the X-ray 

beam, and the absorption of X-radiation by the crystal. 

Therefore the measured intensities can be corrected by 

data reduction to give the modulus of the structure factor.

The Lorentz factor is a correction made to allow for 

the time spent by each plane in passing through the Bragg 

condition and depends upon the method of recording the 

reflections. For data collected on a diffractometer the 

Lorentz correction (L) is (sin 20)“\ The polarisation 

factor (p) corrects for the partial plane polarisation of 

the X-ray beam on reflection of the lattice planes and is 

given by, p = s(l + cos 20).

When a beam of monochromatic X-radiation passes 

through a crystal of thickness t, it is found that the 

intensity, I,of the transmitted radiation is related to 

the intensity, Ig, of the incident radiation by 

I = I^exp (-pt) where u, the linear absorption coefficient,

(39)is a constant and may be calculated . If the thickness 

of the crystal is less than the optimum thickness,t .= 2/p, 

then the absorption correction is not necessary and may be 

neglected in all but the most precise determinations.

The final intensity equation is therefore:
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P(U,V,W) = 1_ E E E I F (hkl)|2 cos 27i(hU + kV + lUl)
V h k 1

This function represents the product of the electron 

densities separated by U,V,W, and therefore has a significant 

value at (U,V,W) when the atoms are separated by U,V, and W 

in the unit cell. The Patterson function therefore 

represents all interatomic vectors reduced to a common 

origin. The magnitude of the Patterson peak is proportional 

to the product of the atomic numbers of the two atoms giving 

rise to the peak, so that vectors between the heaviest atoms

(42) produce the most intense peaks .

If the space group is known, the general positions 

allow the vectors to be calculated by vector subtraction 

and correlated with the peaks on the Patterson function, 

written as a map or a peak interpolation. With the heavy 

atom positions known, the phase of each reflection can be 

approximated to that due to the heavy atoms alone so as to 

obtain an electron den-sity map from which more accurate 

heavy atom positions and the approximate positions of the 

lighter atoms can be obtained.

Difference Fourier

In practice when the heavy atom positions are known a 

difference Fourier is used, to locate the light atom posit-

ions, thus providing a more accurate determination of atom 

positions by eliminating Fourier series termination errors 

which are caused by limitations in the amount of data 

available. The difference synthesis is found by 

subtracting the calculated electron densities from those

observed:

4p(xyz) = 1 Z" E ZlF(hkl) ,
v h k iL obs

"F(hkl)cai exp-2iri(hx * ky + lz)
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The resultant difference map then shows only the 

residual electron density.

Reliability factor

The atomic positions x,y,z and the temperature factors

B.(or b. .for anisotropic factors) are refined by a.! method 
J r J

of least squares to obtain the best fit between F(hkl)Qbs

and F(hkl)caic. The correctness of the structure is

measured in where

which tends

terms of a residual, R, 
lFl0 - klc

to a minimum as a better fit between observed

R = Z

and calculated structure factors is achieved.

Various weighting schemes are used to account for the 

differences in accuracy of intensity measurements, and to 

reduce the residual by this means.

Computer Programs used in X-Ray Crystallography

(a) SHELX-76^3^

SHELX-76 is an integrated program for performing 

crystallographic calculations simply and efficiently. The 

calculations are valid for all space groups, and there is 

no limit on the number of reflections. Its facilities 

include (i) data reduction, including numerical absorption 

correction with crystal plots; (ii) rejection of systematic 

absences, least-squares determination of inter-batch scale 

factor,averaging equivalent reflections; (iii) full matrix, 

least-squares refinements; (iv) rigid group locatiod on 

refinement; (v) various Fourier syntheses with peaks 

search; (vi) structure factor lists.
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(b) POWDER and POWREF^6^

These programs fit and refine respectively, data from 

powder cameras. They may be used separately or as a 

combined POWREF-POWDER run.

(c) XRAY

XRAY-72 is a manual report for the use of a library 

of crystallographic programs designed to perform the 

calculations needed to solve the structure of crystals by 

diffraction techniques.

(d) CELLPLOT^46and PLUTO^47^

The programs CELLPLOT and PLUTO are used for plotting 

molecular and crystal structures.

1.3.4 Solid State Measurements

The study of the properties of materials in the solid 

state lies on the borderline between chemistry and physics 

so use can be made of the techniques of both structural 

inorganic chemistry and solid state physics.

Solid state chemistry can be defined as the study of 

reactions in solids and of the factors which may affect the 

reactivity of the solids with liquids, gases and other 

solids. On the other hand solid-state physics can be 

considered the study of the physical properties of 

materials and the relationship between those properties 

and the structure of the ^materials.

In the present work information was obtained on the 

fate of tin moieties in solid state reactions from 

measurement of electrical and optical properties. An 

account is given here of the theories of the methods used 

in making these measurements.
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Band Theory of Solids

Host of the work on the electronic processes of solids 

has been carried out by physicists and hence band structures 

are usually discussed from a physics viewpoint using zone 

theory and tending to give little consideration to the 

origins of the bands interms of structure or of atomic or 

molecular orbitals.

The band theory of solids considers the motion of 

electrons in an infinite, periodic, three-dimensional field, 

Fermi-Dirac statistics are used to deal with the large 

number of electrons involved and to take into account the 

discrete energy levels required by quantization and the 

Pauli Principle.

This leads to the concept that electrons occupy bands 

which are formed in crystals by orbital overlap when the 

nuclei are within a certain minimum distance, the maximum 

number of electrons that can be accommodated in the band 

being determined by the Pauli Principle, taking into aecount 

the number of energy levels forming the band. Electrical 

conduction occurs by the movement of electrons (or positive 

electron holes) within the bands of the crystal. The 

dependence of this conductivity on the band structure of a 

crystal gives rise to three classes of solids:

(a) Metal, or conductors, which have high electrical 

conductivities (of the order IO4 -106 ohm.’1cm.’1) at 

room temperature and in which conductivity decreases 

with temperature,

(b) Insulators, which have low conductivities lying in 

the range 10 to 10 ohm, ^cm. ^at room temperature.
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(c) Semiconductors, with conductivities intermediate 

between those of metals and insulators and in which 

onductivity increases with increasing temperature. 

As the inner core orbitals of atoms contain their 

full complements of electrons, the inner core bands around 

the nuclei within crystals are also completely filled 

prohibiting the movement of electrons within the band. The 

higher, valence bands, on the other hand, may be filled or 

only partially filled depending upon the number of valence 

electrons available.

In conductors there is either a partially filled valence 

band or an empty band which overlaps a filled valence band 

(Figure 1.13a). The band structure of sodium is shown in 

Figure 1.14. Electrons in the upper levels of the valence 

band are then able to move freely within the band under the 

influence of an external field hindered only by collisions 

uith impurities, lattice defects and phonons which slow the 

electrons and cause electrical resistance. In an insulator 

the energy difference between the highest filled valence band 

and the lowest empty conduction band is such that the 

forbidden band gap is inaccessible to thermal electrons 

(Figure 1.13b) e.g.diamond, Eg =5.4 eV. If the band gap ‘ 

is such that some electrons have sufficient thermal energy 

(AT) to move across the gap then the crystal is an intrinsic 

semiconductor (Figure 1.13c) e.g.a-Sn, Eg= O.DS eV. At 0 K 

an intrinsic semiconductor should behave like an insulator.

A number of insulators become semiconducting when they 

are non-stoicheiometric or when they are impure, these are 

extrinsic semiconductors.
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Figure 1.14 Energy bands of sodium
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The defects or impurities produce localized energy levels 

which lie within the forbidden energy region. These levels 

are either full, in which case they lie just below the 

conduction band to which they may donate electrons (n-type 

semiconductor), or empty so that they lie just above the 

filled valence band and can withdraw electrons from it 

(a p-type semiconductor) (Figure 1.15).

Due to the periodic potential in crystals, the energy 

maxima and minima of the valence and conduction bands vary 

with crystallographic direction, this is shown in Figure 

1.16a for a silicon crystal^0), jn qualitative treat-

ment of band theory a conventional band model (Figure 1.16b) 

is used to represent an average direction in the crystal, 

so the minimum energy of the conduction band and the

maximum energy of the valence band are constant throughout

the crystal.

For a semiconductor it can be

3 f
(mg mh) exp

shown that (49)

kT
2rh2

where n and p are respectively the concentrations of

np = 4 E 
kf

electrons and holes of masses m^ and m^ assuming the 

distance of the Fermi level from the edge of both bands is

large compared to kT. Conductivity is proportional to the

carrier concentration

(i • e. if n = p) then :

o = A (T) 3 exp - 

so for an intrinsic semiconductor

where the exponential term is dominant i.e.log CJ=-Eg/2kT + C 

(C-Constant) so Eg may be determined by variable temperature 

conductivity measurements. The width of the forbidden band
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Figure 1.15 Extrinsic Semiconductor

F i gure 1.16 (a) Variation of energy levels with direction

in a Si crystal; (b) representation in 

terms of a conventional band model 
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can also be determined directly by optical methods provided 

a direct optical transition exists.

This account of band theory provides the basis for 

discussing electrical and optical measurements made on 

samples described in Chapter 3.

Optical Spectroscopy

Photon Absorption Processes in Solids^*-1)

The absorption spectrum of a hypothetical semiconducting 

solid is shown in Figure 1.17 to illustrate the principal 

processes involved and to describe the optical properties 

both metals and insulators which show the same properties 

although to different degrees. The energies involved extend 

from the ultraviolet to the far infra-red, the main features 

are:

(i) In the ultraviolet, visible or near infra-red is a 

region of intense absorption, called the fundamental 

absorption region, which arises from electronic transitions 

between the valence and conduction bands of the solid. The 

absorption coefficient of this band is typically of the order
5 6 110 to 10 cm and some structure is normally observable in 

reflectance spectral measurements because of interband 

transitions. There is often a smooth fall in absorption on 

the high energy side of this band.

(n) On the low energy, side of the fundamental 

absorption band the absorption coefficient falls sharply 

within a few tenths of an electron volt. This iB-the most 

striking feature in the spectra of semiconductors and is 

known as the absorption edge and corresponds to the minimum 

energy at which interband transitions can occur and
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represents the optical width of the forbidden energy gap(E ). 
y >

Any structure found in this region of the spectrum is usually 

due to excitons, i.e. bound electron-hole pairs, and is 

particularly noticeable in insulators, (especially ionic 

insulators) rather than semiconductors.

(iii) As the wavelength is increased beyond the 

absorption edge the absorption starts to rise once more. 

This increase is due to electronic transitions within the 

conduction or valence bands and is termed free-carrier 

absorption. This free-carrier absorption extends throughout 

the microwave and infra-red region of the spectrum.

(iv) At photon energies between 0.D2 and 0,05 eV (200- 

500 cm 1), a new set of absorption peaks start to appear. 

These are due to interactions between the incident photons 

and the vibrational modes of the lattice. If the crystal is 

ionic the absorption may be very intense and strong reflec-

tion can occur.

Optical Emission Processes in Solids

An electron excited to a high energy state in the 

conduction band of a solid will eventually recombine with a 

hole in the valence band, if this process is accompanied by 

photon emission the process is termed luminescence. Unlike 

absorption spectra, which are due to the properties of the 

bulk material, emission spectra are often strongly affected 

by small traces of impurities which can give rise to their 

own luminescence spectra or modify the band structure of 

the host lattice.

The process of luminescence occurs in two steps: the 

excitation of electrons to higher energy states and the 
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subsequent reemission of energy by the excited electrons 

in the form of electromagnetic radiation on the low energy 

side of the absorption band. When the excitation process 

involves light from the visible or near visible region of 

the spectrum this is known as photoluminescence.

There are two basic types of luminescence: luminescence 

from the excited state of a molecule or ion to its ground 

state, and interband luminescence.

(a) Excited State Luminescence: When luminescence 

occurs at a luminescent centre the emission process may be 

described by the configuration coordinate model of Seitz 

and Flott^ 51 ’ 52 ) (Figure 1.18a). This model describes the 

overall geometrical configuration of the nuclei surrounding 

the luminescent centre and explains the Stokes Shift i.e. 

the red shift of a luminescent band relative to the corres-

ponding absorption band. In the case of absorption spectra 

the Franck-Condon principle means that the electronic 

transitions occur at energies corresponding to the energy 

difference between the electronic states at ground state 

internuclear distances (AB). However for luminescence to 

occur the lifetime of the emitting state must be long 

compared with that of a molecular vibration if significant 

emission is to be observed, hence the excited electron 

equilibrates prior to emission (CD) at a lower energy than 

that of the absorption band.

In addition to photon emission the excited electrons 

can lose energy by non-radiative thermal de-excitation, as 

the temperature of the luminescent material increases more
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Figure 1.18a Configuration coordinate diagram of

luminescence showing the origin of the
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Figure 1.18b Photon emission processes in solids.

h, Conduction band to valence band;

B. Recombination via exciton levels;

C. Donor level to valence band, Conduction band 

to acceptor level;

D« Donor level to acceptor level;

£, Recombination via impurity excited states.
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of the excited electrons become de-excited in this manner 

and the intensity of the emission falls. At a critical 

temperature characteristic of the material and emission 

band the luminescence is thermally ’’quenched” and no 

luminescence is observed, this quenching temperature is 

highest for a rigid lattice and a small Stokes Shift,

Interband Luminescence

In addition to the localized luminescence described 

above interband luminescence can occur, i.e. an electron 

excited into the conduction band of a semiconductor or 

insulator will recombine with a hole in the valence band. 

The photon emission processes which may occur in interband 

luminescence are illustrated in Figure 1.18b using the band 

model of Riehl and Shfin (53,54) anj jo^nson (55) .

Process A shows direct interband recombination with 

photon emission, which is the reverse of the absorption 

edge and is observed in high quality materials. If 

recombination occurs via exciton states (Process B) the 

observed bands are narrower than and slightly shifted in 

energy from their predicted values. An impure solid would 

be expected to show any of the transition processes C-E; 

process C may be photon assisted while D would give rise 

to a series of lines in the spectrum. Process E is the 

localized luminescence described earlier.

When an electron is excited into the conduction band, 

any excess vibrational energy will be lost before emission 

occurs so that the electrons will lie in a band kT wide at 

the bottom of the conduction band (and the electron holes 

will lie within kT of the top of the valence band) and give 
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rise to an emission band of width kT as opposed to the 

narrow lines expected from well defined localized levels.

As in the case of localized emission non-radiative de-

excitation increases with increasing temperature.

Photoacoustic Spectroscopy

An alternative method of studying the optical
(56) properties of solids is photoacoustic spectroscopy (PAS)' 

which provided a complementary technique giving similar 

information to that obtained from the conventional 

techniques described earlier.

Over the years several techniques have been developed 

to permit optical investigation of highly light scattering 

materials, such as powders, amorphous solids, gels,smears,

suspensions and opaque substances. The most common of

these are diffuse reflectance^5^, attenuated total reflect

ance^^ , internal (58) reflectance spectroscopy' 'and Raman

Using these techniques however, attempts,, . (59)scattering

to measure a very weak absorption in such materials, which 

involve the measurement of a very small change in intensity 

of a strong essentially unattenuated transmitted signal, 

can prove difficult. It is the unique inherent insensitivity 

of PAS to radiation scattered or reflected from the sample 

surface that makes PAS extremely attractive for the study 

of highly light scattering'and/or opaque materials. For 

this reason PAS is becoming progressively more important 

for the study of optical absorption spectra of solid, semi-

solid and liquid samples.

PAS differs from conventional techniques, in that, even 

though the incident energy is in the form of optical photons, 
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the interaction of these photons with the material under 

investigation is studied not through subsequent detection 

and analysis of some of the photons, but through a direct 

measure of the energy absorbed by the material as a result 

of its interaction with the photon.

The theory relating to the generation of a photoacous-

tic signal in a condensed phase sample has been derived by 

Rosencwaig et al^^\ In brief, the photoacoustic signal 

is generated when a light absorbing substance is exposed to 

modulated incident radiation. A fraction of the radiation 

falling upon the sample is absorbed and results in excit-

ation,the type of which being dependent upon the energy of 

the incident radiation. Non-radiative de-excitation 

processes which normally occur give rise to the generation 

of thermal energy within the sample. In a solid this heat 

energy appears as vibrational energy of ions or atoms. If 

the incident radiation is modulated then the generation of 

thermal energy within the sample will also be periodic and 

a thermal wave will be produced having the same frequency 

as this modulation. Energy is transferred by the thermal 

wave towards the sample boundary, where a periodic 

temperature change is generated.

The photoacoustic signal is a function of two types of 

processes occuring in the sample: the absorption of electro-

magnetic radiation specified by the absorption coefficient 

6 and the thermal propagation in the sample specified by the 

thermal diffusivity, x. For the highly absorbing samples 

the optical absorption length 1^ = 1/0 is an important 

parameter and may be taken as the depth into the sample 

at which essentially all of the incident radiation has
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been absorbed. The thermal wave produced in the sample is

heavily damped and may be considered as fully damped out 

within a distance 2tt jj  , where u is the thermal diffusion s s
length^°\ It is normally assumed that only those thermal 

waves originating from a depth less than or equal to us will 

make an appreciable contribution to the photoacoustic signal 

measured. The thermal diffusion length is a function of the 

thermal diffusivity, and the modulation frequency of the 

incident radiation,co

= / 2x

This important relationship means that for a sample of given 

thermal diffusivity the depth examined, us, may be varied by 

adjusting the modulation frequency,w.

The observed photoacoustic signal is a complex quantity 

having a magnitude and phase relative to the modulation of 

incident radiation. As well as being a function of the 

absorption coefficient, modulation frequency and thermal 

characteristics of the sample, the photoacoustic signal is 

directly proportional to the incident power of radiation and 

also depends upon characteristics of the gas in contact with 

the sample surface, the nature of the sample surface and the 

properties of the backing material upon which the sample is 

positioned.

The relative magnitudes of the quantities l^and pg 

critically affect the nature of the photoacoustic spectrum 

obtained for a particular sample and this is depicted 

schematically in Figure 1.19., For samples which are optically 

transparent(Figure 1.19a) the photoacoustic signal is always 

proportional to the value of B. Remembering that only
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Depth into the sample from which a 
contribution to the photoacoustic 
signal is observed

Figure 1.19a Illustration of the interrelationship between 
the thickness of an optically transparent 
sample and the thermal diffusion length(p )

Opaque Sample

Figure 1.19b Illustration of Photoacoustic saturation 
for an opaque sample (A,B). Removal of 
saturation by reduction of Ps(CtD),
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absorbing species at distances less than jj into the sample 

can contribute, the photoacoustic signal will also be 

proportional to the value of us or the thickness of the 

sample if this is less than u (Figure 1.19a).s

When the surface of a solid material is not highly 

reflective, PAS can provide optical data about the bulk 

material itself. The PAS technique can thus be used to 

study insulator, semiconductor and even metallic systems 

that cannot readily be studied by other techniques. Direct 

information about the optical absorption bands in an 

insulating material is given by the PAS technique, whilst 

for semiconductors both direct and indirect band transitions 

can be observed.

For an optically opaque sample an added complication 

arises if qualitative or quantitative measurements are 

required (Figure 1.19b). If the value of 1^ is less than 

the value of ps, the photoacoustic signal obtained will 

depend upon the source power spectrum at the wavelength of 

interest and the photoacoustic signal will not be propor-

tional to the value of the absorption coefficient, as all 

the incident radiation is absorbed and contributes to the 

photoacoustic signal. This means that a photoacoustic 

spectrum which is ’saturated’ will be produced, a condition 

known as ’ pho toacous'tic saturation’. For the converse 

situation, when ps is less than 1^ a dependency of the 

photoacoustic signal upon the absorption coefficient of the 

sample will be observed, as only the radiation absorbed 

within the first thermal diffusion length will contribute 

to the photoacoustic signal measured. The latter two cases
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are related and, in theory, may be interconverted by a 

suitable selection of the modulation frequency. Therefore, 

for many opaque samples the effects of spectral saturation 

may be removed by increasing the signal modulation frequency 

although this reduces the signal magnitude and degrades the 

signal-to-noise ratio. Clearly, there is a maximum modul-

ation frequency which is realistic for use in practice.

An alternative approach which may be adopted to avoid 

spectral saturation, especially for extremely strongly 

absorbing samples, is to disperse the sample over a very 

weak absorber such as silica gel or magnesium oxide. This 

may be achieved by grinding the sample and diluent or by 

evaporating a solution of the sample on to the diluent. In 

both cases the effect is to reduce the effective thickness 

of the absorbing sample so that it is less than 1^.

In PAS, the sample under study is placed in a closed 

cell or chamber. In the case of liquids or gases, the 

sample generally fills the entire chamber, whilst in the 

case of solids, such as those studied in this work, the 

sample is ground to a fine powder which fills only a portion 

of the chamber and the rest of the chamber is filled with a 

non-absorb!ng gas such as air. In addition the chamber 

contains a sensitive microphone. The sample is illuminated 

with monochromatic light which passes through an electro-

mechanical chopper. Figure 1.20 depicts a schematic repre-

sentation of the photoacoustic spectrometer, an edt Research 

OAS and Optoacoustic Spectrometer, used in this work.



68

Fi
gu

re
 1,2

0 Block
 Dia

gr
am

 of 
Ph

ot
oa

co
us

tic
 Sp

ec
tro

m
et

er

du
al

-g
ra

tin
g 

m
on

oc
hr

om
at

or



-69-

REFERENCES

1. W.H.Baur, Acta Cryst., 1956, 9, 515.

2. W. H.Baur;and A.A.Khan, Acta Cryst,, 1970, B27, 2133.

3. G.Wagner and H.Binder, Z.Anorq.Chem., 1959, 298, 12.

A. R.Weiss and R.Faivre, Compt,Rend,, 1959, 2A8, 106.

5. 1*1. F . C. Ladd, J.Chem.Phys., 197A, 60(5), 195A.

6. R.K.Ingham, S.D.Rosenberg and H.Gilman, Chem.Rev.,

I960, 60, A59.

7. W.P.Neumann, ’’Die Organische Chemue des Zinns”,1967,

Ferdinand Enke, Stuttgart.

8. ’’Organometallic Compounds”, 1967, Ed. 1*1. Dub, 2nd ed.vol.II,

Springer-Verlag, Berlin.

9. E.Krause and A.Von Grosse, ’’Die Chemie der l*!etall-

organischen Verbindungen”, 1937,Borntraeger,Berlin.

10. B.Y.K.Ho and J.J.Zuckerman, J.Organometal.Chem,,

1973, 235.

11. P.J.Smith, "A Bibliography of Organotin X-ray Crystal

Structures”, 1975,I.T.R.I.Publicn. N0.A8A, London.

12. P.A.Cusack, P.J.Smith, J . D. Donaldson and S.l*l. Grimes,

” A Bibliography of X-ray Crystal Structures of”Tin

Compounds ”, 1980,I.T.R.I.Publicn. No.588, London.

13. P.Smith and L.Smith, Chemistry In Britain, 1975. 11(6), 208.

1A. R.Hulme, J.Chem.Soc., 1963, 152A.

15. I.R.Beattie, 1*1.Milne, M.Webster, H.E.Blayden. P.J.Jones,

R.C.G.Killean and J.L.Lawrence, J.Chem,Soc , (A ) . , 1969, A82.

16. 1*1. F ♦ A . Dove, R.King and T.J.King, Chem.Comm ., 1973, 9AA.

17. B.Frlec, D.Ganter and I.Leban, Vestn.Slav, Kem.Drus..

1979, 26, A21.



-70-

18. J.D.Donaldson, Progress in Inorq anic—Chemistry,

1967, 8, 287.

19. J.D.Donaldson and 5. FG.Grimes, in press,

20. J.D.Donaldson and D.C.Puxley, Acta Cryst., 1972, B28, 864.

21. B.Kamenar and D.Grdenic, J.Chem, Soc., 1961, 3954.

22. K.Kitahama and H.Kiriyama, Bull.Chem.Soc,Jap,,

1977, 50, 3167; 1973, 46, 1389.

23. F.R.Poulsen and S.E.Rasmussen, Acta Chem.Scand,,

1970, 24, 150.

24. J.F.Young, R.D.Gillard and G.Wilkinson, J , Chem.Soc , ,

1964, 5176.

25. M.A.Khattak and R.J.Magee, Chem.Comm., 1965, 400.

26. J.A.W.Dalziel, J.D.Donaldson and B.W.Woodget, Taianta,

1969, 16, 1477.

27. J.D.Donaldson, J,Silver, S.Hadjiminolis and S.D.Ross,

J.Chem.Soc.Dalton, 1975, 1500.

28. H.Krebs, K.Grun and D.Kallen, Z,Anorg,Chem,, 1961, 312, 307.

29. L.Erdey, F.Paulikand J.Paulik, Nature, 1954, 174, 885.

30. R.L.MBssbauer, Z,Phys., 1958, 151, 124; Naturwi ss,

1958, 45, 538.

31. J.P.Boquet, Y.Y.Chu, O.C.Kistner, M.L.Perlman and G.T.Emery,

Phys.Rev.Lett., 1966, 17, 809.

32. T.C.Gibb, B.A.Goodman and N.N.Greenwood,

J,C,5,Chem,Comm,, 1970, 774,

33. J.D.Donaldson, E.J.Filmore and M.J.Tricker,

J.Chem.Soc.(A)., 1971, 1109.

34. J.D.Donaldson and B.J.Senior, J.Chem.Soc . (A ) . , 1966, 1798.

35. J.Barrett, S.R.A.Bird, J.D.Donaldson and J.Silver,

J.Chem.5oc.(A)., 1971, 305.



-71-

36. Z.Arifin, Ph.D Thesis, London. 1981.

37. Pi.Moerup, Private Communication.

38. M.J.Beurger, ’’Crystal Structure Analysis”, 1969, 231 ,

Wiley, New York.

39. ’’International Tables for X-ray Cry stai 1 ography’’, 1 962 ,

Kynoch Press, Birmingham.

AO. G.H.Stout and L.H.Jensen, ”X-ray Structure Determination’,’ 

196e, MacMillan, London.

Al. A.L.Patterson, Phys. Re v. , 193A, A6, 372: 

Z.Krist., 1935, 90, 517.

A2. H.Lipson and W. Cochran, ’’The Crystalline State”, 1966 

Vol . 3 . Bell.

A3. G . M. Shel dr i ck, ’’Program for Crystal Structure 

Determination",University of Cambridge, 

1975.

AA. D.Puxley, Ph.D. Thesis, London. 1972.

A5. ’’The X-ray System-Version of June 1972”, Technical 

report TR-192 of the Computer Science Centre, 

University of Maryland, U.S.A.

A6. D.C.Puxley and J.D.Donaldson, Acta Cry st., 1973, A29, 91.

A7. W.D.S.Motherwell, ’’Pluto: Plotting Molecular and Crystal 

Structures”, University of Cambridge,1979.

A8, W.Kleinman and J.C.Phillips, P h y s , R e v ., 1960,118, 116A.

A9. C.Kittel, "Introduction to Solid State Physics".

Ath Ed., 1971, John Wiley, London.

50. R.J.Elliot and A.. F. Gibson, "An Introduction to Solid

State Physics", 197A, Macmillan, London.

51. F.Seitz, Phys.Rev., 19A9, 76, 1376.

52. N.F.Mott, Proc. Roy. Soc.(Lond), 1939, Al 71, 27.



-72-

53. M.Shfln, Ann.Physi k. , 1948, J3, 333; 343.

54. NRichl and H.ShOn, Z .Physik., 1939, 114, 682 .

55. 9.P. Johnson, J.Opt.Soc.An.. , 1939, 29, 283; 367.

56. A. Rosencwaig, ’’Photoacoustics and Photoacoustic

Spectroscopy”, Vol,57, Chem.Anal., 1960, 

Wiley and Sons, New York.

57. W. W. Wendkandt and H.G.Hecht, ’’Reflectance Spectroscopy”

1966, Wiley, New York.

56. P.A.Wilks and T.Hirschfield, Appl . Spectre sc. Rev, 

1968, 99.

59. 6.B.Wright, ’’Light Scattering of Solids”, 1969,

Springer-Verlag, Berlin and New York.

60. A.Rosencwaig and A.Gersno, J,App1,Phys., 1976, 47,64.



-73-

CHAPTER 2

Complex Formation in Tin Chemistry

2.1 Tin(ll) Chloride G1ycylglycine System

Page

76

2.1.1 Preparative Studies 77

2.1.2 Chemical Analysis 78

2.1.3 Thermal Analysis 78

2.1.4 Infrared Spectra 82

2.1.5 1 1 Q Sn Mtissbauer Spectra 85

2.1.6 Summary 86

2.2 Tin(ll) Chloride Adducts with Purine and

Pyrimidine Bases and Nucleosides

86

2.2.1 Preparation of Complexes 87

2.2.2 Analysis of Complexes 87

2.2.3 Infrared data for the Complexes 90

2.2.4 119 Sn MBssbauer Spectra 95

2.2.5 Summary 97

2.3 Adducts of Tin(ll) Compounds containing

Nitrogen, Oxygen and Sulphur Donor atoms

98

2.3.1 Thermal Analysis of Adducts of Tin(ll)

Compounds with Donor atoms

98

2.3.2 Summary 107

2.4 Tin(ll) : Mixed Anion Systems 110

2.4.1 Preparation and Identification of New

Phases from the SnF2 : CsBr system

111



-7 b-

2.4.2 Structure Determination of

K3Sn2(S0Z()3 X (where X = Cl,Br)

116

2.5 Palladium : Tin : Chloride : Iodide System 132

2.6 Tin(ll) : Mixed Cation System 135

2.7 Synthesis of and Studies on Organotin(IV) 140

Adducts with Glycylglycine

2.7.1 Preparation and Chemical Analysis of the 140

Complexes

2.7.2 Infrared Spectra 140

2.7.3 119 Sn MBssbauer Spectra 145

2.7.4 Thermal Analysis 145

2.7.5 Summary 160

2*8 Thermal Analysis of some Organotin(IV)

Sugar Derivatives

References

160

164



CHAPTER 2

Complex Formation in Tin Chemistry

Complex formation is a well-known feature of the 

chemistry of tin in both the (ll) + and (IV)+. oxidation 

states and the results described in this chapter are 

concerned with the fate of tin moieties in chemical 

reaction that result in the formation of complexes.

In view of the availability of an empty 5p-orbital

in molecular tin(ll) compounds it is expected that tin(ll) 

halides should act primarily as monofunctional acceptors 

and compounds of the type SnX^L where L is a monodentate 

ligand should be the stable complexes. In the formation 

of anionic complexes tin(ll) is certainly a monofunctional 

acceptor. Studies^-^ on the ions present in complex 

tin(ll) halide solutions have shown that the stable and 

predominant species is the triligandstannate(II), SnX^ ion. 

In the presence of a powerful acceptor the sterically 

active lone pair on the tin in tin(ll) moieties may act as 

a o - donor species. The present work was undertaken to 

investigate the fate of tin(ll) moieties in chemical 

reactions in which tin(ll) may act as an acceptor or a 

donor species.

In section 2.1 the results are presented for the 

reaction of tin(ll) chloride and glycylglycine in solution. 

Such a reaction could lead to the elimination of HC1 to 

give a gl ycy 1 gl yci na te , or to the formation of an adduct of 

SnCl2 with the glycylglycine. Reactions leading to complex 

formation between tin(ll) chloride and donor molecules of 

biological interest are described in section 2.2, whilst the 
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work in section 2,3 is an extension of the work carried out 
by Nicholson^) on the nature of the bonding in adducts 

containing more than one ligand per tin moiety.

The work described in section 2,4 is concerned with 

chemical reactions that could lead to the production of 

more than one tin(ll) site in the same product lattice and 

the nature of tin(ll) bonding in these compounds. The 

results of the use of tin(ll) electron pairs as donor species 

in a system containing Pd acceptor molecules are considered 

in section 2.5. The effects of competition between tin(ll) 

and another metal species vi z. In(lll) for bond formation 

to either fluorine or chlorine are detailed in section 2.6, 

Unlike tin(ll) species where an empty 5p - orbital is 

available, tin(iv) can only form complexes by use of empty 

5d orbitals. The last two sections of this chapter 

describe studies of complex formation between tin moieties 

and glycylglycine or sugar derivative molecules.

2,1 Tin(ll) Chloride Glycylglycine System

Very few derivatives of tin(ll) with biological mole-

cules are known. A series of compounds prepared from some 

tin(ll) halide sulphur-con taining amino acid systems has 

recently been reported^, but the only known derivative 

of an oxygen containing amino acid is diglycinatotin(11)\ 

The products obtained .by reacting tin(ll) chloride with 

the molecules, glycylglycine, cytosine, adenine, inosine, 

adenosine and cytidine in methanol have been studied and all 

of the biological molecules (L) except glycylglycine appear 

to form only adducts of the type shown:

SnClo + nL+ SnCloL2 2 n
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The adducts with adenine, adenosine, cytosine, 

cytidine and inosine are described in the next section. 

This section deals with the preparation and identification 

of the products obtained from the SnCl2:glycylglycine 

system in methanol,

2,1,1 r eij ar a t i v c- Studies

The products obtained from solutions of tin(ll) 

chloride and glycylglycine in dry methanol were studied 

for different reaction times under an atmosphere of oxygen- 

free nitrogen, and for different molar ratios of the 

reactants, Details of the varying conditions are given in 

Table 2,1. It can be seen that the product obtained by 

refluxing a solution containing tin(ll) chloride with 

either equimolar proportions or a two-fold molar excess of 

glycylglycine for short periods of time (2D-SO minutes) is 

always the adduct tin(ll) chloride bi s glycy1glycine, 

SnCl2. 2(C4HbN203).

The presence of glycy1glycine in larger than two-fold 

excess leads to impure products and finally to the precip-

itation only of the excess of glycylglycine at for example 

4:1 excess. The use of both 2:1 and 3:2 tin(ll) chloride: 

glycylglycine ratios leads on refluxing, to an oil, from 

which, the only solid product obtained is also 

SnC12- 2(c z,H8N2D3)-
The product obtained by refluxing equimolar quantities 

of tin(ll) chloride and glycy1glycine under an oxygen-free 

nitrogen atmosphere in dry methanol for much longer periods 

(>10 hours) can however lead to the formation of either

SnCl2. 2( C^Hg'^O-j) or the ternary compound Cl Sn( C^. t
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The analytical data for these products are given in

Table 2.2.

2.1.2 Chemical Analysis

To determine the products of the tin(ll) chloride: 

glycy1glycine reaction, the materials were analysed by 

estimating the percentage of tin, chlorine, carbon, 

hydrogen and nitrogen separately.

Stannous tin was determined by the Donaldson and

(7)Moser method' , while chlorine was estimated by potentio-

metric titrimetry. Carbon, hydrogen and nitrogen assays 

were carried out in the microanalytical sections of The 

City University, London, and the Laboratorio di Chimica 

Organica, Milano.

Table 2.2 contains the complete analytical data for 

the materials which have been prepared. The percentage 

values reported for tin and chlorine are an average of 

three separate determinations.

X-ray diffractometer data were collected for the 

products formed over a reaction time of less than 10 hours, 

and confirm the existence of a single isolated product of 

formula SnCl^. 2L (L = glycy1glycine) (Table 2.3).

2.1.3 Thermal Analysis

Thermal analysis of the series of products obtained 

from reaction of tin(ll) chloride with glycylglycine has 

provided a useful means of comparison of materials formed 

under differing reaction conditions. The products were 

heated to = 600°C under a nitrogen atmosphere, and their 

thermal decomposition processes traced.

All of the adducts gave an identical trace (Figure 2.1)
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Summery of Reaction Conditions used

in the Study of the SnCl?: glycylglycine System

Reactants Reaction Time Product

SnCl?:H2glygly 20 minutes SnCl2.2C4H8N20

30 minutes ft

45 minutes H

60 minutes If

SnCl2:2H2glygly 40 minutes ft

SC minutes ft

SnCl2:4H2glygly 45 minutes glycy1glyci ne

50 minutes ff

2SnCl„:Hglyqly2 2 J
45 minutes SnClo.2C , H _02 4 0 2

3SnCl2:2H2glygly 45 minutes n

SnCl2:H2glygly >10 hours n

SnCl2:H2glygly >10 hours CISnC,H^N-O.,4 7 2 3

Table 2.1

Analytical Data for the Complexes

(<: calculated values in parentheses)

Sn Cl C H N

ClSnC4H7N203 42.5 11 . 5 16.7 2.40 10.0

(41.63) (12.45) (16.83) (2.45) ( 9.82)

S n 012.2 C h p ■ J 2 0 3 26.6 15.7 20.5 3.51 11.5

(26.IF.) (15.65) (21.15) (3.52) (12.34)

Table 2.2
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X-ray Powder Data for SnCl_>. 2f,Ho0^0_,
2 H o Z □

SnCl 9 SnClo.2 ,8N2°3 glyc y1 gl y c i ne

d( 8) d(8) d(8)

8.42 . s 9.41 s 3.59 w 10.4 0 w

5.51 V . s 6.51 V . s 3.53 w 9.21 w

4.23 V . w 6.97 s 3.48 w 7,69 s

4.oe w 6.55 m 3.33 V , w 5.96 m

3. E2 m 6,24 w 3. 30 w 5.91 s

3.65 s 5.44 w 3.26 V . w 4.21 V . s

3.55 w 5.21 m 3.22 m 4.06 m

3.40 m 4.87 v . w 3.07 w 3.83 V . s

2.82 m 4.77 m 2.98 m 3.66 V . s

2.75 w 4.67 w 2.92 m 3.22- V . V . s

2.71 m 4.51 v . w 2.86 v . w 3.0 5 m

2.64 w 4.39 m 3.01 m

4.19 m 2.93 m

4.11 ui 2.58 v . s

4.07 w 2.52 w

3.95 m 2.39 iii

3.86 w 2.35 m.

3.69 w

3.65 m

V . V . s I very very stro ncj;
-

v.s: very strong;

s: st:r o n g; m: medium;

w: weak; v.w: very weak;

Table 2.3
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Figure 2.2 TG/DTA traceFigure 2.1 TG/DTA trace

of SnCl2.2L of glycylglycine

0

Cl

Figure 2.3 Polymeric structure of ClSn(C^H^N^O^)
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consistent with the elen'ental analyses. The thermal 

decomposition process of the adduct SnCl^. 2(C^HpN^Ois 

consistent with the existence of weak Sn-N interactions. 

The complex melts at 1S2°C and this is immediately followed 

by two endothermic decompositions at 204°C (c.a,6£) and at 

230°C (c.a.20'X) that can be attributed to the loss of 

and CO respectively, from both of the ligand molecules. 

An infrared gas cell experiment on the product(s) of thermal 

decomposition confirmed the gaseous products to be NH 

(v = 3585cm and = 2340 and 2360cm ^). This suggests

that Sn-N bonds are weak in that the complex melts and

decomposes in a narrow temperature range by a process that 

is similar to the decomposition of glycylglycine itself. The 

initial weight loss (c.a.16^) in the decomposition process 

of olycylglycine occurs at 215 C and this is followed by a 

second weight loss (c.a.30?) at 243°C. Above - 340°C the 

decomposition process is continuous which is consistent 

with the final break up of the glycylglycine molecule.

Tin(11) chloride glycylglycinate decomposes thermally 

losing 37X of its total weight at 204°C. The first decom-

position stage accounts for the decomposition of the 

glycylqlycine moiety in such a way that some of the carb-

oxylate oxygens remain bonded to the tin (Figure 2,3).

The weight of the residue a’t the end of the first stage is 

consistent with a reaction product of a 1:1 mixture of SnO

and SnCl^, This first stage of decomposition is followed 

by slow loss of SnCl2 at higher temperature.

2,1,4 Infrared Spectra

The infrared spectra of the products of the SnCl 
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glycylglycine system were obtained as mulls of nujol and 

hexachlorobutadiene' in the region 4000-2500cm using a 

Perkin Elmer 580 infrared spectrometer.

The main features of the ir spectra of ClSn(C^N^O) 

and SnCl2. 2(C4HgN203) are given in Table 2.4. The 

spectrum for the chloride glycylglycinate shows changes in 

the regions of the -NH2 and -C02 vibrations of glycylglycine 

on bond formation. The shifts in frequency and the appear-

ance of new bands in the 3000-3400cm region of the 

spectrum are characteristic of the formation of a bond
(8) 

between the N of the -NH2 group and the acceptor metal

There are also sionificant changes in the symmetric and 

asymmetric vibrations of the -C02 group that are consistent 

with the formation of Sn-0 bonds with the carboxylic acid

(9) moiety in an ester type bond . There is very little 

difference in the frequencies of the Ug _ g vibrations in 

the spectra of Cl 5n ( C ) and gl ycy 1 gl y ci ne compared

with those in the carboxylate CO region. This suggests 

that there is no bond formation between the peptide oxygen 

atom and the tin.

The appearance of new and broadened bands in the 

infrared spectra at 612 and 555cm are also in agreement 

with the formation of Sn-0 and/or Sn-N bonds. The infrared 

data are thus consistent with tin(ll), in ClSn(C^H?N203), 

achieving its usual pyramidal three coordination with

the formation of Sn-Cl, 5n-0 and Sn-N bonds perhaps in a 

polymeric structure of the type shown in Figure 2,3.

In contrast to the data for ClSn(C^H^N203) the infrared 

spectrum for the adduct can only be consistent with the
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ClSnC4H7N203

(cm"1)

Infrared Data for the Complexes

SnCl2.2(C4H8N203) 

(cm’1)

Assi gnmen t

3320 3360 )

3250 3295 )

) u nh 2
3100 3135

)

1678 1678 )

1663 1662 ) UC = 0

1622 160 5 UasC02

1557 1558 6NH

1384 1410 uco2

Table 2.4

119
Sn Hfissbauer Data for the Complexes

and Related Compounds

Table 2.5

Compound 6( mms"1)* A(mms 1) Ref.

ClSn(C4H7N203) 3.42 1.76 a

SnCl2.2(CziH8N203) 3.31 1.65 a

SnCl2 4.12 0 10

Sn(CH3C02)2 3.21 1.77 11

SnCl2»2 morpholine 2.81 2.24 12

a. this work f Relative to BaSnO3 at 80K
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forrnation of Sn - N ( an.i no) bonds. The significant differences

between the spectra of the adduct and the free ligand are in

the region in which SnCl2.2(CZ)HgN203) shows peaks at

3360, 3295 and 3135cm . There are no differences between

the spectrum of the adduct and the 

(1678 and 1662cm'1), <5NH ( 1 558cm'1) , 

Vsym CO, (1410cm”1) regions.

2.1.5 " S n PlBssbauer Spectra

free ligand in the

£ g (1505cm 1) andV a s

data for the tin(ll) chloride

glycylolycine phases are compared in Table 2.5, with those

for other compounds with Sn -0, Sn-Cl and Sn-N bonds The

values of the chemical isomer shift and quadrupole splitting

are much closer to those of

Sn(CH3C02)2 than SnCl2« 

bond is

suggests that a

formed when glycy1glycine reacts with tin(ll).

This is consistent with the thermal decomposition data that

suggest the residue of pyrolysis is a mixture of SnO and

SnCl2

The shift for SnCl2.2(C4H8N203) is lower than that

for SnCl2, and

Two ma i n types

this is consistent with complex formation.

of tin(ll) chloride adduct are possible 

viz., (1) the formation of a trigonal pyramidal tin(ll)

moiety by coordination to only one donor atom of the ligand 

or (2) the formation of a 'distorted four pyramidal moiety 

by coordination to two donor atoms of the ligand. There 

is no evidence from thermal or ir data to suggest the 

presence of two different types of glycylglycine. This 

means that the two glycylglycine ligands must be in similar

environments and that the tin adopts a four pyramidal 
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coordination with two strong Sn-Cl and two weak Sn-N 

interactions. The higher shift of 3.31mms \ in comparison 

to a typical SnCl^ adduct with nitrogen donor molecules 

such as SnCl£.2 morpholine, is also consistent with the 

presence of only weak Sn-N interactions in SnCl . 2 ( C gN^O.

The relatively large quadrupole splittings found in 

Cl Sn ( C^H?N20 3) and SnCl 2.2 (C^HgN^ are expected in view

of the low symmetry environments containing a lone pair, 

with bonds from Sn(ll) to a mixture of different atoms.

2.1.6 Summary

This study of the tin(ll) chloride and glycylglycine 

system has shown that it is possible to obtain two distinct 

products resulting from different types of reaction of 

tin(ll) chloride moieties. The main product of reaction is 

the adduct SnCl 2.2 ( C 3) which tin(ll) chloride acts

as the acceptor species, but it is also

possible to obtain the product CISn (C^H^N^^) that results 

on HC1 elimination from a reaction between SnCl2 and the 

glycylglyci ne .

2.2 Tin(ll) Chloride Adducts with Purine and Pyrimidine 

Bases and Nucleosides

In section 2.1 reference was made to the fact that 

tin(ll) chloride forms adducts of the type SnCl_.L with 
z n 

molecules of biological interest, other than glycylglycine. 

Tin(ll) chloride is known to form adducts with a wide 

variety of oxygen and nitrogen donor molecules^12"16) but there 

are no detailed reports of complex formation with purine and 

Pyrimidine bases or nucleosides. Moreover, relatively few 

compiexes of tin(ll) chloride with multidentate ligands have
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been studied. The work described in this section deals 

with the formation of adducts between tin(11) chloride and 

purine and pyrimidine bases or nucleosides that could act 

as multidentate ligands.

2.2.1 Preparation of Complexes

All of the complexes described in this work were 

prepared by refluxing a solution containing SnCl? in dry 

methanol with either an equimolar proportion of ligand 

(figure 2.4a-c) or a two-fold excess of ligand (Figure 2.4. 

d,e) under an atmosphere of oxygen-free nitrogen for 3-10 

hours. The products were filtered under nitrogen, washed 

with dry methanol and dried under vacuum.,

2.2.2 Analysis of Complexes

Tin analyses of the products were carried out both by 

a tin(iv) oxide gravimetric procedure and by the Donaldson 

and looser method^7). Chlorine was determined by potenti-

ometric titration and by titration with mercuric perchlor-

ate following the destruction of organic matter by the 

oxygen flask method. Carbon, hydrogen and nitrogen assays 

were determined at the Laboratorio di Chimica Organica, 

(IT i 1 a n ) ,

For these complexes thermogravimetry was only used 

to determine the weight loss at low temperatures (<150°C) 

attributable to methanol. Mo attempt was made to study 

the decomposition of the complexes at higher temperatures. 

The complete set of analytical data is given in Table 2.6 

with only the average of three separate determinations 

Quoted.
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(c) Inosine

(d) Adeni ne (e) Cytosine

a

figure 2,4 Ligands of purine and pyrimidine bases and

nucleosi des
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Analytical Data for the Complexes

SnCln .L ,2 n ch 3oh

in parentheses)(5^: calculated

SnCl-.L .Z n

L =

CH3OH

n =

Sn Cl C H N CH30H

adenine 2 23.7 13.7 26.9 2.71 28.9 7.0

(24.13)(14.40) (26.85) (2.86) (28.47) (6.5)

cytosine 2 26.3 16.1 24.9 2.80 IB.8 8.0

(26.74)(15.98) (24.35) (3.18) (18.93) (7.2)

adenosine 1 25.1 14.4 26.6 3.30 14.4 6.0

(24.28)(14.50) (27.02) (3.05) (14.32) (6.5)

cytidine 1 25.6 16.1 26.2 3.40 9.60 8.0

(25.53)(15.25) (25.83) (3.68) (9.04) (6.9)

inosine 1 24.1 15.0 27.5 3.06 11.6 6.5

(24.23)(14.47) (26.97) (3.29) (11.43) (6.5)

Table 2.6



-90-

2.2.3 Infrared data for the Con.plc-xes

The infrared spectra for the complexes were recorded 

using a Perkin Elmer 580 infrared spectrometer. Table 2.7 

contains the more important ir frequencies for these 

tin(ll) chloride complexes.

Small changes are observed in the V.IU vibrations and
v “ 2

in the vibrations of the purine and pyrimidine rings for 

all the complexes in comparison with the data for the free 

ligands. These changes appear to occur as a result of 

inductive effects in the systems irrespective of the site

(17)of coordination to the tin' . The most significant change 

observed in the adenine complex in comparison with the free 

ligand species is the loss of the frequency associated

with the atom l\i(9) of the free ligand (Figure 2.4). This 

suggests the coordination of adenine to tin(ll) chloride 

occurs at N(9), which is the usual coordination site for

(18) unblocked adenine type ligands to metal moieties . The 

spectra of the adenine complex also contain a new band at 

280cm*’^ assignable to the Sn-Cl vibration.

The ligand cytosine usually forms complexes to metal 

species at the heterocyclic N (3) atom. Coordination at 

this site usually results in formation of strong bands in

(1 8)the C = D stretching region of the spectrum. . The appearance

of the band at 1722cm”^ in -the SnCl?(cytosine)^. CH^OH 

complex and the fact that the in plane and out of plane

frequencies associated with N(l) are not changed in going 

from the ligand to the complex is consistent with coordin-

ation at N ( 3) . The value of Vp_n of 1722cm”^ is higher 

than the value in the free ligand in contrast to the lower
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Infrared Data for the Con'plexcs

SnCl-.L . CH,0H2 n 3

Adenine (= Ad e) SnCljAde)2 CF^OH A ssi qnmen t

7 7 r n ,.. »J J U U LU 3320 w

32 62 n: 3160 w V as.
u 2

3262

3100 rr>, b d

1572 s 1682 SNH^in plane 

purine ring

1605 s 160 5 m

1 540 w

870 r, 6(N(9)-H)

280 ui Vc riSn- Cl

Table 2.7

Cytosine (=Cyt) SnCl?(Cyt)2CH30H Assignment

3367 s 3340 m, bd VNH2 as-

3160 s 3160 m. bd

1700 V 1722 s vc=o
1660 o 1677 s 6(NH2)

1635 w

1615 w

1538 m 1542 fit {(NO)-!!) in plane

1275 s 1275 s 6 (c -nh 2)

623 m 823 rn <j (N (1) -H ) out of
plane

33C m
Sn-Cl
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Infrared Rata for OnmijJexes (cont.)

Adenosine ( = A d s ) SnCl-,2 Ads.CH^OH A ss i on men t s

3320 s 3320 m

312 5 s 3140 m VNH, as

3100 w

1670 s 1665 s 6 ( NH2) in plane

1605
1575

s
m

1605 m

vibrations of the 
purine nucleus

1092 s t bd VC-C in C-OH

Sn

320 V>c mSn-Cl

Table 2.7

Cytidine (=Cyd) Sn012. Cyd.CH^OH Assignments

34 4 R s 3340 s

3340 s 3160 m as
2

3270 U)

3220 s, bd

1C60 s 1670 s 6(NH2)

1645 s 1625 s VC=0

1607 s

1530 s

1496 s

1290 s 1290 s v (c -nh 2)
1090 s, bd VC.-0 in C-OH

5n

320 w Vc riSn-Cl
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Xnfiarpd Data for the Complexes (cont. )

Inosine (=Ino) SnCl?. Ino.CeOH Assi gnrrients

320

3540 s
VNH?

3300 s 3330 m V.,..I.. r i _2

3140 m

1690 s, bd 1690 s, bd v
0=0

1598 s

1575 s

1550 s 1552 <S ( N (1) -H )

1080 m, bd VC-3 in
|1
Sn

Sn-Cl

w. weak; m. medium; s. strong ; bd. broad;

Table 2.7
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values found in other metal complexes of the type
(16)

M (cytosine)-, X^compounds which all have v^_gvalues 

lower than 1703cm 1 in cytosine. Values of higher 

than the cytosine value are however, found in hydrated

hy dr ogen

T (cytosine)-, X compounds and interpreted in terms of 

bonding of cytosine to solvate molecules which in
(19) 

coordinated to the metal ion • It is possibleturn are

that the

solvated

could be

band at 1722cm"1 arises because of the presence of 

methanol, but it is unlikely that the methanol

The band at 330cm 1 in4- ;

the cytosine complex is assigned

The adenosine ligand can be 

t0 vSn-Cl‘

regarded as an adenine

molecule with the favoured N(S) donor atom position blocked 

so that coordination must occur either through other 

nitrogen atoms of the nucleoside or through oxygen atoms of 

the carbohydrate groups. The only major changes in the 

spectra of the adenosine complex in comparison with the free 

ligand are in the C-0 stretching region of the carbohydrate 

group.

The- changes in the heterocyclic ring system on complex 

formation are typical of those found when bonding to a metal 

occurs at any atom in the molecule, including at the carbo-
(20)

hydrate oxygen atom . The ir data therefore suggest that 

at least one of the carbohydrate hydroxyl groups is bonded 

to the tin. The data do not however, exclude the possibility 

of donation either by both oxygens in the carbohydrate 

hydroxyl groups or from one of these oxygen atoms and N(7) 

from the pyrimidine ring. The hand at 320cm 1 in the aden-

osine complex is assigned to . The major changes in

the spectra of the tin(ll) chloride complexes with cytidine



and inosine are also in the stretching region of the

Carbohydrate group and the bonding to the tin is presumably

similar to that in the adenosine complex. Bands in the

cytidine and inosine complexes at 320cm are again assigned

to Sn-Cl vibrations.

2.2.4,^"Sn 1'iBssbauer Spectra

1 1 *" Sn MBssbauer data for the complexes (1-5) are

compared with those for related compounds in Table 2.E.

The chemical isomer shifts for the new complexes lie 

in the narrow range 3.40 - 3.55mms ^and are lower than that 

for SnCln. This is consistent with complex formation 

involving the replacement of a bridging chloride in the 

trigonal pyramidal coordination of tin(ll) chloride.with 

stronger tin(ll) to donor atom bonds. The ir data for the 

complexes SnC 1 - . L . CH-.OH (3-5) show that the tin atoms are

bonded to oxygen atoms of the carbohydrate groups in the

lioands. The data for the SnCl2.L2CH30H complexes (1-2),

however, show that the tin

It is known that there are

is bonded to ligand !\l-atoms.
r

two main types of tin(II)

chloride adduct possible, involving formation of either

a trigonal pyramidal tin(ll) moiety

only one donor

or a distorted

by coordination to

atom eg. the tin environment in SnCl2.2H^^) 

the tin(ll)

II

environment in

four pyramidal moiety such as 

cm i / a- (22)SnCl2. 1.4 dioxan

The difference in chemical shift values 

plexes is a measure of the disruption of the 

of the com-

tin bonding

electrons in tin(ll) chloride on complex formation. This 

in turn, gives an indication of the donor strength of the 

ligands in complexes such as the nucleoside complexes
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Mttssbauer Data for the Complexes

SnCl. Ln' CH^OH

Compound 6(mms 1) A(mms 1) Ref

1. SnCl^•(Cyt)CH^OH 3.43 1.45 a

2. SnCl2.(Ade)2CH3OH 3.40 1.60 a

3. SnCl2.(Ads) CH-jOH 3.50 1.54 a

4. SnCl2.(Cyd) CH^OH 3.39 1.57 a

5. SnC12.(lno) CH^OH 3.55 1.54 a

6. SnCl2. 4.12 0 b

7. SnC12.2H20 , 3.68 1.21 b

8. SnC^.l.A dioxan 3.76 1.61 b

9. SnCl2.py 3.29 0.98 c

10. SnCl2 . piperazine 2.87 2.17 d

ll.SnC^.? morpholine 2.81 2.24 d

12.SnC12»2 piperidine 2.81 2.21 d

a. Thi s work ; b. Ref. 15; c. Ref. 13;

Table 2.8
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described here.

Comparison of the MBssbauer chemical shift data for 

the nucleoside complexes (3-5), with those of the oxygen-

containing SnCl2 adducts (7,8) in Table 2.8 shows that the 

Sn-0 bonds formed in the 5nClo nucleoside complexes must be 
( 21) 

somewhat shorter than those found in SnCl^, 21^0 or

SnCl2. 1.4 dioxan^22\ The tin-oxygen bonds of 2.32^ in 

the dihydrate and 2.54^ in the 1.4 dioxan complex are

(23) 
considerably longer than the typical Sn-0 bond length , 

representing a weak donor-acceptor interaction. It can be 

assumed therefore that this somewhat shorter Sn-0 bond in 

the nucleoside complexes is still a relatively weak bond.

The chemical isomer shifts for the adenine and cytosine 

complexes (1,2) are higher than those found in typical

SnCl2 adducts with nitrogen-donor molecules such as SnCl2.py

or SnCl2.2 Morpholine, suogesting that the Sn-N interactions

in these 5nCl_ nucleoside complexes are relatively weak. 
2

The MBssbauer quadrupole splitting values for compounds

1-5 are in the range 1.45 - l.GOmms"1 and would be con-

sistent with low symmetry tin environments containing a lone-

pair of electrons and a weak tin-ligand interaction.

2.2,5 Summary

The fate of the tin(ll) moiety, SnCl?, in chemical 

reaction with such donor molecules as adenine, adenosine, 

cytosine, cytidine and inosine has been studied. Two types 

of complexes are identified: SnCl2.L,CH^OH (L= adenosine, 

cytidine and inosine) and SnCl2•L2.CH^OH (L • adenine and 

cytosine). The “Sn MBssbauer shift data for the com-

plexes suggest that the bonds between tin(ll) chloride and 
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the donor atoms of the ligands are relatively weak.

2.3 Adducts of Tin(ll) Compounds containing

Nitrogen, Oxygen and Sulphur Donor atoms

Covalent SnX^ compounds have an empty p-orbital, of 

similar energy to those used in bonding, and should act 

primarily as monofunctional acceptors towards suitable 

donor molecules. Although many of the adducts that have 

been reported are 1 : 1 complexes, a number of polyligand 

species have also been prepared^. It has been suggested^^ 

that the second ligand in materials of type SnX^. 2L, is in 

fact present only for lattice packing purposes. However, in 

the crystal structure of SnS0^.2tu (tu = thiourea )(25), the 

thiourea moieties are bonded to the tin by two sulphur atoms 

at distances 2.62 and 2.860. The difference between the two 

bond lengths is not guite large enough to justify the 

assumption that one of the thiourea ligands is a lattice 

ligand and is not bonded to the tin. In view of this 

observation a study of the thermal decompositions of a 

number of thiourea adducts have been studied to obtain 

information on the bonding of the ligand to the tin species 

and have been compared with the data for 4 adducts viz. 

SnCl^. 2H2O : SnCl^. 2 pyridine : SnCl . 2DFGS0 and 

SnCl^. 2 piperidine, for information on the fate of the 

tin and ligand moieties on.pyrolysis.

2.3.1 Thermal Analysis of Adducts of Tjn(ll) Compounds 

with donor atoms

In order to understand the modes of decomposition of 

the adducts (Table 2.9) it is necessary to consider the 

effects of temperature on tne free ligands. Four of the
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Thermal Decomposition Data for Adducts of Tin(ll)

Compounds with Donor Atoms

Table 2.9

Complex T emp.(°C) Wei gh t
Loss (ft)

5n(ac)(tu) 145 0 Mel ting

145 30

169 16

360 15

Sn(form.)2tu 120 0 Melting

133 35

210 13

5nS0^. 2tu 94 2
-

169 22

226 13

350 13

2Sn504.5tu. 2H20 140 0 Melting

142 15 Loss of 5O2

169 35

258 7

390 23

SnC^. tu 169 0 Melting

192 20

258 10

310 35
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Table 2.9 (continued)

Complex Ten p.(°C ) Weight
Loss (<)

2SnCl?.5tu. 2 H 0 66 4 Loss 2H20

120 0 IS e 11 i n g

1 69 40

258 11

350 18

S n B r 9 . t u 145 0 Melting

169 2

192 10

285 25

390 52

2SnBr2.5tu. 2 H 2 0 80 4 Loss 2H20.

133 0 Melting

169 26

279 22

370 35

SnCl2. 2H20 51 8

145 g

248 0

360 74

SnCl2. 2py . 49 22 LosS 1 py.

150 46

324 44
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Comp lex T emp.(°C) Wei ght 
Loss (%)

SnCl2. 2DM50 66 0 Melting

78 22 Loss of 1 L

192 45

266 6

SnCl^. 2piperidine 169 0 Melting

197 24 Loss of ]. L

341 48

Table 2.9 (continued)
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ligands studied, vaporize without decomposition at their 

boiling points viz. H^O (100°C), DMSO (189°C), pyridine 

(115°C) and piperidine (106°C). Thiourea, on the other 

hand undergoes a multistage decomposition, and its pyrolysis 

was studied for comparison with the adducts. Thiourea 

melts at 178°C, and this process is accompanied by a sharp 

endothermic peak on the DTA trace. Ammonium thiocyanate 

sublimes off at a temperature slightly higher than the 

melting point and then decomposes to form ammonia, hydrogen 

cyanide and sulphur.
(26) Thiourea tin(ll) acetate:- Stannous acetate is known'

to melt at 182.5 - 183°C and to boil at 239 - 241°C. When 

it is heated under an atmosphere of oxygen free nitrogen, in 

a flask, the material decomposes giving a black residue 

(tin(ll) oxide) and a white sublimate (stannous acetate). 

The complex, thioureatin(II) acetate melts at 145°C, at which 

temperature there is indication of the onset of decomposition. 

The initial loss of 45$ weight is a two stage decomposition, 

that can be explained in terms of the complete breakdown of 

the ligand and the volatilization of part of the stannous 

acetate leaving a residue which was identified by Mflssbauer
to 

spectroscopy as being stannous oxide. The formation of this 

residue indicates that the Sn-0 bonds to the acetate moiety 

are stronger than the 5n-S ,bonds to thiourea molecules.

Thiourea tin(ll) formate:- Stannous formate 'decomposes 

without melting at 198-200°C. When it is heated under an 

atmosphere of oxygen free nitrogen, in a closed flask, the 

material decomposes giving a black residue and a white 

sublimate. Unlike its parent compound, the complex melts at 
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120°C and then undergoes an apparent one-stage weight loss 

decomposition of - 35% although the DTA and DTG peaks 

suggest the decomposition process is more complex. This 

decomposition step, like that of the acetate complex, can 

be explained in terms of the complete degradation of the 

ligand and volatilization of trioxymethy1ene. Analysis of 

the final product , as SnO indicates the fate of the tin 

in the complex formation, in which the Sn-0 bonds to the 

formate group are stronger than the Sn-S bonds to the 

thiourea molecules.

Dithioureatin(11) sulphate and Pentathioureatin(11) 

sulphate:

The decomposition of both the penta- and di-thiourea 

tin(ll) sulphate derivatives were studied. The main products 

of the pyrolysis of stannous sulphate at 379°C are known^ 

to be SnO^ and S0^. A significant difference between the 

two types of complex is that the pentathiourea derivative 

melts before decomposition while the dithiourea derivative 

does not. The three stage decomposition of SnSo^. 2tu can be 

explained in terms of the breakdown of the sulphate group, 

to give 50^ and the reaction of the remaining tin moiety 

with the thiourea to give a yellow residue of stannic 

sulphide. The weight loss at - 300°C is considered to be 

due to the removal of S02.- The complex 2SnS0^.5tu, after 

melting at 140°C, immediately loses 15% of its weight. This 

weight loss is accompanied by a very sharp endothermic DTA 

peak, which corresponds to the removal of SO^. The loss of 

50^ at such a low temperature in comparison to its removal in 

5nS0^. 2t(j at - 300°C and SnSO^ at 379°C, suggests that
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2Sn50^5tu has reacted in such a way during melting, as to 

alter the tin environment, thus enabling SO^ to be readily 

evolved. The complex continues to break down losing three 

molecules of thiourea during a process of volatilization of 

ammonium thiocyanate. The final breakdown of the thiourea 

group follows a reaction of the tin moiety with the thiourea, 

to give a yellow residue of the stannic sulphide. This 

residue of SnS^, after decomposition of both complexes, is 

sufficient evidence to assume that tin(ll) in the stannous 

sulphate thiourea derivatives forms Sn-S bonds to two 

thiourea moieties.

Thiourea tin(11) chloride and Pentathioureaditin(11)

tetra-chioride dihydrate: Stannous chloride melts 

sharply at 248°C and then decomposes losing 100$ weight. 

Complex formation with one molecule of thiourea lowers the 

melting point of SnCl^ to 169°C. The subsequent three-stage 

decomposition which begins at 192°C involves the breakdown 

of part of the SnCl^ and thiourea, while the remaining tin(ll) 

chloride volatilizes off at - 310°C leaving a black residue 

which is known to be stannous sulphide. The penta thiourea 

dihydrate loses its two molecules of water at 66°C and then 

melts at 120 C, after which the complex breaks down losing 

four molecules of thiourea by volatilization of NH^CNS. The 

decomposition process that-follows is like that of the 

monothiourea derivative, in which there is partial breakdown 

of the tin chloride moiety and thiourea leaving the remaining 

SnCl^ to volatilize off at - 350°C, and give a final residue 

of tin(ll) sulphide. The final residue of stannous sulphide 

for both the mono and pentathiourea derivatives, suggests 
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there is a strong tin-to-sulphur bond to one thiourea 

molecule.

Thioureatin(11 ) bromide and Pentathioureatin(II) 

tetrabromide dihydrate: The parent material, stannous 

bromide melts at 226°C and then decomposes. Like the chloro-

complexes the two derivatives melt before decomposition. 

Each of the compounds, on melting, must undergo a chemical 

reaction thus altering the environment of the tin. The 

monothiourea derivative melts at 145°C and then decomposes 

in three stages. Like its chloro-analogue, the first stage 

and the second stage of decomposition involve the break up of 

the thiourea moiety. The subsequent decomposition is unlike 

that of the chloro-complex in that the decomposition goes 

almost to completion with the products volatilizing off 

as tin(ll) bromide before the tin can form stannous sulphide.
9

After the initial loss of water from the pentathiourea 

bromide derivative the complex melts at - 120°C. The 

subsequent decomposition involves the volatilization of 

NH^CNS and the complete breakdown of the thiourea moieties. 

As with the monothiourea complex the final stages of 

decomposition are accounted for by the volatilization of 

SnBr^ before the formation of the stannous sulphide. This 

preference for the tin to remain bonded to bromine suggests 

that the tin atom is only weakly bonded to the thiourea 

molecule via the sulphur atom.

Tin(ll) Chloride Dihydrate: Tin(11)chloride di hydrate 

melts at 51°C and loses one molecule of water. This melting 

is effectively the dissolution of the tin(ll) chloride in 

its own water of crystallization. The second molecule of 
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water boils off at - 150°C, after which the material 

solidifies and then melts at 248°C. Finally stannous 

chloride volatilizes off at - 360°C. The removal of the 

two molecules of water at different stages suggests that 

only one water molecule is strongly bonded to the tin.

Tin(ll) Chloride Bipyridine: The compound melts at

49°C and proceeds to decompose io three major stages of 

weight loss. The first weight loss of 24% material at 49°C 

is followed by a further loss of~24% at 150°C. Both these 

weight losses are due to the removal of the ligands leaving 

tin(ll) chloride which volatilizes off at 324°C. The separate 

removal of the ligands implies that only one of the pyridine 

molecules is strongly bonded to the tin.

Tin(ll) Chloride. 2Dimethylsulphoxide: The complex 

melts at 66°C and loses one ligand of DFiSO at 78°C. The’ 

subsequent decomposition of the material is a multistage 

process. It is clear however, that only one DM50 molecule 

is strongly bonded to tin and the removal of this second 

ligand is not as simple as observed in the dihydrate and 

bipyridine complexes described earlier. The complicated loss 

of the second DMSO molecule is the result of a reaction to
// 

give a tin(iv) species. The fate of the tin on reaction 

was identified by recording a MBssbauer spectrum of the 

product collected after loss of the first ligand.

Tin(ll) Chloride 2Piperidine: The complex melts at

169°C, and at 197°C begins to lose the first molecule of 

piperidine. The removal of the second ligand at - 340°C is

not simple, but the thermal decomposition shows the 5n-N bonds 

are relatively strong.
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2.3.2 Summary

The thermal decompositions of four adducts of tin(ll) 

chloride containing molecules of water, pyridine, DPI SO and 

piperidine have been studied. Although the complexity of 

the decompositions varies, there is sufficient evidence 

from this thermal analytical study, to conclude that there 

is a difference in the mode of bonding between tin and the 

two ligands in SnCl2. 2L type complexes All the materials 

lose the ligands in separate stages, with the removal of the 

first occurring at low temperature. The early loss of the 

first ligand during decomposition strongly suggests that 

this ligand does not contribute to the bonding in the lattice 

network but is solely used for lattice packing purposes. This 

is consistent with the crystal structure determination on
(21 )

SnCl^. 2H20v which shows that only one molecule of water 

is directly bonded to the tin (Sn-0 = 2.320). The second 

water molecule forms hydrogen bonds with the water bonded to 

the tin, giving a two dimensional network of hydrogen bonds. 

The difficult removal of the second ligand from the complexes 

SnCl2. 2DP1S0 and SnCl^. 2piperidine must arise because of the 

strength of the Sn-L bond, relative to the Sn-Cl bonds.

The results obtained from the thermal analytical study 

of the series of thiourea adduct complexes of tin(ll) 

compounds provides information on the mode and strength of 

the bonding in such compounds. The type of product from 

thermal decomposition is an important indication of the 

strength of the bond. It is found that the decompositions 

fall into four classes based on their products of decompos-

ition viz: the carboxylate derivatives which give SnO, the 



-108-

sulphate complexes which give SnS^, the chloride species 

which give SnS and SoCl^ and the bromide derivatives which 

lose tin as stannous bromide before stannous sulphide can 

be formed.

The thermal data are consistent with the known structural
(25)

data published previously on 5n50^. 2tu' , and described for 

the first time in Chapter 4 on Sn(acetate)^ . 2tu and Sn^r^. 

5tu ZH^O. In the SnSO^. 2tu structure, the tin is bonded to 

two oxygens (5n-0 : 2.248, 2.418) and two sulphur atoms 

(Sn-5 : 2.628, 2.868). The most covalent bond is the Sn-5

distance of 2.628 and the decomposition results in the 

formation of a tin sulphide residue. It is interesting that 

the oxidation of the tin species on pyrolysis results in the 

formation of SnS^ and not an oxysulphide. The formation of 

SnS^ as a product of pyrolysis of the pentathiourea derivative 

implies that the tin environment is similar to that in 

SnSO^. 2tu, and that the fifth thiourea ligand in 25nS0^.5tu 

must only be used for lattice packing purposes. The complex 

SnCac)^. 2tu has been found to have two 5n-0 bonds of - 2.168, 

whilst the shortest Sn-S bonds in the structure are about 

2.878, which are considered ionic in character . During 

pyrolysis the tin moiety retains its (II)+ oxidation state and 

forms tin(ll) oxide as a product. The Sn-L bonds in the 

acetate are weak therefore during decomposition the bonds break, 

and the complex continues to decompose like stannous acetate.

In the same way the formation of stannous oxide as a product of 

pyrolysis of Sn(formate). tu results from the destruction of 

the 5n-L bonds and the subsequent decomposition of the complex 

as stannous formate.
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In 2SnPr2.5tu,2H?0 there are unusually short

Sn-Br bonds of 2.65^. which are strongly covalent in 

character. The strength of these bonds is retained during 

pyrolysis, and the tin moiety volatilizes off as stannous 

bromide, in preference to strengthening Sn-S bonds. The 

similar decomposition pattern for the monothiourea 

derivative, seems to suggest the tin in SnBr^. tu also has 

strong bonds to the bromine atoms. It can be inferred from 

the thermal decomposition traces of the SnCl^ complexes that 

the Sn-Cl bonds, although strong, are relatively weaker than 

the Sn-Br bonds in the corresponding bromo-derivatives, due 

to the formation of both SnCl^ and SnS as products of 

pyrolysi s.

In conclusion, therefore, the product of the thermal 

decomposition of a tin(ll) compound seems to depend upon 

the strength of the covalent bond formed between the metal 

and the anion. In the case of the adducts there are three 

types of decomposition viz., (1) in which the tin-ligand 

bond is weak, and the material decomposes by loss of the 

ligand and subsequent decomposition of normal tin(ll) 

compounds; (2) in which the Sn-L bond is relatively strong 

and the ligand reacts with the tin moiety to give a tin(ll) 

species; and finally (3) in which the Sn-L bond is relatively 

strong and there is reaction between the tin(ll) moiety and 

the ligand to give a tin(iv) species.
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2.4 Tin(ll) ; Plixed Anion Systems

A number of papers have been published on tin(ll) 

systems, in which there is more than one anion present. The 

majority of these papers are concerned with the mixed tin(ll) 
halides^^ 3^\ In early work Karantassisdescribed the 

synthesis of tin(ll) iodide chloride and tin(ll) iodide 

bromide by the reaction of iodine on solutions of tin(ll) 

chloride and tin(ll) bromide in their parent hydrohalic 

acids. The results of a study of phases from solutions 

containing tin(ll) and halide ions have been reported^33) 

together with a description of a number of new ternary 

tin(II) halides.

Fewer papers have been concerned with oxyacid or carb-

oxylic acid systems. It has been shown that the replacement 

of one, but not both acetate groups from tin(ll) acetate 

to give compounds of the type Sn(CH3C00) (NO^)and 

Sn(CH3C00) (CgH6No/35) is possible. There are some reports 

of the preparation of mixed tin(ll) halide - tin(ll) oxyacid 
salts^36’37) although the exact nature of the materials is 

not known. The most recent reports on such mixed anion salts 

includes details of a potassium tin(ll) sulphate thiocyanate 
(38)

and potassium tin(ll) chloride- and bromide- sul-
( 39) 

phates of type K3Sn2(S04)3 X (X = Cl.Br).

In the present work three mixed anion systems have been 

studied viz: (1) SnF2 - CsBr (2) Sn: K: SO^: X (where X = 

Cl,Br) and (3) Pd: Sn: Cl: I. Systems (1) and (2) are 

described in the following subsections whilst the study of 

the third system is detailed in section 2.5.
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2.4,1 Preparation and I dentification of Neu Phases

from the SnF^ • CsBr system

Products obtained from the aqueous SnF^ : CsBr system 

in the composition range 6:1 to 1:6, have been studied and 

identified by chemical analysis, X-ray diffraction measure-

ments, and Mflssbauer spectroscopy, The phases were obtained 

by mixing a solution of caesium bromide and a solution of 

tin(ll) fluoride in the appropriate molar proportions, in 

the minimum amount of water. The products crystallized out 

under nitrogen, as fine white or yellow acicular crystals, 

the colour of which was dependent on the proportion of 

CsBr in solution.

Chemical analyses, X-ray and Hdssbauer data were 

obtained for all the products, and the data show that only 

four phases were isolated. CsSn^BrFg was the first phase 

precipitated from a 6:1,5:1 and 4:1 composition of SnF^: CsBr. 

CsSn^BrF^ was isolated from a 3:1,2:1 and 1:1 composition of 

SnF^: CsBr, with only a mixture of starting materials being 

isolated from the 1:2 SnF^ : CsBr phase. A yellow crystalline 

material was obtained with an excess of CsBr(l:3, 1:4 SnF2iCsBr) 

which analysed close to CsBr. CsSnBrF^. In view of the 

results obtained ^^^with perovskite CsSnBr^: CsSnX^ systems 

the phase CsBr.CsSnBrF, need not contain stoichiometric 

proportions of elements. it was assumed that the black 

crystalline product from the solution containing a large 

excess of CsBr, was the well-known perovskite Cs5nBr-,^^\

The analytical data for the tin and bromine contents 

only, are given in Table 2.10, for the three isolated phases, 

CsSn^BrFg ; CsSn^rF^ ; and CsBr. CsSnBrF^. Tin analysis was
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Analytical Data for Neu Phases 

isolated from the SnF^ -CsBr system 

calculated in parentheses )

Table 2,11

Compound Sn (%) Br(?)

CsSn -,BrF c3 6 51.2 11.9

(52.2) (11.71)

CsSn-BrF.2 4 45.1 15.5

(45.19) (15.21)

CsBr.CsSnBrF^ 21.2 27.7

(20.45) (27.52)

Table 2.10

119 Sn MBssbauer Parameters
-

* 6mms 1 Amms Ref

CsSn^BrFg 3.46 1.53 a

CsSn^BrF^ 3.43 1.44 a

CsBr.CsSnBrF^ 2.93 1.81 a

SnBr^ 3.98 0 b

SnF^ 3.65 1.80 c

CsSnF3 2.98 2.00 c

CsSn2F5 3.12 2.06 c

CsSnBr^ 3.98 0 c

* - Relative to BaSnO

a = This work b = Re/43) c = Ref (40, 44)
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carried out using the method of Donaldson and Noser and 

bromine content was determined by the oxygen flask method. 

The percentage values given for Sn and Br are an average 

of three separate determinations. Table 2.12 contains the 

X-ray diffraction data for the three materials, and compar-

ison with the data for the parent materials and related 

complexes eg. CsSnF^ and Cs5n2F5k , confirm the existence 

of three new phases.

The Pldssbauer parameters measured at 80K , for the 

three compounds are given in Table 2.11, together with 

data for related caesium tin(ll) complexes, tin(ll) fluoride 

and tin(ll) bromide for comparison. The two complexes 

isolated from an excess of 5nF2 in solution, have similar 

chemical shift, and quadrupole splitting values. The 

chemical shift values indicate there is only one tin site. 

There is no evidence of a peak corresponding to tin in a 

bromide environment (SnBr2 ; CsSnBr^ 6 = 3.98mms ). In

view of the low shift values (CsSn^BrFg, 6 = 3.46mms ,

CsSn2BrFZ| 6 = 3.43mms"1) it must be inferred that there is 

no distinct tin-bromine site and that every tin atom must 

form strong bonds to fluorine. There are two possible 

structures for the complexes, one in which bromine takes 

part in the bonding and the other in which the bromine atoms 

lie in the SnF2 lattice network and are used for packing 

purposes only. If the latter were true, the shift values 

would be expected to be similar to that of SnF2(6 = 3.65mms 

The observed lowering of shift however, which is consistent 

with complex formation, makes the preferred arrangement to 

be one in which the bromine takes part in the bonding,
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X-ray Diffraction Data for the Neu Complexes

CsSn^BrF g 

d spacing (8)

CsSn^PrF^ 

d spacing (8)

CsBr. CsSnBrF^ 

d spacing (8)

Table 2.12

4.67 w 6.66 w 3.97 m

3.78 m 4.67 w 3.82 s

3.39 us 3.77 w 3.74 m

3.30 vs 3.40 s 3.46 vs

3.21 w 3.31 s 3.41 m

3.16 m 3.15 w 3.36 m

3.12 s 3.11 w 3.28 w

2.86 m 2.86 VW 3.15 vs

2.84 w 2.83 VW 3.05 vs

2.56 w 2.55 m 2.94 vs

2.55 s 2.15 VW 2.76 w

2.22 VW 2.08 VW 2.58 w

2.19 VW 1.87 VW 2.48 VW

2.15 VW 1.77 m 2.39 w

2.08 VW 1.76 m 2.36 VW

1.99 w 1.69 w 2.31 VW

1.87 w 2.29 VW

1.86 w 2.10 VW

1.84 VW 2.07 VW

1.82 VW 2.02 w

1.77 w 1.92 VW

1.75 w 1.87 VW

1.69 m 1.84 VW

1.66 w 1.76 VW

1.65 m 1.73 VW
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although it is only weakly bonded to the tin.

CsSn^BrF c
j b

CsSn^BrF

'Br

In both structures the tin atom would lie in a trigonal

pyramidal environment with bonds to fluorine, and bridging 

bromide ions. The species formulated as CsBr•CsSnBrF2, is 

one in which tin is present as an ion like [SnF^] , 

(CsBr .Cs5nBrF2, 6=2.93mms"1, A=l.Simms"1, CsSnF-j, 6=2.98mms"1 

A=2.OOmms"1). Hence the tin could well exist as [5nF2BrJ " 

but with short Sn-F bonds, and the excess caesium bromide 

is making up the lattice.

In conclusion, therefore, it has been found tin remains 

strongly bonded to fluorine and this ability to remain so, 

only breaks down as the ideal structure of the perovskite 

lattice is approached as in CsSnBr^.
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2.4.2 Structure Determination of K^Sn^CSO^J^X

(where X = Cl, Br)

Finagle’s Third Law:

In any collection of data, the figure most obviously 

correct, beyond all need of checking is the mistake.

An attempt was made to prepate a mixed tin(ll) halide-

acetate complex, from a solution of potassium acetate and 

tin(ll) halide (SnBr^ or SnCl^) in 2M sulphuric acid but

2 -the products obtained were found to contain SO^ and halide 

but no acetate. The complexes isolated were in fact, the 

chloro- and bromo- potassium tin(ll) sulphates K^Sn^CSD^J^X 

(where X = Cl, Br). Moser et al' 7 had previously'reported

the preparation of these complexes using tin(ll) sulphate 

as a starting material, and described their attempts to 

determine their crystal structures. Although they suggested 

that the chloro-and bromo-compounds had structures closely

2 - . 3-related to chloroapatites, with SO^ replacing PO^ , the 

structure factor calculations on their predicted model gave 

an R value of 0.30. Improved data sets were collected for 

both the chloro- and bromo- complexes in this work to obtain 

better structural data.

Preparation of the Crystal

The appropriate tin(ll) halide was dissolved in a solution 

of potassium acetate in the molar ratio 1 : 5, and the mixture 

was heated in the minimum amount of 2M sulphuric acid. 

Colourless acicular crystals formed when the solutions were 

cooled. The products were filtered off and dried in a 

desiccator over KOH pellets. Crystals from both the halide
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systems were used to obtain cell data and were found to 

be isostructural . (Table 2.13)

Determination of the Space Group and Cell Dimensions

The crystal data were obtained from Weissenberg and 

single crystal precession data, and refined on the basis of 

the powder diffraction pattern. Details of the data for 

the chloro- and bromo-complexes are given in Table 2.14 

Single crystal intensity data were collected at Queen Mary’s 

College, London, using a four-circle diffractometer.

On the basis of the systematic absences, the crystals 

were assigned to the space group P63 or its centrosymmetric 

alternative P6^/m(Nos. 173 and 176 respectively in the 

International Tables of X-ray crystallography(^5)).

Location of Atomic Positions

The X-ray crystallographic programs used throughout 
t

the crystal structure determination are described in

Chapter 1.

The atomic positions were located as a result of a

heavy atom Patterson synthesis. The equivalent positions

in the space group P6^ are:-

X-Y, Z; Y-Z,

Y-X, i+Z; X-Y,

X, Z;

X, 2 + Z;

x,

X,

Y,

V,

Z;

i + Z;

Y,

Y,

with two sets of twofold special positions at :-

n 0, 0; - 0. 0. 1/2:

1/3 2/3 0; 1/3 2/3 1/2;

The six sets of general positions give peaks in the Patterson

vector map at:-

X + Y, 2Y - X, 0

2X - Y, X + Y, 0
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Crystal Data for the Complexes

K3 Sn2(S0Z1)3 X

K3Sn2(S04)3Br K3Sn2(S04)3Cl

yellow needles white needles

Crystal Class Hexagonal Hexagonal

Cell Dimensions (8) a = b = 10.18 a = b = 10.18

c = 7.54 c = 7.54

Cel1 Volume (8) 677.17 677.17

Molecular Weight (g) 722.3 678.2

Z 2 2

De )gcm”3) 3.54 3.32

F(000) 672 636

Table 2.13



X-ray Diffraction Data for the Complexes

K3Sn2(504)3 X (X = Cl, Br)

K3Sn2(S04)3Cl 

d spacing (8)

K3Sn2(S04)3Br 

d spacing (8)

5.83 m 8.89 m

4.26 w 5.73 m

3.81 s 4.26 w

3.37 m 3.83 m

3.07 vvs 3.79 s

2.95 vs 3.40 w

2.52 m 3.36 w

2.46 w 3.05 vvs

2.33 w 2.95 vs

2.26 w 2.52 m

2.21 w 2.47 w

2.12 s 2.34 w

2.01 s 2.27 w

1.96 s

1.93 ms

1.91 m

1.89 m w. = weak

1.56 ms m. = medium

m. s = medium strong

s = strong

V . s = very strong

v.v.s - very, very strong

Table 2.14
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2X, 2Y, 0.5

X - Y, X, 0.5

Y, Y - X, 0.5

The Patterson synthesis for both complexes, gave the most

intense peak at 2/3, 1/3, 1/2, with th? symmetry related 

position 2/3, 1/3, 0, appearing as a weaker vector peak.

The weaker peaks appeared at:-

z/cX/A Y/B

2 0.0000 0.0000 0.5000

3 0.0000 0.0000 0.5000

4 0.6667 0.3333 0.0000

5 0.7483 0.0109 0.5000

6 0.7536 0.2849 0,0000

7 0.7358 0.0046 0.2533

8 0.4046 0.0525 0.2527

9 0.5000 0.0000 0,5000

10 0.4035 0.3348 0.2343

11 0.1113 0.4246 0.0000

12 0.8583 0.2227 0.0000

13 0.1518 0.0477 0.5000

14 0.0443 0.3768 0.0000o
15 0.2802 0.0940 0.1451

for the bromide complex, and at:-

X/A Y/B z/c
2 0.0142 0.2628 0.5000

3 0.7540 0.2695 0.0000

4 0.0000 0.5000 0.5000

5 0.0000 0.0000 0.5000

6 0.6667 0.3333 0.0000
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x/a Y/B z/c
7 0.0705 0.4097 0.2388

8 0.8519 0.2266 0.0000

9 0.4262 0.2926 0.0000

10 0.9252 0.3303 0.2551

11 0.9529 0.1245 0.5000

12 0.2740 0.0236 0.2532

13 0.6556 0.0292 0.0000

for the chloride complex. Although the Patterson maps are

different, the highest peak is the same. It was therefore 

assumed that the four tin atoms being the heaviest atoms in 

the structure, could well be accommodated in two sets of 

two-fold special positions based on 1/3, 2/3, Z, (with Z = 0 

and Z = 2). However, the lowest residual achieved for 

refinement of these positions for tin in both structures, 

was 0,658. In the published structure Moser also assumed 

these positions for tin, and the structure calculations on 

the final model gave an R value of 0.300. These observations 

cast doubt on the assumption that the highest Patterson peak 

is due to 5n-5n vectors. If the vectors for the tin atom, 

are not in highest position on the vector map they must be 

at one of the highest remaining peak positions. The next 

highest peak in the Patterson map for the bromo-complex arises 

from the special position.0, 0, 0. The corresponding peak in 

the Patterson map for the chloro- complex is the fourth 

highest. Placing the halide at 0, 0, 0, accounts for these 

differences in the Patterson maps. The second and fifth 

highest peaks in the chloro- and bromo- derivatives 

respectively, arise from an atom in the same six-fold 
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general position which, it was now assumed, were due to 

the tin atom. Refinement of this new tin position at 1/4 

1/4,1/4, with a site occupancy of four-sixths, reduced the 

residual to 0,518, for the bromo-complex, and 0.530 for the 

chioro-complex. In view of the fact that the two compounds 

are isostructural, the complete refinement of only the 

bromo-comp 1ex is described, although refinement of the 

chloro-complex has been carried out and the final atomic 

positions are given.

A three dimensional difference Fourier map with 

phasing based on the refined tin position gave a large peak 

with coordinates at 0, 0, 0. The coordinates of this two-

fold special position discussed earlier could only be 

assigned to the bromine atom. A further lowering in 

residual to 0.447 was achieved with bromine atom in this 

special position. A peak of electron density of 27 electrons 

appeared as the next highest and had the coordinates of the 

special position 2/3, 1/3, 0. The appearance of this peak 

confirms that the position highest in the Patterson map is 

that of a lighter atom than tin. With four potassium atoms 

in the positions associated with the 2 two-fold sites based 

on 1/3, 2/3, 0 and 1/3, 2/3, 1/2 with another lighter atom 

such as Br, at 0, 0, 0, it can be expected that a combination 

of K-Br vectors on top of’K-K vectors will give rise to the 

most intense peak at 2/3, 1/3, 1/2. Two sets of potassium 

atoms were therefore considered to fully occupy the two-fold 

sites, with KI in the position 2/3, 1/3, 0 and K2 at 2/3, 

1/3, 1/2. Refinement of the KI position lowered the residual 

to 0.357 and gave a large peak with coordinates at:-
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X = -.5922, Y = .0337 Z = .2708

which were assigned to a sulphur atom. After location of

the atoms Sn, Rr, S, KI and K2 a t: -

X Y Z

Sn -0.2575 0.0121 0.2874

Br 0.0000 0.0000 0.5000

5 -0.5922 0.0337 0.2708

KI 0.6667 0.3333 0.0233

K2 0.6667 0.3333 0.5056

the re si dual fell to 0.236. A three dimensional difference

Fourier map, with phasing based on these refined posi tions,

gave three further map peaks, at distances of -2,40ft from 

tin, and 1.458 from sulphur which were identified as the 

nearest neighbour oxygen atoms. A further Fourier synthesis 

enabled the location of the remaining oxygen atom. All four 

oxygen atom positions were refined using four cycles of 

full matrix least squares to a residual of R = 0.‘155, with 

the oxygen atoms at:-

X Y Z

01 -0.4290 0.1108 0.2705

02 -0.6502 -0.1225 0.2740

03 -0.6471 0.0791 0.4329

04 -0.6180 0.0912 0.1015

During this refinement a Fourier difference synthesis map

peak corresponding to about eight electrons appeared at:-

X = -.2567, Y = . 0140, Z = .2012 >

a position 0.62? from tin . Since the tin atom lies in a

six-fold general position with only two-thirds site

occupancy, it was considered that the remaining potassium, 
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requiring a site of one-third occupancy could ideally share 

the general position partially occupied by the tin atom.

A refinement on all atoms, with anisotropic temperature

factors for tin and sulphur , gave a residual of 0.062.

A final residual o f 0.0566 was obtained when all weak

reflections for which | Fo < 2F c| or |Fc < 2Fo| were omitted

and the temperature f actors for six atoms made anisotropic.

The final atomic positions in K^Sn^(SO)^Br were located

a t: -

Snl 0.7445 0.0092 0.2848

SI 0.4106 0.0356 0.2601

Brl 0.0000 0.0000 0.5000

KI 0.6667 0.3333 0.0081

K2 0.6667 0.3333 0.5160

K3 0.7411 0.0213 0.2069

01 0.5745 0.1135 0.2535

02 0.3488 0.8753 0.2798

03 0.3514 0.0800 0.4163

04 0.3789 0.0892 0.0968

Refinement of the data for the isostructural chloro-complex 

gave a final residual of 0.086. The ten atoms were located
I
in the following positions:-

Snl 0.7505 0.0060 0.3021

51 0.4100 - 0.0352 0.2637

Cll 0.0000 0.0000 0.5000

KI 0.6667 0.3333 0.0130

K2 0.6667 0.3333 0.5183

K3 0.7552 0.0295 0.2223
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01 0.5701 0.1126 0.2868

02 0.3502 0.8758 0.2634

03 0.3567 0.0853 0.4284

04 0.3790 0.0939 0.0850

Structural Description and Discussion

The structure is composed of a three-dimensional network 

of tin atoms and bridging sulphate groups, with discrete 

potassium and bromine ions sited in holes within the tin-

sulphate network. Figures 2.5 and 2.6 show projections 

of the network parallel to the b. and £ axes respectively.

The tin atoms occupy only four-sixths of the available 

symmetry related positions for cations in the network, and 

the remaining two-sixths are taken up by two-sixths of the 

available potassium atoms. The remaining potassium and 

bromine atoms lie in special positions and are discrete ions.

Each sulphate group has an almost tetrahedral sulphur 

environment and forms bonds to the cations Sn/K3 through 

three of its oxygen atoms with each Sn/K3 atom being bonded 

to oxygen atoms from three different sulphate groups within 

the network. Along the b. direction the tin atom lies between 

the bromine atoms forming one bond (3.118) and another (3.418) 

similar to the sum of the Sn-Br contact. This difference in 

Sn-Br distances creates the space for the stereochemical1y 

active non-bonding electron pair (Figure 2.7). The project-

ion in the c direction shows the bromine ions to be surrounded 

by six tin atoms, in an irregular octahedral arrangement. 

There are three different potassium atoms, KI, K2 and K3. 

Both KI and K2 atoms lie in 6-coordinate environments of 

oxygen atoms, with K-0 distances of 2.68, 2.69 and 2,823,
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Figure 2.5 Structure of K-jSr^ (SO ) ^Br viewed along the

b direction (No potassium atoms included in

figure)
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Figure 2.6 Structure of l<3S d ? ( 50 ) ^Br viewed along the

c direction (No potassium atoms included in

figure)
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and 2.78, 2.86 and 3.0^8 for KI and K2 respectively. The 

environment of K3, on the other hand, is unusual and is 

described in terms of partial occupation of the tin(ll) site. 

As expected, the bond distances to both oxygen and bromine 

atoms are similar to those associated with the tin(ll) site. 

Details of the bond distances and bond angles in the 

structure K^Sn^CSO^)^ Br are given in Table 2.15.

It is assumed that the chloro-sulphate complex, being 

i sos true tural with K^Sn^(SO^)^Br, is also a three dimensional 

network of bridging tin atoms and sulphate groups, with 

potassium and chlorine ions occupying holes in the lattice. 

Figure 2. 8 shows the b. projection of the network for 

K-^Sn^(S%)3CI • Details of the bond distances and bond angles 

in the structure K^Sn^(SO^)^Cl are given in Table 2.16.
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B o n d Distances and Bono Angles.

In K3Sn2(S0Z))3Br

Tin Coordination - Sn(l)

Bond Distances(8) Bond Angles(°)

Sn(l ) -0(1) 2.453 0(1) -Sn(l)-0(3) 82.02

Sn(l) -0(3) 2.556 0(1) -Sn(l)-0(4) 86.85

Sn(l) -0(4) 2.618 0(1) -Sn(l)-0(4) '73.38

Sn(l) -0(4)' 2.864 0(1) -Sn(l)-0(3) '81.22

Sn(l) -0(3)' 2.935

Sn(l) -Br(l) 3.107

Sulphur Coordination -S

Bond Di stances(8) Bond Angles(0)

s(l)- 0(1) 1.446 0(1) -S(l) -0(2) 110.9

s(l)- 0(2) 1.433 0(1) -S(l) -0(3) 113.0

s(l)- 0(3) 1.492 0(1) -S(l) -0(4) 100.2

S(l)- 0(4) 1.447 0(2) -S(l) -0(3) 104.4

0(2) -S(l) -0(4) 117.6

0(3) -S(l) -0(4) 110.9

Potassium Coordination-K(1) Potassium Coordination-K(2)

Bond Distances(8) Bond Distances(8)

K(l) — 0(1) 2.686 K(2)-0(l) 2.776

K(l)- 0(1)' 2.686 K(2)-0(l) ' 2.776

K(l)- 0(2) 2.677 K(2)-0(2) 2.856

K(l)- 0(2)' 2.677 K(2)-0(2) ' 2.856

K(l)- 0(3) 2.815 K(2)-0(3) 3.040

K(l)- 0(3)' 2.815 K(2)-0(3) ' 3.040

Potassium Coordination-K(3)- unusual, as K(3) shares Sn site.

Table 2.15
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Figure 2.8 Structure of K-^Sr^ (S0^) ^Cl viewed along the

b direction (All atoms included in the figure)
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Pond Distances : Bond Angles

In K3Sn2(S0Z( hcl

Tin Coordination - Sn(l)

Bond Distances(S) Bond Angles(°)

Sn(1) — 0(4) 2.446 0(1)- Sn(l)- 0(3) 78.30

Sn(l)- 0(3) 2.547 0(1)- Sn(l)- 0(4) 82.18

Sn(l)- 0(1) 2.561 0(1)- Sn(l)- 0(3)'82.07

Sn(l)- 0(4) ' 2.961 0(1)- Sn(l)- 0(4) '73.80

Sn(l)- Cl(l) 2.973

Sn(l)- 0(3) ' 2.994

Sulphur Coordinations S

Bond Distances(fi) Bond A ngle s(0)

5(1)- 0(1)- 1.425 0(1)- S(l)- 0(2) 110,5

S(l)- 0(2)- 1.420 0(1)- 5(1)- 0(3) 102.3

S(l)- 0(3)- 1.541 0(1)- S(l)- 0(4) 106.7

5(1)- 0(4)- 1.568 0(2)- 5(1)- 0(3) 111.0

0(2)- S(l)- 0(4) 112.4

0(3)- S(l)- 0(4) 113.2

Potassium Coordination-K(l) Potassium Coordination-K(2)

Bond Distances(8) Bond Distances (8)

K(l)- 0(4) 2.771 K(2)- 0(1) 2.618

K(l)- 0(4)'2.771 K(2)- 0(1)' 2.618

K(l)- 0(2) 2.783 K(2)- 0(2) 2.759

K (1) — 0(2) '2.783 K(2)- 0(2) ' 2.759

K(l)- 0(1) 2.840 K(2)- 0(3) 2.972

K(l)- 0(1)'2.840 K(3) 0(3) ' 2.972

Potassium Coordination- K(3)- unusual, as K(3) shares Sn site

Table 2.16
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2.5 Palladium: Tin: Chloride: Iodide System

The most widely used inorganic reagents for the 

analysis of palladium, are tin(ll) compounds^^ Colour

reactions between palladium and tin(ll) donor species in the

presence of chloride, bromide and phosphate have been 

reported. Khattak and Magee^^) suggested that the colour 

of the complex formed in the Pd(ll) : Sn(ll) : Cl system 

was due to the formation of the binuclear anion 

[Pd^Cl^(SnCl3)4]4“ in which each palladium atom has a 

square-planar environment with two bonds to SnCl^ donors 

and two to bridoing chlorine atoms. The use of the mixed 

halide complex formed in the Pd(ll) : Sn(ll) : Br : I 

system for the spectrophotometric determination of .palladium 

has been reported^^. At the end of this paper it was 

suggested that the purple complex formed, with an absorbance

However no confirmatory evidence on the nature of the 

product was given. The Mfissbauer spectra of the complexes 

prepared by Woodget^50^ have the following parameters:;

Ndssbauer Parameters (mms’^)

6- relative to a- Sn

Complex 6 A

Pd2I2[SnBr3]4 -0.4 2.9

Pd2Br2 CSnBr3] it -0.6 3.3

Pd2Cl2 [SnCl3] 4 -0.6 1.2



The small negative values for the chemical shift suggest 

that the lone pair of the SnX^ groups must have been used 

in bond formation to the palladium, to give effectively, a 

tin(iv) species. Changing the halide from bromide to 

chloride has little effect on the shift values. The 

closeness of these values implies therefore that the Pl-M 

bond dominates the use of the tin electrons, thus making it 

difficult to detect the different halogen. In view of this, 

any study involving the presence of mixed halogen in such 

complexes using Mflssbauer spectroscopy would be difficult. 

The aim of this work is to investigate the presence 

of more than one halide by studying the changes in absorp-

tion spectra with halide content. The system examined was 

PdCl^ : SnCl^ ! KI, with a variation in the concentration 

of iodide.

To solutions of 1 : 1 (v/v) mixture of 2M-HC1 and 

methanol containing palladium (PdCl^) and tin (SnCl^) in the 

ratio of 1 : 5 were added varying concentrations of iodide 

ion in the form of KI in 20$ aqueous ethanol, and the 

absorption spectrum for each addition was recorded. All 

absorption measurements were made using a Perkin-Elmer 402 

ultraviolet visible spectrophotometer in the range 390-850nm. 

Table 2.17 contains details of the absorption maxima (X max) 

for each concentration of'KI added to a solution of
_ g

Pd : 5n : Cl containing 1,129 x 10 M Pd; together with 

details of Amax for Pdl? : SnI? : KI for comparison.

The results show that on addition of a small concen-

tration of I" (as moles of Ki) to the complex, there is a 

change in Amax from 413 to 440 nm. At a concentration of
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Absorption data for the Pd(ll): 5n(ll): Cl: I System

Molar Concentration 
of KI (xlO5)

' n1ps of KI

Moles of Pd
Xmax
(nm)

Blank#

0.45

0.54

0.82

0.91

1.82

2.73

3.64

4.54

9.09

18.18

27.27

36.36

45.45

Blank# 413

4 442

5 445

7 444

8 442

16 444

24 447

32 485

40 485

80 490

160 490

240 490

320 490

400 490

- 485

Blank : solution of PdCl^ : SnCl£ (1:5) in methanol: HC1.

Table 2.17
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0.45 x 10 MKI, there is evidence of a stable complex

being formed. However, further addition of KI at

3.64 x 10”^' PGKI moves Xmax to - 490 nm a value which 

corresponds to the absorption maximum for the Pdl^ :SnI^ : I** 

complex. There appears to be no further change in Xmax

on addition of a large excess of KI implying that the complex

formed is very stable.

In order to replace the chlorides on the tin in:

of

Cl 3Sn

Pd

Cl

Pd

SnCl3

Cl3Sn^ ^C1 'SnCl3

is necessary to add six iodides (61*11 )

Cl

per palladium atom

a minimum. The results however, show that for an addition

between 4 and 24MKI the same absorption maximum at - 445 nm

achieved, and only when a 32- fold excess has been

added is a Xmax associated with a complex of the type:

i t

a s

i s of I “

I3Sn Snl3

Pd Pd

I

I35n Snl3 obtained.

Since this is so, it must be assumed that the first process

I

i s

i s

not a replacement of the chlorines bonded to the tin but

more likely to be replacement of the bridging chlorines

on palladium This prediction would therefore be consist-

ent with the A-type acceptor character of tin, and the

B-type acceptor character of palladium

2.6 Tin(ll) : Mixed Cation System

Studies have been reported51’52on the Mflssbauer 

effect in some metal (i) and non--transition and transition 

metal (II) derivatives of complex tin(ll) fluoride ions.
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There is no evidence in these cases for any significant 

competition between the tin and the other metal ions for 

bonding to fluorine. The Mdssbauer data obtained for such 
compounds viz; FIISnF3^44\ FIISn2F5^4\ I>111 ( SnF 3) 2 51 ,

l'1II(SnF3)2 (H20)b(52) and 1 ( Sn2F g) 2 (H20)2^52\ confirm 

the formation of strong Sn-F bonds. The very low shift 

values for these compounds, (Table 2.18), being lower 

than that for SnF^ are an indication of the presence of 

strongly covalent bonds. Included in the table are data 

for some metal (i) chloride complexes^^, whose shift 

values are also lower than the parent SnCl^, although the 

overall covalency in the Sn-Cl bonds is not so great. In 

both the metal (i) and metal (II) complex tin(ll) fluoride 

series there is a small but significant variation in the 

chemical shift with the polarising power of the metal. The 

greater the pull on the fluorine by the metal ion, the 

weaker the covalent bond between tin and fluorine, and the 

greater the chemical shift. In view of these observations 

a study of the effects of a more polarising ion eg. In^+, 

seemed to be worthwhile. The purpose of the work presented 

in this section is therefore to use Mflssbauer spectroscopy 

to determine the extent of any competition between In(lll) 

and Sn(ll) for bonding to fluoride or chloride ions.

Solid products were isolated from aqueous solution 

and melts containing 1 : 3 and 1 : 6 molar ratios of 

indium halide with the appropriate tin(ll) halide. The 

products were identified by chemical analysis and X-ray 

diffraction data as In(SnF^)-^ and InCSn^F^)^ from the 

InF^ : SnF^ system and InfSnCl^)^ and InCSn^Cl^)^ from
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PlBssbauer Parameters of Some

known Tin(ll) ; Hi xed Cation Systems

(see also Table 2.19)

Compound 6mms 1 Amms

SnF? 3.6 5 1 . 80

NaSnF3 3.12 1.84

KSnF3 3.07 1.92

Sr(SnF3)2 3.24 1.75

Ba(SnF3)2 3.13 1,87

NaSn^F 3.32 1.86

KSn2F5 3.26 1-.9 6

Sr^Sn2F5^2 3.39 2.06

Ba(Sn2F5)2 3.36 1.69

Fe(SnF 2 •SH^O 2.88 1.84

Co(SnF3)2.6H2q 3.10 1.76

Fe(Sn2F5)2.2H20 2.99 1.88

Co(Sn2F5)2.2H20 3.19 1.89

SnCl2 4.12 0

KSnCl3 3.76 0.77

KSnnClc.Hn0 3.78 0.88

Table 2.18 
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the InCl^ : SnCl^ system. The X-ray data were compared 

with the indium and tin halides and were shown not to be 

mixtures of the parent compounds.

The PWssbauer parameters for the four materials, 

recorded at 80K are given in Table 2.19 together with the 

known data for some complex tin(ll) fluorides and chlorides. 

In the absence of serious competition with Sn(ll) for 

bonding to fluorine or chiorine,complex formation results in 

the formation of trihalostannate(II) or pentahalodistannate(II) 

ions with an isomer shift value much lower than that of the 

tin(ll) halide (section 1.3 2). Comparison of the data 

for the known fluoro- and chloro- stannates(II) with the 

data for their parent halides, is consistent with a lowering 

of shift due to complex formation. In the case of indium-tin 

halides, however, there is no appreciable change in chemical 

shift from that of the parent halides. This would be 

reflected in longer Sn-X bonds in the indium tin derivatives, 

(see Chapter 4). These results are interpreted in terms 

of increased competition for fluorine and chlorine bonding 

electrons by indium.
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119
5n Nflssbauer for the In Complexes

Compound x -1o mms Amms

SnF2 3.65 1.60

In(SnF3)3 3.50 1.69

In(Sn2F5)3 3.55 1.64

CsSnF^ 2.98 2.00

CsSn2F5 3.12 2.03

SnCl2 4.12 c . a . 0

In(SnCl3)3 4.11 c . a . 0

In(Sn2C15^ 4.11 c .a .0

CsSnCl3 3.64 0.90

CsSn2Cl5 3.77 1.00

Table 2.19
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2.7 Synthesis of and Studies on Orqanotin(IV) 

Adducts with Glycylglycine

The preparation and characterisation by infrared and
119 Sn Mfissbauer spectroscopy of some organotin(IV) 

derivatives of gl ycy1glycine, adenosine and nucleosides has 

recently been reported^^ ^^However, no details of thermal 

studies in such complexes have been given. This section 

therefore deals with the characterisation of some new 

compounds R^SnCl^ . glycylglycine not only by infrared

119 and Sn Mflssbauer spectroscopy but also by thermal 

analysi s.

2.7.1 Preparation and Chemical Analysis of the 

Complexes

The organotin(I V) glycy1glycine complexes R^SnCl^ 

glycylglycine (where n = 2, R - Me, Bu, Oct and Ph; and 

where n = 1, R = Bu, Oct and Ph) were prepared by refluxing 

1 : 1 molar quantities of the appropriate organotin(IV) 

chloride in dry methanol. The products obtained on cooling, 

were washed with dry methanol and dried under vacuum.

The compounds were analysed for tin gravimetrically 

as Sn02 and for Cl by titration with mercuric perchlorate 

following the destruction of organic matter by the oxygen 

flask method. Percentages of C.H and N were determined 

at the Laboratorio di Chimica Organica(Milan). The 

analytical data for the glycylglycine complexes are given in 

Table 2.20 as averages of three separate determinations.

2.7.2 Infrared Spectra

The infrared fepectra for the complexes were recorded
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Analytical Data for H^glygly adducts with

R^^SnCl^ n (%: calculated in parentheses)

Table 2.20

C H N Cl Sn

Ple^SnCl^.H^glygly 21.6 4.08 7.60 20.0 33.5

(20.48) (4.01) (7.96) (20.16) (33.74)

Bu^SnCl^.H^glygly 33.8 6.13 7.33 16.3 27.3

(33.05) (6.01) (6.43) (16.26) (27.23)

Oct^SnCl^.H^glygly 43.1 7.61 5.70 13.0 21.8

(43.82) (7.67) (5.12) (12.95) (21.67)

Ph^SnCl^.H^glygly 39.8 4.04 5.98 15.2 25.3

(40.38) (3.81) (5.89) (14.90) (24.94)

BuSnCl^.H^glygly 23.4 4.28 6.71 25.3 29.0

(23.19) (4.14) (6.76) (25.67) (28.65)

OctSnCl^.H^glygly 30.3 5.53 5.74 22.1 25.5

(30.64) (5.36) (5.95) (22.61) (25.23)

PhSnCl^.H^glygly 27.9 2.81 6.57 24.7 27.6

(27.64) (2.99) (6.45) (24.50) (27.34)
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using a Perkin Elmer 580 infrared spectrometer.

The bidentate nature of the glycy1glycine ligand

towards the tin(iv) moieties can be inferred from the 

infrared data (Table 2.21) for the complexes because

(1) the region of the spectra attributable to the animo 

N-H stretching vibration in the adducts differs from those 

for matrix-isolated glycylglycine and sodium glycy1glycine)

(2) the NH3+ deformation at 1657cm 1 present in glycylglycine 

and its hydrochloride is absent in the spectra of the 

adducts.

(3) the absorption at about 1740cm”1 can be attributed to 

the normal carbonyl absorption of the COOH group and

(4) the absorptions due to COOH at 1224cm 1 are shifted

to lower frequencies in the adducts, and

(5) the free ligand bands at 1678 and 1575cm”1 attributable

t° and are not shifted in the adducts. These data

suggest that coordination of the ligand to tin is through 

the amino group and the carboxylic OH group and there is no 

bond formation between Sn and the C = 0 group of the peptide.

The bands at 560 and 525cm”1 for R = Me, and at 605 and 

525cm”1 for R = Bu» Oct, were attributed by Pellerito e,t

(56)al' to symmetric and anti-symmetric stretchings of

a bent C-Sn-C skeleton. The skeleton Sn-C mode for the Ph 

derivatives is assigned by 'comparison with literature 

assignments and does not provide any configurational inform-

ation. The bands attributable to lie in the region

that is typical for these vibrations in organotin(IV) 

chloride and tin(iv) chloride adducts.
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2.7,3 Mflssbauer Spectra

119The - Sn Nttssbauer parameters for the organotin(IV) 

chloride adducts with glycylglycine are given in Table 2.22 

The chemical shift values show the expected trends in that 

the values are lower for the monoalkyl complexes than for 

the dialkyl complexes which reflects the increase in 

covalent bonding on replacement of a second chlorine with 

an alkyl group. All Sn-C bonds have s-electron density, 

but the aryl group uses more p- and less s- electron 

density in bonding, in comparison to the alkyl group. 

Hence the bonding in the phenyl derivative is effectively 

more ionic in character. The lower chemical shifts 

values for the diphenyl complexes are consistent with this 

view.

2,7.4 Thermal Analysis

There have been no reports in the literature giving 

details of any thermal study on complexes related to those 

prepared in this work. The aim of the present work is to 

identify and assign the stages involved in the decomposition 

processes of the complexes. Two different types of glycyl-

glycine complex are examined vi z monoorganotin derivatives 

whose parent organotin halides are liquids and diorganotin 

derivatives with parent organotin halides as solids. In 

view of the difference in -the nature of the compounds, the 

thermal decomposition processes are discussed separately.

There appears to be no general pattern of decomposition 

of the complexes of type R2SnCl2.H^glygly. (where R=lYle,Bu,Oct 

or Ph). The thermal decomposition patterns are different 

and characteristic of the specific complex. To help assign
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119 Sn Mflssbauer parameters of 

□ rganotin(I V) adducts with glycylglycine

6Compound -1mms Amms

He^SnCl^.H^glygly 1.36 3.58

Bu^SnC^.^glygly 1.40 3.71

Oct^SnCl^.H^glygly 1.48 3.82

Ph^SnCl^.H^glygly 0.76 1.80

BuSnClj.F^glygly 1.04 2.06

OctSnCl3.H2glygly 1.09 2.01

PhSnCl .H-glygly 1.02 2.18

Table 2.22
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the stages involved in the decomposition, the thermal 

analysis was also carried out on the individual parent 

materials and on an intimately ground mixture of glycyl-

glycine with the organotin halides. The decomposition of 

glycylglycine has already been described in section 2.1.3, so 

the details are only included in the relevant tables below.

Dioctvltindichloride glycylglycine: The dioctyltin

dichloride after melting at 48°C volatilizes off at » 107°C 

in a one stage decomposition process. This weight loss is 

accompanied by a boiling endotherm on the DTA trace which 

returns sharply to the baseline. The melting point of the 

mixture of di octyltindichloride and glycylglycine is 51°C. 

The mixture then undergoes two endothermic heat changes 

losing 10056 weight at 120°C. The melting point of the 

complex at 91°C is considerably higher than that of the parent 

organotin halide. It is not surprising therefore that the 

complex is also stable to a higher temperature (220°C) when 

it loses 83% of its total weight in one step and loses a 

further 5$ weight at 336°C. Figure 2.9 shows traces of the 

decompositions of the parent compound, the mixture of the 

parent materials, and the complex.

Compound Temp.1(°C) Weight
Loss ($)

Nature of No. of
DTA peaks DTG peaks

Oct^nC^ 45 ' 0 Endo Melting

107 100 Endo 1 Volatil-
ization

Glycylglycine 215 - 18 Endo 1

243 = 30 Endo 1

340 * 52
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Endo (Endothermic reaction)

Compound Temp. (°C) Wei ght
Loss (%)

Nature of
DTA peaks

N o . o f
DTG 
peaks

mixture 51 0 Endo melting

120 100 Endo 2

Oct^SnCl^.H^glygly 91 0 Endo melti n^

220 = 83 Endo 2

336 = 5 1

Di butyl tindi chloride glycylglycine: Solid Bu^SnCl^

melts at 45°C and begins to boil at 80°C when 100% of the 

material evaporates. A mixture of the two parent materials 
and loses 75% weight at 80°C.

melts at 49 C X. Two further weight losses of c.a.6% and 8% 

occur at 204 and 270°C respectively. The complex which 

melts at 39°C undergoes a three stage decomposition with

the initial loss of =70% at 80°C followed by two smaller

weight losses of =10% and 12% at 175 and 243°C respectively.

Compound Temp. (°'c) Weight
Loss (%)

Nature of
DTA peaks

No . o f
DTG 
peaks

Bu2SnCl2 45 0 Endo melting

80 100 Endo 1 Volatiliz-
ation

Glycylglyci ne 215 = 18 E ndo 1

243 = 30 Endo 1

340 = 52

mixture 49 0 Endo melting

80 = 75

204 = 6 Endo 1

270 = 8 Endo 1
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Dimethyltindichloride glycylglycine: The parent organ-

Compound Temp . (°C) Weight
Loss($)

Nature of No.of
DTA peaks DTG peaks

Bu^SnCl^.H^glygly 39 0 Endo Melting

80 = 70 2

175 = 10

243 = 12 Endo 1

otin halide melts at 107°C and then volatilizes off losing 

100$ weight at 145°C. The thermal decomposition of the 

mixture appears to involve three major weight losses. The 

first loss of 42$ weight occurs at 50°C before the appearance 

on the DTA trace of a melting endotherm at 107°C. The 

second weight loss of 28$ at 133°C is followed by a final 

weight loss of 30$ at 248°C. Decomposition of the complex 

occurs in four stages without melting. A two stage weight 

loss of 10$ precedes the major weight loss of 62$ at 157°C 

and a final loss of 30$ at 260°C completes the decomposition. 

In Figure 2. 9 are traces obtained for the decomposition 

processes of these materials.

Compound Temp.(°C) Weight
Lo ss($)

Nature of No. of
DTA peaks DTG peaks

Me2SnCl2 107 0 Endo Melting
• f I

145 100 Endo 1
fp

Boiling

Glycylglycine 215 = 18 Endo 1

243 = 30 Endo 1

340 = 52

Mixture 50 = 42 Endo 1

107 0 Endo Melting

133 = 28 Endo 1

248 = 30 Endo 1
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Compound Temp.(°C) Weight
Lo ss(%)

Nature of No.of
DTA peaks DTG

peaks

Me^SnCl^.H^glygly 51 -5 Endo 1

107 = 5 Endo 1

157 = 62 Endo 2

260 = 30 Endo 1

Diphenyl tindichloride glycylqly cine: The diphenyl tin

dichloride melts at 44°C and then boils at 114 °C losing

100% of its total weight . The mixture melts at a temperature

comparable to that of the parent compound, an d begins to

decompose at 80°C losing =70% of material in one step then

a further loss of 12% at 260°C. This complex also decomposes

without melting, losing 10% of material at 50° C, 40% of

material at 200°C and a further 20% at 310° c.

Compound Temp . ( °C) Weight Nature of No. o f
Loss (%) DTA peaks DTG

peaks

Ph2SnCl2 44 0 Endo

114 100 Endo 2 Merged

glycylglycine 215 = 18 Endo 1

243 = 30 Endo 1

340 = 52

Mi xture 42 0 Endo Melting

80 = 70 Endo 1

2 60 - =12 Endo 1

Ph2SnCl2.H2glygly 50 = 10 Endo 1

200 = 40 Endo 1

310 = 20

For all the diorganotindi chlorides the melting point is 

followed by 100% volatilization at a higher temperature.
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The differential weight loss during volatilization of 

the diphenyltindichloride suggests that a two stage process 

is involved. Such a process would be consistent with the 

known rearrangement of Ph2SnCl2 to give SnCl^ and Ph^SnCl 

whose decomposition temperatures are 114°C and 240°C

respectively. There is no evidence in the DTG curves, in 

the region of vaporization of the other diorganotindichlor- 

ides of any similar rearrangement occurring.

There is some similarity in the thermal decompositions 

of those mixtures of R2SnCl2 and glycylglycine (where 

R = Bu, Oct or Ph). In each case, the diorganotindichloride 

melts and the glycylglycine dissolves in the molten phase. 

Except for the case of the dioctyltindichloride mixture the

melts decompose by volatilization of most of the diorganotin 

dihalide leaving impure glycy1glycine to decompose at a 

higher temperature. In the case of the dioctyltindichlo.ride

the weight loss due to the volatilization of Oct2SnCl2

overlaps the weight loss due to the decomposition of

glycylglycine. Thermal analysis of the dimethy1tindi- 

chloride- containing mixture shows that the mixture

decomposes without melting by loss of A2% weight at 50°C. 

This is followed by melting at 107°C and subsequent loss of 

weight by volatilization of the organotin halide and 

decomposition of glycylgly.cine. These results can be 

explained if part of the dimethyl tindichloride undergoes 

rearrangement to give tetramethyl tin and SnCl^, whose 

boiling points are 78 and 114°C respectively. The broad 

DTG peak confirms the loss of two materials, over this 

temperature range, instead of the apparent one stage weight 
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loss. During the evaporation of SnCl, there is evidence 

of a melting endotherm on the DTA trace, due to the 

remaining part of He^SnCl^ melting and volatilizing off. 

The final weight loss at 248°C is due to the breakdown of 

glycy1glyci ne.

The fact that the organotin dihalides volatilize off 

from molten mixtures at temperatures similar to their 

boiling points suggests that there is no strong interaction 

between the organotin moiety and the glycylglycine ligand.

The thermal decomposition of the complexes fall into 

two classes, following one of two distinct mechanisms; 

viz. (1) in which the decomposition of the complex follows 

a process similar to that of the mixture, and (2) in which 

the decomposition involves a reaction within the lattice 

which does not occur in the mixture.

Both the dioctyl- and di buty1tinchloride derivatives 

of glycy1glycine decompose following mechanism (1). The 

complex and mixture of the dibutyltindichloride derivative 

both melt at approximately the same temperature and decom-

pose in a similar manner, indicating that the bonding in 

the dibutyl complex is weak. The difference between the 

decomposition of the complex and mixture of the dioctyl 

derivative lies in the fact that melting occurs at a low 

temperature in the mixture,* glycylglycine then dissolves, 

whereas the distinct complex is stable to a higher temper-

ature. This high melting point of the dioctyltindichloride 

complex does not necessarily mean it is a stronger complex 

but may possess a higher lattice energy.

Thermal decomposition of those complexes involving 
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some reaction in the lattice which is absent in the 

decomposition of the mixtures, is evident in the dimethyl- 

and diphenyl- derivatives. The thermal process involves 

the elimination of HC1 from the lattice to give a glycyl-

glycinate which subsequently gives a different thermal 

decomposition pattern to those of the mixtures.

The results obtained from the study of the thermal 

decompositions of the glycylglycine derivatives of some 

monoorganotin trihalides of type R SnCl.H^glygly 

(R = Bu, Oct, Ph) show that the decomposition reactions 

are much more complicated than the dihalides. Again the 

thermal analytical data for the decompositions of the 

parent materials, of mixtures of the two parent materials, 

and of the complexes are given.

Honooctyltintrichloride qlycylqlycine: The parent

octyl tin-trichloride boils at 87°C losing 100% weight in one 

step. This volatilization process is accompanied by a 

DTA endotherm which returns sharply to its baseline. On 

heating the mixture, a two stage decomposition occurs at 

56°C involving the loss of 8% of material. This is followed 

by a loss of 57% weight at 170°C and 12% at 360°C. In a 

similar manner, the complex, on heating, loses -11% weight 

in two steps, 62% weight at 192°C and a further 12% at 360°C.

Compound T emp.I(°C) Weight Nature of No. of
Loss (%) DTA peaks DTG

peaks

0ctSnCl 87 100 Endo 1 Boiling

Glycylglycine 215 = 18 Endo 1

243 = 30 Endo 1

340 = 52
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Compound T emp(°C) Weight
L oss($)

Nature of
DTA peaks

No . of
DTG peaks

Mixture 66 = 8 1

170 = 57 Endo 3

360 = 12

OctSnCl^.H^glygly 27 = 11

192 = 62 Endo 3

360 = 12

The thermal decomposition traces obtained for the materials

are given in Figure 2.9

Monobutyltintrichloride glycylglycine: BuSnCl^ begins to 

undergoes 100$ weight loss. The thermalboil at 44°C when it

decomposition of the mixture involves a multistep process.

At about 20°C, there

by a 10$ weight loss

is a weight loss of 8$, which is followed 

at 120°C, a 40$ weight loss at 180°C, and

a 10$ weight at 237°C. A final loss of 12$ weight 

completes the decomposition at 250°C. The complex

at 250°C

decomposes

with an initial loss of 5$ of material, at =20°C.

=170°C and =25$ at 250°C completelosses of 50$ at

decomposi tion of the BuSnCl,H^glygly complex

Compound Temp(°C) Weight
Loss ($)

Nature of
DTA peaks

Two weight

the

BuSnCl

Glycylglyci ne

44 100 Endo

No. of
DTG peaks

II'

1 Boiling

215 = 18 Endo 1

243 = 30 Endo 1

340 = 52

Mixture 20 = 8 Endo 1

120 = 10 Endo 1

180 = 40 Endo 3

237 1

250

= 10

= 12
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Compound Temp(°C) Weight
Loss(%)

Nature of
DTA peaks

N o . o f
DTG peaks

BuSnCl^.H^glygly 20 -5

170 = 50 Endo >4

250 = 25

Honophenyltintrichloride glycylglycine: Phenyltin 

trichloride boils at 66°C and loses 100% weight in one step. 

At 66°C the mixture of PhSnCl^ and glycylglycine undergoes 

a major weight loss of 50%, which is followed by three 

further weight losses of 15% at 170°C, 8% at 221°C and 10% 

at 270°C. Decomposition of the complex occurs in three 

gradual steps with an initial loss of 43% weight at 66°C. 

This is followed by an 18% weight loss at 258°C and a further 

20% at 310°C. During the weight loss of 18% there is

evidence of a sharp endothermic effect on the DTA trace,

caused by a melting point being reached1 at 270°C.

Compound T emp(° C) Weight 
Loss(%)

Nature of
DTA peaks

No. of
DTG peaks

PhSnCl3 66 100 2 Boiling

Glycylglycine 215 = 18 Endo 1

243 = 30 Endo 1

340 = 52

Hix ture 66 = 50 Endo
// .

1

170 = 15 Endo 2

221 = 8 1

270 = 10

PhSnCl^.H^glygly 66 = 43 7

258 = 18 Endo 1

310 = 20 1
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All the parent organotin trihalides, on reaching their 

boiling points, volatilize off losing 100% weight in one step. 

There is no evidence from the differential weight losses to 

indicate decomposition occuring in more than one stage.

Both the octyl- and butyl- complexes decompose at 

temperatures lower than the boiling points of their parent 

compounds. The two complexes appear to undergo a three- 

stage weight loss, although the unusually broad DTG peaks 

suggest the decompositions are more complicated. These 

three-stage weight losses are assigned to the initial 

elimination of HC1, forming the glycyl glycinate which then 

undergoes decomposition to lose the organotin trichloride, 

followed by the breakdown of the glycylglycine moiety. The 

mixture of octyltin trichloride and glycyl glycine decomposes 

in a similar manner although the solid phase decomposes at 

a lower temperature. Although the decomposition of the 

mixture of BuSnCl^ and glycylglycine appears to be a multi-

stage process, combination of certain weight losses gives a 

trace similar to that obtained for the complex.

Both the complex, PhSnCl.H2glygly and the mixture of 

PhSnCl^ and glycy1glycine begin to lose weight at 66°C which 

is the boiling point of the parent compound PhSnCl-,. The 

complexity of the corresponding DTG peaks strongly suggest 

that the decompositions of' the complex and the mixture of 

the starting materials are not simple. The initial weight 

losses indicate it is possible to consider the rearrangements 

of PhSnCl3 to form tetrapheny1tin and SnCl^, followed by the 

loss of the latter.
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2.7.5 Summary

The preparation and characterisation of some 

orqanotin(I V ) complexes of type R^SnCl^* H^glygly 

(R = Me, Bu, Oct, Ph) and R SnCl^. H^glygly (R = Bu, Oct, Ph) 

have been described and a study of complex formation between 

the tin(iv) moieties and glycylglycine have been made using

119infrared and Sn Mdssbauer spectroscopy and thermal 

analysis. Both the Mflssbauer and thermal data suggest the 

bonding in the diorganotin complexes is relatively weak 

between the tin(iv) moiety and the ligand. The complexity 

of the thermal traces obtained for the mono-organotin 

derivatives of glycylglycine makes it difficult to suggest 

the nature of the bonding of the compounds. The lack of 

knowledge on the bonding effects in such compounds, derived 

from thermal decomposition studies warrants further studies 

in this field.

2.8 Thermal Analysis of Some Drganotin(IV) Sugar

Deri vatives

The work reported in this section deals with an 

investigation of the fate of tin during the thermal reactions 

of some dialkyl tin(iv) sugar derivatives. There are no 

reports in the literature detailing the mode or modes of 

decomposition of such compounds.

Only the organotin(IV) .derivatives of some simple 

sugars (monosaccharides) have been studied. Monosaccharides 

can be divided principally into two categories, those which 

are polyhydroxyaldehydes (aldoses), which have as their name 

implies, an aldehydic group, and the polyhydroxyketones 

(ketoses) with a ketone group present. Of those sugars 



studied most are aldoses but the sugars, fructose and 

sorbose are examples of ketoses.

The results show that the thermal decompositions of 

the complexes fall into one of three main types (Type A,B,C). 

Type A are those sugar derivatives which break down in two 

stages leaving a residue of stannous oxide. Type B sugars 

pyrolyse in a two-step process to give either stannic oxide, 

or stannic oxide and carbon as products of decomposition. 

Finally Type C includes a small number of sugar complexes 

which melt before decomposition and give either stannous 

or stannic oxides as residues. Table 2.23 lists the 

dialkyltin(lV) sugar derivatives into one of the three modes 

of decomposition.

It appears that the fate of tin during decomposition 

to give either a tin(ll) or tin(lV) species as a product 

is dependent on the nature of the sugar, i.e, whether it 

is an aldose or ketose. The dialkyltin derivatives of 

aldoses give stannous oxide, whilst those derivatives of 

ketoses give Sn02. These results are consistent with the 

reducing properties of aldoses, in which tin(iv) is reduced 

to tin(ll) and the aldehyde groups of aldoses are oxidized 

to form carboxylic acids, known as aldonic acids. No such 

reducing properties occur with ketoses. The reactions 

described above deal with tin species in the solid state. 

However different criteria apply to the third group of 

compounds in which melting precedes the decomposition. In 

a molten system the final tin product depends not only on 

the nature of the sugar but also on the nature of the molten 

tin species. Some of the sugar derivatives decompose to
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The rmal Behaviour of Some

0roanotin(I V) Sugar Derivatives

Type A
Complex

Type B
Complex

Type C
Complex

m. p .
rc)

a
Res

Bu-SnC-H. n0c2 b 10 5 0u-SnCrH,n0 c2 6 10 6 Oct2SnC5H0O5 94 Sn02

(rhamnose) (fructose) (ribo se)

Bu2SnC5H8°5 Bu2SnC6H1Q06 Oct-SnC.H-O.2 4 6 4 107 Sn02

(arabi nose) (sorbose) (erythrose)

B u _ S n C c H D 0 c2 bob 0ct2SnC6H1006 97 Sn02

(ribose) (galactose)

Bu2SnC6H10°6 P1e2SnC6H10°6 163 Sn02

(glucose) (galactose)

Bu2SnC6H10°6 me2SnC6H10°6 155 SnO

(galactose) (glucose)

Bu2SnC4H6°4

(erythrose)

* Res. = residue

Table 2.23 



-163-

gi ve the expected tin product, vi z.aldoses leading to SnO , 

and ketoses giving SnO^* however, this is not always the 

case. It is found that with, for example, Oct^SnC^HgO^ 

(erythrose-aldose) and Oct^SnC^HgO^ ( ribose-al dose) the 

final tin product is SnO^ and not the reduced tin species- 

SnO.

In conclusion, therefore a study of the decomposition 

of some dialkyltin sugar derivatives, has given information 

on the fate of the tin(lV) moiety in the thermal reaction. 

No details of the specific breakdown of the sugar molecules 

are given, however sufficient evidence has been obtained 

vi z. heating samples of SnO^, SnO, SnO + C, SnO^ + C and 

SnO^ + glucose to predict that the sugars break down at an 

early stage in the decomposition process. There is plenty 

of scope to examine further the modes of decomposition of 

these sugars to fully understand the effect of the presence 

of the tin moiety in the breakdown processes of the sugars.
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CHAPTER 3

Solid State Properties of Tin(ll) Compounds

The stereochemistry of most p-block elements in lower 

oxidation states is dominated by the presence of filled non-

bonding lone-pair orbitals. The environments of these 

elements in many of the compounds of Sn(ll), Pb(ll), As(lll), 

Sb(lll), Bi(lll), Se(lV), Te(lV) and Po(lV) are distorted 

by the presence of the lone pair orbitals^ There are

however, a number of compounds in which these elements are 

found in regular octahedral sites^ All of the solid

2 
compounds containing ns elements in high-symmetry sites are

coloured and many of them show metallic or semi-conducting 

electrical properties. A key compound in studies of 

undistorted ns2 species has been CsSnBr^, which is a black 

solid with metallic lustre which acts as a metallic conductor 
over a wide temperature range^6’^\ Its X-ray and ^^®Sn 

Mfissbauer data are consistent with it having an undistorted 

cubic perovskite structure. It has been suggested ^hat

its Mfissbauer data and metallic conducting properties, and 

therefore colour, can be explained by the population of 

conduction bands in the solid, by the tin 5s2 - electrons.

These bands would arise from the mutual overlap of empty

bromi ne Ad - orbitals which

undistorted perovskite lattice.

would be at a maximum in the

The tin(iv) compound

Cs„SnBrc
z b

is cubic and has a structure closely related to

that of CsSnBr^, and Cs and Br atoms are in the same relative 

position but in the tin(lV) complex only one half of the 

perovskite tin sites are occupied. The cell volume for 

Cs£SnBrg (j3 = 10.88) is less than that for the corresponding 
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number of Cs and Br atoms in CsSnBr^ (a = 11.68). The tin(iv) 

complex must therefore contain a lower energy band like 

CsSnBr^ but in common with similar hexabromo- and hexachloro-

stanna tes ( I V ) is white and insulating. In contrast, the 

corresponding Te(lV) and Po(lV) derivatives, which are known 

to be isostructural with the hexahalogenostannates(IV) are 

intensely coloured. The difference between the Sn(lV) and 

the Te(lV) or Po (IV) compl exes is the presence of n_s non-

bonding, lone-pair orbitals on the group-6 elements. The 

intense colours and conducting properties of the Te(lV) and 

Po(lV) complexes can be explained, like those of CsSnBr^, by
2 

population of bands by the ns non-bonding electrons. The 

lack of these properties in Cs2SnBrg would then be accounted 

for by the absence of a lone-pair in the Sn(lV) outer- 

electronic configuration. The band structure of CsSnBr^ is 

best illustrated^1)with reference to the density of states 

diagram. This band model places the bromine 4d - level just 

above the 5s level of the tin where it can be populated 

thermally to account for the high electrical conductivity 

of CsSnBr^. The presence of the next highest energy band 

allows optical transitions to occur between the 5s level 

and the conduction band. The properties of CsSnBr-,, 

explained by this approach are : (1) the relatively low

119 -1Sn Mfissbauer chemical shift (3.97mms ) and the electrical

conductivity arising from loss of s-electron density to the 

solid state bands by process A; (2) the optical absorption 

edge arising from the process B and (3) the two observed 

photoemission bands arising from the process C.
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Suggested band structure for CsSnBr^ showing thermal popul-

ation (A), optical absorption (B) and emission (C),

High symmetry environments in compounds of the lower 

oxidation states of most p- block elements are found only 

in their heavier halide and chalcogenide derivatives and 

where these anions are in close contact. Regular octahedral 

Sn(il) environments are, for example, found in SnSe^^ 

SnTe^) and as well as in CsSnBr^ and related

halides. The compounds of these elements with oxygen or 

fluorine environments generally have distorted sites for 

the element. The removal of the distorting effects of non-

bonding electrons as lone pairs by their direct population 
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of solid state bands appears to be a general feature of main 

group element chemistry that merits further detailed study. 

For this reason the work described in this chapter is 

concerned with the solid state chemistry of phases containing 

tin(ll) and bromide ions.

In section 3.1 the results obtained from the reaction 

of tin(ll) bromide and divalent metal sulphides such as 

SnS, CdS and PbS are described. The effect of the presence 

of a smaller Ion (eg. F~) is considered in section 3.2 in 

which the results of a phase study of SnF^ : CsBr are 

detailed. Reactions involving tin in both its higher and 

lower oxidation states vi z. CsSnBr^ : Cs^SnBrg are presented

(16) in section 3.3 and finally an extension of studies ' 7 on

the two systems C§SnBr^ : CsSnCl^ and EsSnBr^ : CsPbBr^ are 

described in section 3.4.

3,1 SnBr^ : PQ5 Systems (N = Sn,Cd and Pb)

Although a number of lead(ll)

have been described as a result of

chalcogenide halides

phase diagram studies®

until recently very 

tin(ll) compounds.

little was known of the corresponding 
(19)Laughlin carried out a detailed 

study of the products obtained from cooled melts of the 

systems SnX2 - SnZ (X = Cl, Br; Z = S, Se or Te). The new 

compounds Sn^Br^S^, Sn^BrgSe and Sn^BrgTe were identified as 

the only distinct phases from the SnBr2 - SnZ system. These 

results have prompted the present study in which the structure 

of Sn^Br^gS2 has been determined, and in which the work has 

extended to include a study of phases in SnBr^ - MS systems, 

where M is a divalent metal other than tin(ll).
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3.1.1 Structure Determination of Sn^Br^gS^

Previously reported data^°) suggest that Sn^Br^gS  ̂

(hexagonal cell with a = 11.35 and c = 4.400 and space

group or P63) is isostructural with Pb^Br^gS^t which
^21) structure although not fully determined is saidK to be

(22) similar to that of Th^S^ • This would mean that two

Two methods

types of tin environment wo ul d be present in Sn^Br^gS^J

viz a set of six tin atoms on one crystallographic site

(site 1) and the seventh on a different special position

(site 2).

determination are adoptedof structure

and described in this work. One uses the atomic parameters 

identifiable from the ^h^S^ structure, the other involves 

a complete refinement of the data following Patterson and 

Fourier syntheses.

Preparation of the Crystal
(id)

In a detailed study of the products obtained from 

cooled melts of all the systems SnX^- SnZ (X = Cl or Br ; 

Z = S, Se or Te) one of the new distinct phases identified 

was that of Sn^Br^gS^. The preparation was repeated add 

a product was obtained from a cooled melt of SSnBr^: 25nS 

under an atmosphere of oxygen-free nitrogen. A yellow 

needle was taken from the.bulk material and was used to 

obtain the cell data.

Determination of the Space Group and Cell Dimensions

The yellow prismatic crystals used had a maximum thick-

ness of D.lmm and the following crystal data were obtained 

from single crystal precession data and refined on the basis 

of the powder diffraction pattern.
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Crystal data for ^n7^r20^2‘

Crystal Class

Cell Dimensions (8)

Cell Volume (8) 

['•olecular Weight

Z

De

F(000)

Systematic Absences

Hexagonal

a = b = 12.185

£ = A.Aie

CBS.08

1693.99

1

4.95gcm“3

732

00L for L = 2n.

As a result of these data, the crystal was assigned to

the space group the centrosymmetric alternative

P 6 , / (No. 3/m

Tables for

173 and 176 respectively in the 
v <. „ K <23h
X-ray crystallography J. •

International

Collection of Intensity Data

Intensity data were collected using a Philips PW1100 

four-circle diffractometer in the range 4 < 20 < 50° with 

monochromatized Pio -Kot radiation, 1176 intensities were 

recorded and 325 hexagonal reflections with I < 3o (_l) were 

obtained and considered observed. The data were corrected 

for Lorentz and polarization effects but no absorption 

corrections were considered necessary due to the small size 

of the crystal.

Determi nation using the Th^S^ostructure as a Model

To understand the application of this model a

Atomic positions : 1 Th(l) in t (0,0,s)

description of the Th^S^^ structure is now given.

The final structure obtained for Th^S^ is as follows

Space group : P6,z3/m



6 Th(2), 6 S(l) and 6 S(2) in ± ( x , y , a ) » (y,x-y,£ ) ; (y-x,x,£ )

with parameters

X y

Th(2) 0.153 ± 0.002 -0.283 ± 0.002

S (1) 0.514 ± 0.010 0.375 ± 0.010

S (2) 0.235 ± 0.010 0 ± 0.010

In order to account for the intensities observed for the

Laue-Bragg reflections it was necessary to associate one

half Th(l) atom with each of the twofold sites ± (0, D,£).

Along a given sixfold axis, these sites are separated by
(22)only 1.998. The author’s conclusion , therefore, was that 

only every other site along a given sixfold axis can be 

occupied by Th(l) atoms. Since it was known that the sites 

0,0,£ and 0,0,£ were statistically equivalent it was assumed 

that the sites 0,0,£ were occupied for 50% of the sixfold 

axes and the sites 0,0,2 for the other 50%.

Figure 3.1 shows the structure, ^^7^x2 v^-eujec* along

the sixfold axis. Two of the four Th(l) atoms contained 

in the figure are shown to be at 0,0,£, and the other two 

to be at 0,0,2.

Each Th(l) atom is bonded to nine atoms S(2), while

each Th(2) atom is bonded to five S(l) atoms and to three

S(2) atoms.

Zachariasen*s results'for the Th^S^ structure showed

a statistical distribution of the Th atom over the two sites
(19)

0,0,£ and 0,0,2. Laughlin on the other hand, with a data 

set of 104 reflections for 5n?Br 10S2 suggested that the 

alternative twofold position of 0,0,0 and 0,0,2, should also 

be considered because a lower residual was achieved with 5n(2)
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in this position. Pny structure based on the Th^S^o 

structure will re quire a statistical distribution of tin 

atoms over the positions of a twofold site.

The following atomic parameters, used by Laughlin, i n

relation to the Th^S^ structure are now considered as

possible posi tions in the Sn,-,X^2 structure (where X = Br /S).

X y z

Snl 0.1264 -0.2909 0.2465

Sn2 0.0 0.0 0.5

Br (S )1 -0.4863 0.3811 0.2496

Rr(S)2 -0.2201 -0.2407 0.2458

With a larger dat a set of 325 reflections obtained in

the present work the s tructure determination of Sn„Er,nS7. 10 2

based on the Th^S.^ model has been attempted and is now 

described,

Refinement of Sn^X^* in which all the anions are the 

same, with the atoms 5n(l), X(l) and X(2) having full site 

occupancy and Sn(2) in a special position, gives a final 

residual of 0.183. However, movement of the Sn(2) atom 

from its special position 0,0,2 raised doubts about the 

correctness of the position allocated to Sn(2).

Substituting for X in S n X with the appropriate 

number of Br and S atoms, there are three possible distrib-

utions of the atoms.

For a statistical distribution of the sulphur atoms 

through both anion sites a residual of 0.183 is achieved, 

with movement of the Sn(2) position to -0.9668, -0.0085,

-0.2236. With allowances being made for the distribution 

of sulphur atoms in one anion site (either Pr(l) or Br(2)), 
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the lowest residual attained is of the order 0.20. Again 

there is movement of the 5n(2) atom from the special 

position at z = 2 and 0.

With the three possible distributions of atoms a lower 

residual was achieved on removal of the Sn(2) position, 

and a peak of electron density equivalent to approximately 

seven electrons appeared in the Fourier map. The results 

seemed to suggest the Sn(2) atom was not in the position 

0,0,2, as proposed by Laughlin, but at 0,0,5, as predicted 

by Zachariasen for the Th(l) atom. The three possible 

distributions of atoms, were tested for the new Sn(2) 

position and the residual fell to 0.157, for the structure 

in which both sulphur atoms were in the Br(l) site..

If the material, therefore had the Th?S12 structure, 

the single tin atom would be distributed between positions 

0,0,z and 0,0,i+z that arise by placing an atom on the 

threefold axis in the cell. In addition the sulphur atoms 

would be randomly distributed on one or both of the two 

possible anion sites. However, the high residual obtained 

from even the best fit to the data casts some doubt on the 

validity of the assumption that Sn^Br^gS2 has a structure 

closely related to Th^S^.

Determination of the Structure from Patterson Synthesis

Location of Atomic Positions: The X-ray crystallo-

graphic programs used throughout the crystal structure 

determination are outlined in Chapter 1.

The atomic positions were located as a result of a 

heavy atom Patterson synthesis. The equivalent positions 

in the space group P6^ are:-
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x,

x,

y, z;

y > i +

y x-y, z ;

z; y, y - x, £ + z ;

y-x, x, z;

x-y, x » z + z ;

and these pos itions give peaks in the Patterson vector

ma p a t: -

x + y, 2y-x, 0

2x -y» x + y, 0

2x > 2y, 0.5

x - y, x, 0.5

y > y-x, 0.5

The Patterson vector density map has she following peaks:-

HEIGHT X/A Y/B z/c Allocation of Vectors

1 9 9? 0.0000 0.0000 0.0000

2 999. -.0000 - .0000 1.0000

3 312. .2572 . 3633 .0103 Br(l)-Pr(l):Br(l)-Br(2)

4 298. . 3617 .1059 .0027 n n

c. 298. . 3617 .1059 1.G027 it it

6 2 60. .1143 . 5056 . 5056 H H

7 241. . 5008 . 3636 .5154 If H

8 164. . 2230 .2376 . 4855 Er(1)-Br(1)S Br(2)-Br(2)

S 163. .2192 .00 72 . 5206 it n

10 152 . 2687 .1583 . 4982 Rr(l)-Br(2)

11 144. .2566 .2049 .0336 . w

12 140. .1207 . 2684 . 5025 Rr(l)-Br(2)

13 131 0.0000 0.0000 .5000

14 131 . .1909 .0979 . 4951

15 127. .0933 . 4473 .0156

16 124. .2609 . 3834 . 4959 Sn(l)-Sn(l)

17 123. . 2793 . 4385 . 4679
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HEIGHT X/A y/r z/c Allocation of Vectors

ie 123. .0708 . 5000 -.0033

19 123. .0708 . 5000 . 9967

20 122. .0235 . 2463 . 980 8

21 122. .4 587 . 3530 . 9799

22 120. .1051 . 2034 . 5196 5n(l)-Br(l)

23 119. . 4990 . 4292 .0030

24 119. . 4990 .4292 1.0030

25 lie. . 4653 .1963 .0163 Sn(l.)-Sn(l) :Br(l)-Br(2)

26 HE . 3878 .1202 . 4851

27 86. . 3424 .1914 . 9674 Sn(l)-Sn(l):Br(l)-Br(2)

28 61. .1211 . 3023 .0260 Sn(l)-Br(l)

29 30. . 4832 .0200 4999 Br(2)-Er(2) .

None of the bi gger vector peaks can be uniquely assigned to

5 n- Sn vectors, but the top ten peaks can be accounted for

by placing two heavy atoms in the sixfold positions:-

x = .6200 > y = .1400, z = . 2500,

x = .9eoo > y = .2200, z = . 2500,

These positions are not close enough io the lattice to

represent one tin and one E r ( S ) site so in the initial stage

they were assumed to be two sets of Br(S) atoms. The

positions were refined using four cycles of full matrix

least squares to a residual of R = 0.40 9, with the bromine

atoms a t: - *

Br(l) x = -.1360, y = .4845, z = .2122,

E>r(2) x = .0123, y = .7771, z = -.2487,

A three dimensional difference Fourier map with phasing 

based on the refined bromine positions gave a large peak 

with coordinates
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x = .1120, y = .0071, z = .2375,

This peak was assigned to a tin atom which had bond distances 

of the order of 2.85$ to atoms 1 and 2 now confirmed to be 

bromine atoms. The residual fell on refinement to 0.259, 

At this stage eighteen of the nineteen atoms in Sn^^r^S^ 

had apparently been located, so a further Fourier synthesis 

was expected to reveal the position of the remaining tin 

atom. In fact one of the highest peaks in the Fourier map 

u>as at a position with coordinates close to 0,0,5.

Refinement of this seventh tin atom position, at 0,0,s, 

with half occupancy of the twofold site, resulted in a 

residual of C.1705. This unexpectedly high R value was 

explained by the appearance of a Fourier difference-

synthesis map peak corresponding to about eleven electrons. 

This peak with coordinates at

x = -.2214, y = .5855, z = -.1048,

lies at a distance of 0.912 from Sn(l). It is therefore 

necessary to consider the possibility that the Sn(l) atoms 

are not distributed over one sixfold site, but are instead 

distributed over two sixfold general positions (Sn(l)A and 

Sn(l)B), The relative heights of the peaks assignable to
/■

the two tin positions suggest that four atoms were distrib-

uted in the Sn(l)A site at

x = .4241, y = .1156, z = .7500,

and the remaining two tin atoms were distributed in the

Sn(1)B site at

x = .5948, y = ,e320, z = .2936,

This distribution of tin atoms in two rather than one sixfold 

general position explains why the Sn-Sn vectors appear so low
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in the Patterson m. a p .

After location and refiner..ent of the atoms Sn(l)A,

Sn(1)B , Sn(2 ) , Br (1) and Br(2) a t

Atom x y z site occupation 
factor based on 
6fold general

Sn(l)A .5761 . 6845 . 2392 . 6667

Sn(l)A .5939 . 6327 .2916 . 3333

5n(2) .9757 .0370 .2251 .1667

Er(l) .6200 .1352 .2664 1 .0000

Br(2) .7777 .7618 .2664 1 .0000

the residual dropped to 0,164. A refine m ent made with

anisotropic temperature factors on all atoms gave a residual

with R = 0.0505. Similar treatment of the data based on the

^^7^12 structure described earlier in this section did not 

improve the residual to an R value of less than 0.14,

There are three possible arrangements of sulphur atom

positions in the structure. These may arise either from 

location of the two S atoms at the Br(l) or the Br(2) site, 

or from an even distribution of the two sulphur atoms over 

the two bromine sites.

Refinement of those atomic positions in which both 

sulphur atoms occupied a Br(l) site, and in which there 

was an even distribution of the sulphur atoms over the two 

Br sites resulted in residuals of 0.212 and 0.167 respect-

ively.

However, with the two sulphur atoms occupying a Br(2)

site, a residual of 0.067 was achieved. It was therefore

considered, that there was not a random, distribution of the 
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sulphur atoms over the two Br sites but a distribution of 

the S atoms on the Br(2) site only. fl total of twenty nine 

reflections were then removed for which | Fo |>2|Fc| or 

| Fc | >2|Fo| and a final refinement was made with anisotropic 

temperature factors on all atoms to give a final residual 

of 0.0591.

Structural Description and Discussion

The crystal structure of Sn^Br^gS^ shows an unusual set 

of disordered atomic positions. It is not surprising that the 

presence of a total of twelve anions in a hexagonal cell 

results in the occupation of two complete sets of six-fold 

positions. The data are, however, not consistent with

2 -completely random distribution of Br and S ions within the 

structure but only with random distribution of these ions on 

one of the two sets of six-fold positions. The second set of 

six positions is occupied only by Br ions.

The distribution of tin atoms within the cell is very 

unusual. With a total of seven tin atoms in the hexagonal 

cell, the expected distribution of cations based on the 

probable Th^S^^ would have been six in a general sixfold site 

and one randomly distributed on a twofold special position. 

The situation is, however, much more complicated than this. 

Attempts to fit the data to a set of six tin atoms in a 

general site failed and so it was necessary to redistribute 

the atoms as a set of four distributed in a general six-fold 

position based on a tin atom (Snl) at .424, .116, .739 and

a set of two distributed in a general sixfold position based 

on a tin atom (Sn2) at .595, .831,.287, The two sets of

positions in which the tin atoms are distributed are only
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0.6148 apart. This means that the distribution of tin atoms 

and vacancies within the two sites cannot be a simple random 

distribution. There must be some type of cooperative disorder 

that avoids the positioning of tin atoms in the two sites 

0.6148 apart, but instead ensures that the positions associated 

with these short distances are always tin-vacancy distances.

The environments of the tin atoms (Snl) and (5n2) differ, 

but are typical of environments found in many tin(ll) 

compounds (see Chapter 4). Table 3.1 contains details of 

bond lengths and angles associated with the Snl, Sn2 and Sn3 

sites. Sn(l) has a pyramidal environment of three short 

bonds to bromine atoms at distances of 2.83, 2.91 and 3.008 

and Br-Sn-Br angles of 82.89°, 61.48° and 96.74°. Three 

longer Sn-Br contacts of 3.13, 3.21 and 3.468 complete the

distorted octahedral coordination about Sn(l) (Figure 3.2(a)). 

The atom Sn(2) on the other hand, lies in the less common four 

coordinate environment, which consists of two short bonds and 

two longer Sn-anion distances. The short bonds to sulphur or 

bromine atoms are 2,76 and 2.858, which are typical of Sn-S

(24) 
and Sn-Br bond lengths respectively . Two longer Sn-Br/S 

distances of 3.04 and 3.058 complete the square pyramidal 

coordination and even longer contacts (greater than 3.248) 

complete a distorted octahedral environment about 5n(2) 

(Figure 3.2 (b)). The environment of the third tin atom is 

very unusual, with an extremely short Sn-L bond of 2.198 which 

is most likely to be a 5n-S rather than a Sn-Br bond. This 

distance together with six tin-ligand distances (in the range 

3.04 -3.528) give an irregular coordination about the tin 

atom Sn(3). Most of these 5n-L contact distances (3.24 -



-184-

Bond Lengths and Bond Angles

for

Sn? Br10 S?

(a) Tin Coordination Sn(l)

Bond Distances (8) Bond Angles (°)

Sn(I) - Br 2.831 Br - Sn(l) - Br 85.9

Sn(I) - Br 2.907 n tl tt 96.8

Sn(l) - Br 3,002 ft tt it 83.0

Sn(l) - Br 3.133 n tt tt 88.3

Sn(I) - Br 3.209 ft tt 79.8

Sn(l) - Br 3.461 tt tt it 82.9

tt tf 81.5

tt ft tt 78.5

(b) Tin Coordination Sn(2)

Bond Distances (8) Bond Angles (°)

Sn(2) - Br/S 2.764 Br -Sn(2) -Br/S 85.6

Sn(2) - Br/S 2.850 tt tt tt 97.1

Sn(2) - Br/S 3.044 ft tf tt 79.2

Sn(2) - Br 3.050 tt ft it 81.4

Sn(2) - Br 3.244 tt tf t! 79.1

Sn(2) - Br 3.576 tt tt ft 75.9
* tt tf tf 78.2

Br -Sn(2) - Br 89.1

Table 3.1
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Bond Lengths and Bond Angles

for

Sn7 Br10 S2

(c) Tin Coordination 5n(3)

Bond Angles (°)Bond Distances (8)

Sn(3) - Br/S 2.195 Br/S - Sn(3) -Br/S 85.5

Sn(3) - Br/S 3.037 n ii n 133.4

Sn(3) - Br/S 3.239 ti ii it 100.2

Sn(3) - Br/S 3.271 tt it tt 69.4

Sn(3) - Br/S 3.307 it tt ti 79.8

Sn(3) - Br/S 3.493 ii tt tt 79.0

Sn(3) - Br/S 3.523 ti it tt 123.3

ii V ti 136.5

Table 3,1 (continued)
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Figure 3.2a
The environment of Sn(l): Trigonal pyramidal

Figure 3,2b
The environment of Sn(2): Square pyramidal
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3.520) are longer than the sum of the Sn-5 and Sn-Br ionic 

radii, and must be considered as weak interactions rather 

than Sn-L bonds. Figure 3.2c shows the £ projection of the 

unit cell of Sn^Br^gS^.

3.1.2 SnBr^ : FIS Systems (Fl = Cd, Pb)

Thermal analytical data have been used in this work to 

study ternary phases in the SnBr^ : FIS systems. Phase 

diagrams were constructed by mixing the appropriate molar 

proportions of the two phases, and grinding them to give 

an intimate mixture. This mixture was then placed in a 

narrow-necked tube designed to restrict the loss of any 

volatile products of the reaction between the two components. 

The temperature of the mixture was than raised to the 

melting point of stannous bromide to obtain a solution of 

metal sulphide in the tin bromide. The melt was cooled, 

heated to its melting point and then cooled again. All of 

these operations were carried out in an atmosphere of oxygen 

free nitrogen. The phases present in the final cooled melts 

were characterized by their X-ray diffraction, Sn Flfissbauer, 

conductivity, luminescence and reflectance data. The thermal 

behaviour of the products for construction of a phase diagram
n

were obtained using a Stanton Redcroft Simultaneous Thermal 

Analyser (STA 780) .

Phase Diagrams of SnB'r2 : FIS Systems (Fl = Cd, Pb)

The phase diagrams were constructed for the titled 

systems over a composition range where complete solubility 

of the metal sulphide in tin(ll) bromide can be achieved. 

These composition.ranges were 40 - 100 mole SnBr^ for the
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CdS system, and 60 - 100 mole $ SnBr^ for the PbS system, and 

the results of the two phase studies are given in Table 3,2,

The phase diagram for the cadmium sulphide system is 

shown in Figure 3.3, The phase diagram, in the region 

40 - 100 mole % SnBr2, shows only one congruently melting 

phase, and that has composition 85$ SnBr2 • 15$ CdS, which 

melts at 247°C. Most compositions in the region 70 - 100 

mole $ SnBr2 show two features viz. a melting point and a 

eutectic temperature. The phase diagram over the region 

studied exhibits two eutectic temperatures, one at 215°C 

and the other at 226°C. The former corresponds to a 

eutectic composition of about 95 mole $ SnBr2, which lies 

between the melting point of SnBr2 and the new phase, whilst 

the latter is the melting point of the eutectic composition 

with 65 mole $ SnBr2. At a composition of less than 60 mole 

$ SnBr2 there are in addition to the eutectic temperature, 

two features, the highest of which, at greater than 300°C 

represents a final melting point and the start of thermal 

decomposition.

The X-ray diffraction data for the cooled melts with 

compositions greater than 70 mole $ SnBr2 were recorded and 

are given in Table 3.3. The data for the phase with 85 mole 

$ SnBr2 showed no diffraction lines characteristic of either 

parent material, confirming this to be a new single phase of 

formula SngCdBr^2S (Figure 3.4). Compositions in the range 

70 - 80 mole $ SnBr2 all had diffraction patterns similar 

to that of the phase 85 mole $ 5nBr2» with strong lines that 

could now be associated with those of the new SncCdBr<_S b 1 z

phase. There are, however, additional lines but these are
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Table 3.2

Results of Phase Diagram Studies

5nB r2

for the

; MS systems

SnBr^ : CdS System

Composi tion Melting Point Eutectic Temp.

1005b Sn0r2 226°C -

95% SnBr2 226°C 215°C

90$ SnBr2 238°C 226°C

85$ SnBr2 247°C -

80$ 5nBr2 242°C 226°C

75$ SnBr2 237°C 226°C

70$ SnBr2 226°C 226°C

65$ 5nBr2 226°C 226°C

60$ SnBr2 226°C 226°C

55$ 5nBr2

5nBr2 : PbS System

237°C -

100$ SnBr2 226°C -

95$ SnBi?2 238°C -

90$ 5nBr2 258°C 236°C

85$ SnBr2 263°C 258°C 236°C

80$ SnBr2 284°C 258°C

75$ SnBr2 281°C 258°C

70$ SnBr2 292°C 258°C

65$ SnBr2 305°C 258°C

60$ SnBr2 310°C -
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X-ray Diffraction Data for the cooled melts from the

SnBr^ : CdS system

SnBr? 95 mole % SnBr^ 90 mole % SnBr^

d spacing (8) d spacing (8) d spacing (8)

11.79 w 2.04 w 6.61 w 1.97 VW 6.32 vs

10.78 w 2.02 w 6.15 w 1.91 VW 6.15 m

9.21 m 1.98 w 5.31 VW 1.88 w 4.02 m

6.61 vvs 1.95 w 4.48 VW 1.86 w 3.56 VW

5.31 m 1.88 m 4.04 w 1.75 w 3.37 w

4.48 ms 1.85 s 3.92 w 3.14 w

4.23 w 1.80 m 3.56 w 3.07 w

3.92 u vs 1.78 w 3.41 VW 2.96 s

3.56 w 3.30 w 2.75 w

3.29 vvs 3.08 ms 2.51 w

3.08 vvs 2.96 s 2.44 w

2.99 w 2.88 m 2.31 m

2.88 s 2.76 w 2.27 w

2.78 w 2.71 m 2.18 w

2.71 vvs 2.61 m 2.13 w

2.60 s 2.58 m 2.09 w

2.58 s 2.52 m 2.01 VW

2.52 s 2.44 w 1.99 VW

2.47 s 2.32 m 1.91 w

2.19 vvs 2.27 w 1.75 w

2.17 m 2.19 m 1.59 w

2.14 m 2.16 w 1.57 w

2.12 s 2.13 w

2.00 vw

Table 3.3
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Table 3,3 (continued)

X-ray Diffraction Data

for the

SnBr^ : Cd5 System

85 mole % SnBr^ 80 mole % SnBr^ 75 mole % SnBr2

d spacing (8) d spacing (8) d spacing (8)
6.37 s 6.32 m 6,32 m

6.15 m 6.15 w 6.15 w

4.02 w 4.02 vw 4.04 b

3,57 vw 3,93 vw 3.95 vw

3.43 w 3.57 vw 3.57 vw

3.15 uw 3.40 w 3.40 w

3.07 w 3.05 m 3.05 m

2.97 s 2.96 s 2.96 s
2.76 m 2.91 m 2.91 m
2.51 w 2.75 m 2.76 m
2.45 w 2.57 vw 2.52 vw
2.31 m 2.52 vw 2.49 vw
2.27 vw 2.44 m 2.45 w
2.20 uw 2.32 m 2.32 w
2.13 uw 2.27 vw 2.27 vw
2.10 vw 2.19 vw 2.19 vw
1.99 w 2.13 vw 2.13 vw
1.91 uw 2.05 w 2.06 w
1.82 vw 1, 99 /vw 1.99 vw
1.75 vw 1,85 vw 1.90 vw
1.69 vw 1.82 vw 1.89 vw
1.59 vw 1.75 vw 1.82 vw
1.58 vw 1.59 vw 1.75 vw



194

O’

m
CD
N

CT 
•H 
Li_

-ra
y d

iff
ra

ct
io

n p
at

te
rn



-195-

X-ray Diffraction Data

for the

SnBr^ : CdS System

70 mole % SnBr^

d spacing (8)

1.75 vw

6.15 w

4.02 w

3.93 m

3.57 vw

3.37 vw

3.05 s

2.96 s

2.90 s

2.75 w

2.57 vw

2.51 vw

2.49 w

2.44 vw

2.42 vw

2.32 w

2.27 vw

2.19 vw

2.13 vw

2.06 m

2.01 vw

1.85 vw

1.82 vw

1.78 vw

CdS

d sp acing (8)

3.80 w

3.53 m

3.51 m

3.36 s

2.96 m

2.47 w

2.06 m

1.89 vw

1.83 vw

1.76 w

1.75 w

v.v.s = very, very strong

v. s = very strong

s. = strong

m•s = medium strong

= medium

w. = weak

v.w = very weak

Table 3.3 (continued)
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not characteristic of CdS, which suggests that at least one 

additional new phase must exist between the composition range 

60 and 100 mole $ CdS. The data for the cooled melts with 

90 mole $ SnBr2» contain lines that can be attributed to 

stannous bromide.

The phase diagram for the lead sulphide system is shown 

in Figure 3.5 Two phases, those with 90 mole $ SnBr2 and 

80 mole $ SnBr^are identified as the only congruently melting 

compounds in this system with melting points of 258°C and 

284°C respectively. The phase diagram has two eutectic 

temperatures over the region studied vi z. 236°C at 87.5 mole

$ SnBr2 and 258°C at 72.5 mole $ SnBr^. Cooled melts 

containing less stannous bromide than the eutectic composition 

of 72.5 mole % have melting points greater than 290°C, that 

increase with the lead sulphide concentration.

X-ray diffraction data were recorded for the cooled melts 

with compositions in the range 60 - 95 mole % SnBr^. Details 

of the X-ray data are given in Table 3.4. The X-ray patterns 

for compositions with greater than 90 mole % SnBr2 show lines 

characteristic of stannous bromide. The data for the material

of composition 90 mole % 5nBr2 however, are consistent with 

this being a distinct new phase of formula Snn Q Pbn Br. 

S0.1 (Fi9ure Further addition of lead sulphide to

stannous bromide alters the diffraction pattern of the 

material, giving a similar but not identical trace. These 

differences first appear in the X-ray pattern of the cooled 

melt of composition 85 mole % 5nBr2. For the material with 

80 mole % SnBr2 the lines are well resolved, showing that a 

distinct new crystalline phase Sn^PbBfgS exists (Figure 3.7).
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,X-ray Diffraction Data for the cooled melts from the

SnBr^ : Pb5 system

5nBr2 95 mole < SnBr2 90 mole % SnBr2

d spacing (8) d spacing (8) d spacing (8)

Table 3.4

11.79 w 2< 0 4 w 6.61 m 2.13 m 4.04 m

10.78 w 2.02 w 6,19 w 1.92 vw 3.90 vw

9.21 m 1.98 w 5.31 vw 1.88 w 3.59 vw

6.61 vvs 1.95 w 4.48 vw 1.85 w 3.51 vw

5.31 m 1.92 w 4.04 w 3.39 w

4.48 ms 1.88 m 3.91 m 3,08 m

4.23 w 1.85 s 3,56 vw 2.97 s

3.92 vvs 1.80 m 3.39 vw 2.88 vw

3.56 w 1.78 w 3.29 m 2.76 w

3.29 vvs 3.09 s 2.71 w

3 08 vvs 2.97 s 2.61 w

2.99 w 2.88 m 2.58 w
2.88 s 2.76 w 2.52 w
2.78 w 2.71 s 2.32 m
2.71 vvs 2.59 m 2.27 w
2.60 s 2.58 m 2.19 w
2.58 s 2.51 m 2.13 w
2.52 s 2.47 vw 2.01 yu

2.47 s 2.45 vw

2.19 vvs 2.33 m

2.17 m 2.27 vw

2.14 m 2.19 m

2.12 s 2.17 m
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85 mole $ SnBr^

X-ray Diffraction Data

for the

SnBr^ : PbS System

75 mole $ SnBr80 mole $ SnBr^

d spacing (8) d spacing (8) d spacing (8)

6,24 vw 6.15 vw 6.15 w
4,04 tn 4.02 w 4.02 m

3.59 w 3.56 vw 3.56 w

3,40 w 3,37 w 3.37 m

3.21 w 3.08 w 3.07 vw

2.98 s 2.97 s 2.96 s

2,88 uw 2.76 w 2.75 m

2.77 m 2.51 vw 2.51 w

2.59 vw 2.44 w 2.44 m

2.52 vw 2.32 m 2.31 m

2.45 w 2.27 w 2.27 w
2.32 w 2,19 vw 2.18 m
2.28 vw 2.13 w 2.13 w
2.19 vw 2,05 vw 2.05 vw
2.13 vw 2.01 vw 2.01 vw
1.76 vw 1.76 vw 1.92 vw
1.59 w 1.62 vw 1.82 vw

X• 59 w 1.75 vw

1.61 vw

1.59 w

Table 3.4 (continued)
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X-ray Diffraction Data

for the

60 mole X SnBr^ 

d spacing (8)

SnBr^ : PbS System

PbS

d spacing (8)

4.87 w

4.19 w

4.09 m

3.80 m

3.41 w

3.30 w

3.14 m

3.11 m

2.98 s

2.96 s

2.86 w

2.85 w

2.78 w

2.67 s

2.53 w

2.45 w

2.42 w

2.37 m

2.34 VW

2.29 w

2.23 w

2.19 VW

2.12 VW

10.28 m

5.94 w

4.21 VW

3.43 v vs

3.19 w

2.97 vvs

2.81 VW

2.62 VW

2.57 VW

2.09 s

1.79 ms

1.71 m

1.48 VW

v.v.s « very, very strong

v. s 

s .

m. s

m.

= very strong

- strong

= medium strong

= medium

w. = weak

v.w = very weak

Table 3.4 (continued)
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The diffraction pattern for the cooled melt 60 mole ? SnBr^, 

is different from that of lead sulphide implying another 

distinct phase exists in the composition radge with less than 

60 mole $ SnBr^.

119 Sn Mflssbauer Spectra

119The Sn Mfissbauer parameters for the two SnBr^ : MS 

(M = Cd, Pb) systems have been recorded at 80K for some of 

the cooled melts with compositions in the range 95 - 70 mole 

$ SnBr^ for the CdS system, and in the range 95 - 60 mole % 

SnBr^ for the PbS system. Details of these Mfissbauer data are 

given in Table 3.5. Also included in the table are the data 

for the tin(ll) bromide,tin(II) sulphide and the tin(ll) 

chalcogenide halide Sn^Br^gS^.

In both systems, the melts with composition of 90 mole 

% SnB^t have single line spectra which are similar to that 

of tin(ll) bromide. Although X-ray data identify the cooled 

melt from the lead system as a distinct phase, (Snn Q Pbnu ♦ y u • JL

Br^ g Sg the similarity of its Mflssbauer data to that of

SnBr^, suggests that with the presence of 10% PbS in the 

lattice there is little change in the average way in which 

tin uses its electrons in bond formation. The spectra for 

the distinct phases Sn^CdBr^S and Sn^PbBrgS show the 

presence of two tin sites. The data are not, however, 

consistent with the existence of separate Sn-Br and Sn-S 

environments. In the lead sulphide system, evidence for the 

two tin sites begins at the composition of 85 mole % SnBr^t 

however, fitting to two sites does not improve the statistics 

of the fit of the data points. As the concentration of the 

metal sulphide is increased, the low shift site shows a
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Compound

SnBr2 : CdS

1 1 Q
Sn POflssbauer Data

6mms 1 Amms

90 mole % SnBr^ 3.95 0

Sn^CdBr^^S si te(1) 4.25 0

site(2) 3.46 0

80 mole X SnBr^ 4.23 0

3.40 0

75 mole % SnBr2 4.23 0

3.28 0

SnBr2 : PbS

Sno.gPbo.iBri.es0.1 3.94 0

85 mole % SnBi?2 3.96 0

Sn^PbBrgS si te(1) 4.13 0

si te(2) 3.39 0

60 mole 5b SnBi?2 si te(1) 3.87 0

si te(2) 2.80 0

Sn7Br10S2 si te(1) 3.76 0

site(2) 3.41 0

SnS 3.29 0.93

SnBr2 - 3.93 0

Table 3.5 
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steady decrease in shift towards the value for SnS. This 

is interpreted as being due to the formation of increasing 

amounts of tin-sulphur type environments with increasing 

sulphide concentration.

The Mssbauer data for both systems are in fact similar 

to those of Sn7Br1QS2 (Table 3.5) which also show a two tin 

site Mflssbauer spectrum. Although none of the distinct 

phases obtained from the cadmium and lead sulphide systems 

can be isostructural with Sn^Br^gS^, the immediate environ-

ment of the tin atoms in SngCdBr12S and Sn^PbBrgS are similar.

Optical Properties

Both luminescence and reflectance measurements have been 

made on some of the cooled melts from both the SnBr2 : CdS 

and 5nBr2 : PbS systems.

Luminescence spectra recorded for the samples, showed 

only a broad emission band in the region 520 - 700nm with 

no other identifiable features in the spectra. This broad 

emission band could arise from two possible mechanisms viz. 

the involvement of transitions between broad bands or a series 

of closely spaced transitions between narrow bands. In view 

of the fact that band to band transitions are known for main 

group elements in their lower oxidation states in bromide 

environments, it seems reasonable to suggest that the transi-

tions between broad bands -is more likely.

All reflectance spectra were measured using an Hitachi 

Perkin Elmer EPS - 3T recording spectrophotometer. The 

spectra of the phases in the SnBr2 : CdS system all have one 

or more absorption edge. The absorption edges appear to 

move towards lower energies with increasing cadmium sulphide 
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content and there is evidence of a second edge in the spectra 

of the materials with composition of 70 and 65 mole % SnBr^ 

(Table 3.6). The appearance of the second edge suggests 

the tin(ll) bromide in the two mixtures is not absorbing all 

the visible radiation, hence the absorption edge associated 

with cadmium sulphide is superimposed. The reflectance 

spectra for most of the cooled melts from the lead sulphide 

system show strong absorption over the entire visible region. 

Lead sulphide has high background absorption and no edge in 

the visible region. Hence the effect of stannous bromide 

in the material is one of dilution. Those phases with more 

than 75 mole $ SnBr^ have a small edge superimposed on the 

high background absorption of lead sulphide, and as a result 

are black in colour.

Electrical Properties

All electrical measurements were carried out on pelleted 

samples of most of the cooled melts obtained from the 

SnBr2 : MS system (M = Cd:Pb). Approximately 0.5g of the 

ground sample was put into a 13mm silver steel die, which 

was put under vacuum, and an external pressure of 5 tons 

applied to the die for 5-10 minutes. To ensure that an 

intimate electrical contact was made, tin foil discs (radius 

0,5cm) were pressed onto opposite faces of the pellet. In 

all cases, the pellets were prepared immediately prior to 

use. Measurements were made by placing the pellet between 

copper electrodes and recording the resistance in terms of 

MhO’s, using a Wayne Kerr Bridge. The electrical conductivity 

data for the samples are given in Table 3.7 together with 

the data for Sn^Br^gS^ for comparison.
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Reflectance Data

for the cooled melts 

from SnBr2 : MS systems

SnBr^ : CdS system

Compound Absorption Edge (eV)

SnBr2 3.06

90 mole % SnBr^ 2.74

Sn6CdBr12S 2.75 f

80 mole % SnBr2 2.82

75 mole % SnBr2 2.79

70 mole % SnBr2 2.86, 2.33

65 mole % SnBr2 2.86, 2.33

CdS 2.23

SnBr^ : PbS system

Compound

SnBr^

Sno.9Pb0.1Brl.8S0.1

Sn^PbBrgS

75 mole % SnBr^

60 mole % SnBr^

PbS

Absorption Edge (eV)

3.06

2.67

2.40

2.48

no edge

no ecjge

Table 3.6
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Electrical Conductivity Data

for the Cooled Melts

from the SnBr^: MS Systems (M = Cd,Pb)

Compound Electrical Conductivity

Table 3.7

SnBr^ : CdS System (ohm"l -1 x cm )

95 mole % SnBr^ 9.09 x 10“8
90 mole $ SnBr^ 1.76 x io"7
Sn^CdBr^S 4.60 x 10-8
80 mole % SnBr^ 1.53 x io-7
75 mole % SnBr^ 3.34 x 10"8
70 mole % SnBr^ 1.22 x 10"7
65 mole % SnBr^ 1.76 x io-7
60 mole % SnBr^ 1.01 x io-5
50 mole % SnBr^ 2.81 x IO"5
CdS

SnBr£ : PbS System

3.00 x 10’4

95 mole % SnBr^ 7.51 x IO"8

Sno.gPbo.iBri.85o .i 1.57 x ID'8
85 mole % SnBr^ 1.08 x 10’7
Sn^PbBrgS 5.97 x 10’7
75 mole % SnBr2 2.89 x 10"7
70 mole % SnBr^ 3.61 x 10’7
65 mole $ SnBr^ 1.67 x IO'5
60 mole % SnBr^ 3.06 x ID’5
PbS 5.42 x IO"5
SnBr^ 1.07 x ID-8
Sn7Br10S2 7.34 x IO’8
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The results show that conductivities of all samples 

measured lie within the range 10 ^to 10 ohm cm . These 

compounds can therefore be classified as semiconductors, 

Although the conducting ability of the phases of mixed 

composition is considerably less than that of the parent 

compounds, the conductivities of all of the mixed phases are 

orders of magnitude less than that of the high symmetry 

perovskite phase, CsSnBr^, in which the conductivity arises 

from the direct population of solid state bands by the tin 

non-bonding electrons. It is therefore unlikely that the 

conductivities in the halide chalcogenides arise from a 

similar direct population mechanism.

3.1.3 Summary

This study of the reaction of tin(ll) bromide with 

metal (II) sulphides has shown that the addition of the 

sulphide to 5nBr2 changes the X-ray pattern dramatically 

and new phases appear with as little as 10 and 20 mole /fa PbS 

in the SnBr2 lattice, and 15 mole % CdS in the lattice. If 

these new compounds have structures similar to that of 

Sn^Br^gS^r the tin and metal atoms must be accomodated in 

the lattice in a complicated manner.

The absence of high symmetry tin(ll) sites in the crystal 

structure of Sn^Br^gS^ and of narrow Mfissbauer resonance lines 

in all of the mixed phases .are consistent with the suggestion 

that the conductivity in the materials does not arise from 

direct population of the solid state bands, but must be assoc-

iated with impurity levels in the lattices. In spite of the 

fact that the anionic sub-lattice is made up of relatively 

large anions, it appears that no empty accessible three-
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dimensional bands are formed in the halide chalcogenides.

The fate of the tin species in the formation of these phases 

is unusual in that it is likely to lead to partial occupancy 

of crystallographic sites, but is normal in that the tin sites 

that are formed, are of the usual lone pair distorted type.

3.2 Tin(ll) Fluoride : Caesium Bromide Molten System

To date, studies of reactions between tin(ll) halide 

and caesium halide species (where the halide is fluoride 

or bromide) in both molten and aqueous solutions have been 

of three types vi z. (1) the all-fluoride system, SnF2 : CsF, 

(2) the all-bromide system, SnBr^ : CsBr and (3) the mixed 

halide system, CsSnBr^ : CsSnF-^.

The complex tin(ll) compounds precipitated from the 

molten systems MF - SnF2 (M = Li,Na,K, Rb and Cs) have been 

shown^25) by X-ray analysis to be identical to those 

crystallised from the corresponding aqueous systems. The

results from the study showed that 

found in aqueous madia, vi z. SnF^” 

present in tin(ll) fluoride melts, 

diagram of the CsBr : SnBr2 system

the predominant species 

and Sn2F^ are also

The complete equilibrium

(26) has been determined'

It was found that, in addition to the CsSnBr7 and CsSn^Br^ 

phases, that had also been prepared from aqueous solution, 

a third phase of composition Cs^SnBrg was also present. An 

investigation into the preparation of the dark grey Cs^SnBrg 

phase revealed that, like CsSnBr^, it could be prepared 

readily either from solution or molten systems. The only

(27)mixed halide phases reported' were those resulting from a 

study of the molten systems CsSnBr^ : CsSnF-j. In the

CsSnF-, Br system, the materials have lone pair distorted
j • 11 n 
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environments at room temperature for n less than 1.5, and 

perovskite lattices for n greater than 1.5. This is reflected 

in the Mflssbauer data where the resonance lines show quadru-

pole splitting for n < 1.5 and decreasingly small line widths 

for n greater than 1.5. In these systems, there are always 

sufficient caesium ions to make a CsSnX^ species. The aim 

of the present work is to study the results from the molten 

system SnFpl CsBr in which there may be either an excess 

or a deficiency of caesium ions for f1uorostannate(II) 

formation.

3.2.1 Phase Diagram for SnF^ I CsBr system

The thermal analytical technique described in section 

3.1.2 was used to construct the phase diagram for the system. 

The composition range of 15 - 100 mole $ SnF^t in which 

there was complete solubility of caesium bromide in tin(ll) 

fluoride was studied. The materials for study were prepared 

by heating the cooled melts of an intimately ground mixture 

of SnF^ and CsBr in an atmosphere of oxygen-free nitrogen. 

The phase diagram for the system is shown in Figure 3.8, 

whilst the numerical results are given in Table 3.8. X-ray, 

Nflssbauer, reflectance and conductivity measurements were 

used to characterise the cooled melts.

Although the two starting materials are white, as the 

concentration of caesium and bromide ions in the sample was 

increased, the intensity of the colour of the cooled melts 

changes, from white at 100 mole $ SnF2, to grey and finally 

black, at 15 mole % SnF2. The phase diagram shows three 

congruently melting phases of composition 72.5t 45 and 35 

mole % SnF2 whose melting points are 220°, 213° and 210°C
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Phase Diagram Results

for the system

SnF2 : CsBr

Composi tion Melting point E ute otic

100$ SnF2 221°C -

95 % SnF2 193°C 166°C

90 % SnF2 181°C 166°C

85 % SnF2 166°0 166°C

80 % SnF2 205°C 166°C

75 % SnF2 214°C -

72.5$ SnF2 220°C -

70 % SnF2 211°C - -

65 $ SnF2 204°C 192°C

60 $ SnF2 194°C 192°C

55 % 5nF2 192°C 192°C

50 % SnF2 204°C

45 % SnF2 213°C 204°C

40 $ SnF2 206°C 204°C

35 $ SnF2 210°C 204°C

30 $ 5nF2 204°C 204°C

Table 3.8
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respectively. These phases give rise to four eutectic 

phases with compositions of 85, 55, 40 and 30 mole ? SnF2, 

with melting points at 166°, 192? 204° and 204°C respect-

ively, The new phases fl, B and C (compositions 72,5, 45, 35 

mole X SnF2 respectively) that have been isolated from the 

molten SnF2 : CsBr system, appear to have different composit-

ions to those isolated from the aqueous system studied and 

described in section 2.4.1. In view of these differences, 

X-ray diffraction data were recorded (Table 3.9) and used 

to identify the new phases isolated from the molten system, 

and to compare them with the known phases obtained from 

aqueous solution. None of the diffraction patterns for the 

cooled melts from the SnF2 : CsBr system, have traces ident-

ical to those of the parent compounds, although there is 

evidence at the high fluoride and the high bromide ends, of 

lines that can be associated with SnFj and CsBr, respectively. 

The diffraction pattern for SnF2, changes markedly on addit-

ion of as little as 5 mole % CsBr. With up to 15 mole % 

CsBr there is little change in the complexity of the line-

pattern. Comparison of the diffraction patterns of the 

cooled melts above and below the eutectic composition (85 mole 

% SnF2) show the phases to be mixtures of both SnF2 and the 

new phase fl. The disappearance of any lines that could be 

associated with a mixture -first becomes apparent in the 

diffraction pattern of the melt, with a composition of 75 

mole % SnF2. In the region 70 - 75 mole % SnF., in which 

phase fl has been isolated as shown by a phase diagram study, 

there is no real change in the diffraction patterns. Compar-

ison of these diffraction data and those characteristic of
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X-ray Diffraction Data

for the cooled melts

from the SnF^ • CsBr system

SnF2 95 mole % SnF2 90 mole % SnF2

d spacing (8) d spaci ng (8) d spaciing (8)
3.53 s 3.71 w 3.77 \/w

3.39 m 3.59 s 3.67 VW

3.21 w 3.37 w 3.56 s

3.19 w 3.28 ms 3.53 ms

3.14 w 3.23 ms 3.36 m

2.15 m 3.16 w 3.23 m

2.14 m 2.58 w -3.17 m

1.98 w 2.49 VW 3.15 m

2.45 VW 3.11 w

2.40 VW 2.85 VW

CsBr 2.12 VW 2.81 VW

d spacing (8) 2.06 VW 2.53 w

4.31 m 2.01 w 2.38 VW

3.38 s 2.17 VW

3.05 vs 2.10 VW

2.48 w

2.38 W

2.15 m Tabl e 3.9
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X-ray Diffraction Data

for the cooled melts

from the SnF 2 :; CsBr system

72.5 mole $ 5nF2 70 molei % SnF2 65 mole % SnF2 60 mole

d spacing (9) d spaci ng (8) d spacing (8) d spaci ng

3.77 m 3.77 m 4.11 w 4.07 w

3.71 w 3.71 w 3.79 m 3.77 w

3.52 m 3.52 m 3.71 w 3.68 w

3.40 s 3.40 s 3.53 w 3.49 s

3.39 s 3.33 w 3.45 m 3.44 s

3.33 w 3.19 s 3.40 s 3.37 w

3.19 m 3.13 m 3.33 w 3.24 m

3.13 m 2.98 w 3.20 m 3.19, s

2.97 w 2.86 w 3.13 m 3.17 s

2.86 m 2.84 w 2.90 w 3.16 w

2.84 m 2.79 w 2.87 m 2.88 w

2.76 W 2,56 w 2.84 w 2.75 VW

2.71 w 2.39 VW 2.78 w 2.59 VW

2.56 Ul 2.34 VW 2.76 w 2.36 VW

2.51 VW 2.18 w 2.56 w 2.05 VW

2.18 w 2.15 VW 2.48 w

2.15 VW 2.12 w 2.39 w
• fl

2.11 VW 2.11 w 2.19 w

2.09 VW 2.09 w 2.01 w

2.00 w

SnF2

(8)

Table 3.9 (continued)
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X-ray Diffraction Data

for the cooled melts

from the SnF^ • CsBr system

85 mole $ SnF^ 80 mole %

d spacing (8) d spacing

3.77 w 3.77 w

3.71 vw 3.56 m

3.57 s 3.49 m

3.52 m 3.40 s

3.38 s 3.23 m

3.27 m 3.18 m

3.24 m 3.11 m

3.19 m 2.98 vw

3.16 w 2.85 vw

3.12 w 2.82 vw

2.87 w 2.76 vw

2.83 w 2.55 w

2.76 vw 2.18 w

2.56 w 2.14 vw

2.18 w 2.11 vw

2,15 vw 2.09 vw

2.11 vw 2.00 vw

2.00 w

SnF- 75 mole % SnF2

(8) d spacing (8)
3.77 m

3.71 w

. 3.51 m

3.37 s

3.31 w

3.18 ms

3.12 m

2.96 vw

2.86 m

2.83 w

2.76 vw

2.56 w

2.51 vw

2.18 w

2.10 vw

2.0$ w

Table 3.9 (continued)
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X-ray Diffraction Data

for the cooled melts

from the 5nF2 : CsBr system

55 mole % SnF2 50 mole % 5nF

d spacing (8) d spacing (8)
4.11 UJ 4.09 UJ

3.78 m 3.77 s

3.71 UJ 3.68 UJ

3.52 VW 3.44 s

3.45 s 3.33 UJ

3.35 UJ 3.25 UJ

3.25 UJ 3.13 m

3.13 m 3.06 VUJ

2.90 m 2.89 m

2.83 VUJ 2.83 VUJ

2.75 UJ 2.75 UJ

2.56 VUJ 2.57 VW

2.47 UJ 2.47 w

2.38 UJ 2.38 w

2.37 UJ 2.37 w

2.06 UJ 2.10 vw

2.05 UJ 2.07 w

2.01 UJ 2.05 w

2.01 w

45 mole % SnF2 

d spacing (8)
4.15 id

3.85 s

3.72 w

3.48 s

3.28 w

3.15 w

3.06 m

2.96 m

2.92 w

2.85 m

2.76 w

2.59 m

2.49 w

2.40 w

2.38 uj

2.08 uj

2.06 uj

2.02 w

Table 3.9 (continued)
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X-ray Diffraction Data

for the cooled melts

from the SnF^ * CsBr system

40 mole $ 

d spacing

SnF2

(8)

35 mole $ SnF^ 

d spacing (8)

30 mole % SnF^ 

d spacing (8)
4.46 vuj 4.33 uj 4.27 uj

4.27 vw 4.15 w 4.07 uj

4.07 w 3.82 m 3.77 m

3.77 ms 3.72 w 3.44 m

3.68 uj 3.48 m 3.33 uj

3.44 s 3.28 w 3.24 uj

3.34 uj 3.15 m 3.12 m

3.25 w 3.06 s 3.03 vs

3.14 uj 2.92 uj 2.88 uj

3.12 m 2.76 uj 2.75 uj

3.0 3 s 2.60 uj 2.58 vuj

2.88 w 2.49 w 2.47 uj

2.75 uj 2.39 w 2.37 uj

2.58 uj 2.16 uj 2.14 uj

2.47 w 2.08 uj 2.06 uj

2.38 ui 2.02 uj 2.05 uj
4

2.35 w

2.14 w uuj  = very weak s = strong

2.06 uj
uj = weak vs = very strong

2.05 uj m = medium

2.01 w ms = medium strong

Table 3.9 (continued)



-218-

the compound CsSn^BrFg ,isolated from aqueous solution, show 

no similarities between the molten phase A and the highly 

crystalline CsSn^BrFg. The next distinct change in the 

diffraction pattern occurs below 55 mole % SnF2 where the 

traces, once again become well resolved. It can be inferred 

that the diffraction patterns for the cooled melts with 

compositions 55 - 70 mole % SnF2 are mixtures of the lines 

associated with phase A and the new phase below 55 mole % 

SnF2. Although the diffraction pattern for the cooled melt 

of 50 mole $ 5nF2 is well resolved new lines appear in the 

diffraction pattern for the melt of 45 mole J SnF2» identi-

fying this as the new phase (phase B in the phase diagram). 

The diffraction patterns for cooled melts with the composit-

ions of 5nF2 less than 45 * show a marked increase in the 

intensity of the very strong line (3.05fi) associated with 

CsBr, so much so that the diffraction pattern for 35 mole $ 

5nF2, shows an entirely new trace implying that the cooled 

melt with this composition of 5nF2 must also be a new phase, 

namely, phase C as shown in the phase diagram. No further 

new phases could be identified from the X-ray diffraction 

patterns for the cooled melts. The X-ray diffraction 

patterns for the three new phases A, B and C are given in
//•

Figure 3.9.

3.2.2 119Sn MBssbauer Spectra

119The Sn Mfissbauer data for some of the cooled melts 

from the SnF2 : CsBr system have been recorded at 80K and 

are given in Table 3.10. The data for Snc2 and related 

compounds are included for comparison.

The FlBssbauer spectra for the three new phases A, B and
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X-ray Diffraction Patterns of Neu Phases 

from the SnF^iCsDr system

Fiqure 3.9



in 
Q) 
in 
ro 

jz  
CL

3
0)

U- 
o

(fl 
c
P 
cd  

-p  
-p  
ro 
CL

c 
o 
•H 
-p
o 
ro 
p 

<4— 
<+- 
•H 
Q

X 
ro 
p  
i 
x

Fi
gu

re
 3.9

 (c
on

tin
ue

d)



-221 -

119 Sn HBssbauer Spectra

Compound 6mms 1 Amms

SnF2 3.65 1.80

75 mole % SnF2 3.39 1.57

72.5 mole % 5nF2(Phase A) 3.43 1.56

70 mole $ SnF2 3.40 1.59

55 mole * SnF2 3.23 1.69

45 mole % SnF2 (Phase B) 3.04 1.92

35 mole % SnF2 (Phase C) 3.04 1.97

Sn3BrF5 3.69 1.18

CsSnF 2.98 2.00

CsSn2F5 3.12 2.06

CsSnBr^ 3.98 0

Table 3.10
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C all show quadrupole split Sn(ll) doublets, with chemical 

shift values lower than that of 5nF2 and the mixed anionic 

compound Sn-jBrFg. The shifts for the phases A, B and C are 

lower than for SnF2, this suggests that halostannate(II) 

anion involving both fluorine and bromine ions are being 

formed in the molten system. The alternative structure 

with polymeric tin(ll) fluoride networks and no tin-bromine 

bonds such as that found in Sn3BrF5 is not likely because 

such an arrangement of bridging fluorine atoms would lead 

to an increase rather than a decrease in the shift^28\ 

The phases A, B and C must therefore contain discrete SnX “ 

units or polymeric units such as Sn^' or Sn-jX?", with the 

tin atoms bonded to both bromine and fluorine atoms. The 

compound identified as phase A could be formulated as 

CsSn3BrFB which is the product of 3 : 1 composition. The 

similarity of. its nBssbauer data with that of the melt of 

75 mole % SnF2> permits this assumption.

Snz

(I)
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A complex of this type could have the bromine atom as

either a bridging or terminal ligand (i). The still lower 

chemical shift for phase B implies that the complex formed 

is like CsSnF-j, with one of the fluorine atoms replaced by 

a bromine atom, giving a discrete trigonal pyramidal unit 

of the SnF2Br ion (il). The fact that the shift is higher 

than that found for CsSnF^ is consistent with replacement 

of one of the fluorine atoms by bromine. The shift for

phase C of composition 35 mole % SnF2, is the same as that 

for phase B in spite of the increase in bromide content.

divided into

Phases of the type MX.PISnX-, that contain discrete SnX “ 
° 3

species are however known, and it is suggested that phase 

C should be formulated as CsBr. CsSnF2Br.

3,2.3 Electtical and Optical Properties

The cooled melts from the CsBr,SnF2 system can be 

two types according to their colour. For

compo si tions containing more than 65 mole % 5nF2, the 

products are white but, the cooled melts with less SnF 

black. The Dlfissbauer data for the cooled melts

2 are

and the

new phases obtained to 35 mole

the tin atoms are in distorted

$ SnF2, however, 

environments and

show that

not in the 

regular site usually associated with intense colouration. 

The appearance of colour is, however, related to the amount of

CsBr in the products.

have

SnF2

been

Electrieal conductivity and reflectance measurements 

been carried out on most of the cooled melts from the 

: CsBr system. The conductivity data (Table 3.11) have 

recorded on pelleted samples, by the method described

in section 3.1.2. The reflectance measurements were
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Electrical Conductivity 

for the cooled melts 

from the SnF2 i CsBr system

Compound Electrical Conductivity

(ohm 1 cm"l)

5n F„ io-02 6.30 x

90 mole 55 SnF2 1.71 x io-0

85 mole 55 SnF2 1.76 x 10"7

75 mole 55 SnF2 1.09 x 10“7

72 .5 mo'le « SnF2 6.09 x io-9

70 mole 55 SnF2 5.24 x io-8

65 mole 55 SnF2 3.15 x io-8 -

60 mole 55 SnF2 1.44 x ID"8

55 mole 55 5nF2 8.12 x IO’8

50 mole 55 SnF2 4.31 x IO’9

45 mole J SnF2 3.43 x 10“7

40 mole % SnF2 9.22 x IO’8

35 mole SnF2 3.02 x 10’8

30 mole 55 SnF2 3.05 x IO’8

CsB r 1.71 x ID’6

Table 3.11 
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obtained on ground samples using the Hitachi Perkin Elmer 

EPS - 3T recording spectrophotometer, and the data are given 

in Table 3.12.

The conductivities of all of the cooled melts are similar 

to that for SnF£, and are weak semiconductors, The low levels 

of conductivity for the black phases obtained are surprising 

but are entirely consistent with the distorted tin(ll) 

environments suggested by Mflssbauer data. The colour and 

the observed optical edges must therefore arise from localised 

rather than delocalised events. It seems likely that in 

phases with more than 35$ CsBr, there are sufficient numbers 

of bromine neighbours to some of the tin atoms to permit 

the transfer of the lone pair electrons into the solid state 

bromine bands. In the same way the band edge which becomes 

apparent in the reflectance spectra for the cooled melts 

with concentrations of CsBr greater than 35 mole $, arises 

from the transfer of the tin(ll) lone pair electrons into 

the solid state bromide bands.

3.2.4 Summary

Three new phases A, B and C have been obtained from the 

molten SnF^ : CsBr system. It is suggested that the formula-

tion of the three phases A, B and C is CsSn^BrFg, CsSnBrF2 

and CsBr.CsSnBrF2 respectively. The fate of the tin moiety 

in this molten chemical reaction is such that the tin atoms 

are involved in lone pair distorted halostannate(II) ion 

formation, with bonds to both fluorine and bromine atoms.

119The Sn Mttssbauer data are consistent with tin being in a 

mixed halide environment. It is suggested that the colours 

of the phases containing more than 35 mole $ CsBr must be
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Reflectance Measurements 

for the cooled melts 

for the

SnF^ ! CsBr system

Composi ti on Absorption Edge (eV) 5? Absorption

905? 5nF2 No edge -

80% SnF2 No edge -

75% 5nF2 1.85 55?

705? SnF2 1.82 34?

60% SnF2 1.79 725?

50% SnF2 1.77 80?

40% SnF2 1.79 665?

30% 5nF2 1.77 60?

Table 3.12
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associated with localised transfer of some tin(ll) non-

bonding electrons, and the absence of a three-dimensional 

delocalised band structure. Both the electrical and optical 

properties of the materials are in agreement with this.

3.3 Nixed Tin(ll) : Tin(lV) System

The compound Cs^Sn^^Brg is a white material and it has 

(29)been shown' that colour can be introduced into this sytem

by formation in aqueous systems of mixed phases with CsSn11

which has a closely related structure. The cubic cell of

the tin(ll/) compound (a = 10.89) contains the same number of

Cs and Br atoms but only as many tin atoms as

(.a = 11.68) containing eight formula units of CsSn

a cell 

ZIBrg. The 

high symmetry environment for the Sn11 in CsSnBr,, is said 

to arise because the distorting effect of the non-bonding

electrons is reduced by their populating an empty low energy 

band, thus giving rise to the black colour and the metallic

conducting properties. There are no such high-energy non-

bonding electrons in Cs2SnIVBr6 to populate the empty bands 

which must be present in its structure. However, the tin(iv) 

compound does form a mixed-lattice compound with CsSnIIBr 

which effectively introduces Sn(ll) into CsoSnIVBrc? without
Z b

destroying its cubic unit cell. Mixed-lattice compounds of 

this type were prepared from solution, it is therefore the

Dicaesium hexabromostannate(IV) was prepared from tin(iv)

aim of the present study to- investigate the effect of intro-

duci ng tin(ll) into Cs2SnIVBr6 in molten systems.

3.>3.1 A Study of the Molten CsSnBr3 : Cs2SnBrB system

bromide and caesium bromide in a solution of 48% hydrobromic

acid. The product was stored in vacuo over potassium 
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hydroxide pellets. Caesium tri bromostannate(11) was prepared 

from a melt of caesium bromide and tin(ll) bromide, in an 

atmosphere of oxygen free nitrogen.

Samples of Cs^SnBrg containing tin(ll) were prepared by 

heating intimately ground mixtures of Cs^Sn^Brg and CsSn^^Br^, 

in narrow necked tubes under a nitrogen atmosphere. An 

attempt to construct a phase diagram from the heating and 

cooling curves of the cooled melts (25 - 100 mole $ CsSnBr^) 

failed due to the melting point of CsSnBr^ appearing as the 

single melting point of all phases in the region studied. 

Above the melting point (380°C) the materials begin to 

decompose. It is not possible for a mixture of two components 

in molten solution to give as a single product, one of its 

parent materials, for this reason, X-ray diffraction data 

have been collected and compared for random phases through-

out the composition range studied. Although all the diffract-

ion patterns are different, the changes in the patterns 

occur in the region of d spacings 4.44 - 2.31ft, Figure 3.10 

shows this part of the trace for some of the cooled melts 

from the Sn(ll) : Sn(lV) system, whilst the data are given 

in Table 3.13.

At the high Sn(ll) end of the system, comparison of the 

data for the cooled melts of 85 and 95 mole % Sn(ll) with 

that of CsSnBr-j, shows that the strong lines of CsSnBrg have 

remained, although, the total number of lines has increased 

implying that the materials are either mixtures or simply 

the results of a lowering of symmetry from the cubic lattice. 

At a composition of 75 mole $ Sn(ll), the overall intensity 

of the peaks falls dramatically as a result of considerable
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75^Sn(ll)

a

-------------------------------!-----------------------------------------------------—------,-------------------------------------------------------------------- |-------------

8 2.43 3.OB 4.23

Figure 3.10
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X-ray Diffraction patterns for some

Ficure 3.10(continued)
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Table 3.13

X-ray Diffraction Data

for some cooled melts

f rom the mixed tin(ll) : tin(lV) system

CsSnBr 95 mole $ CsSnBr^ 85 mole $

d spacing (8) d spacing (8) d spacing

5.83 vw 5.87 w 6.32 w

4,11 vs 4.13 s 5.87 w

3.35 m 3.97 w 4.13 s

2.90 vs 3.51 w 3.98 vw

2.60 m 3.36 m 3.85 vw

2.37 m 3.24 w 3.52 w

2.05 s 3.14 w 3.37 m

1.94 s 3.13 w 3.25 w .

3.06 m 3.14 m

Cs2 SnBr£ 2.96 m 3.06 m

d spacing (8) 2.91 s 2.95 m

5.21 m 2.72 w 2.91 vs

3.85 m 2.59 w 2.72 w

3.29 w 2.38 m 2.61 w

3.13 vs 2.31 vw 2.37 m

2.72 vs 2,21 vw 2,31 vw

2.49 vw 2.16 vw 2.15 vw

2.22 w 2.06 m 2.06 m

2.09 vw 1.94 vw 1.92 vw

1.92 s
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X-ray Diffraction Data

for some cooled melts

from the mixed tin(11)-tin(IV) system

75 mole % C sSnBr

d spacing (8)

6,91 w

6.32 w

5.83 W

4.44 Id

4.11 m

3.97 Id

3.83 Id

3.51 Id

3.35 m

3.23 m

3.12 m

3.04 m

2.90 s

2.72 s

2.59 m

2.37 Id

2.30 m

2.21 id

2.15 Id

2.05 s

1.92 m

50 mole /b CsSnBr^

d spacing (8)

25 mole % CsSnBr^ 

d spacing (8)

1.92 m

6.32 Id 6.32 Id

4.31 Id 4.33 Id

4.11 m 4.13 Id

3.85 Ul 3.86 UJ

3.36 id 3.37 Id

3.13 m 3.30 Id

3.05 vs 3.14 m

2.94 Vid 3.07 VS

2.91 m 2.92 Id

2.71 m 2.72 m

2.37 Id 2.49 VW

2.22 Vid 2.37 VW

2.15 Id 2.22 VW

2.08 Vid 2.16 w

2.05 Id 2.08 VW

1.92 Id 2.06 VW

Table 3,13 (continued)

vs = very strong

VW = very weak m = medium

w = weak s = strong
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lattice distortion. A striking feature of the diffraction 

patterns of the cooled melts with more than 50 mole Sn(lV), 

is the presence of a strong peak at 3.050, which increases 

in intensity as the concentration of 5n(lV) is increased. 

This line although present in all the traces for the cooled 

melts, cannot be associated with either parent material. It 

is, however, a characteristic peak of the diffraction pattern 

of CsBr (see Table 3.9). It appears that in all phases there 

is the separation of CsBr possibly associated with the loss 

of tin halide. At the high tin(ll) end, the materials are 

mixtures of tin(ll), tin(lV) and possibly some CsBr. Whilst 

at the high tin(lV) end, the diffraction pattern is simpler, 

although there is an increase in CsBr content, and the peaks 

associated with CsSnBr^ are very weak at 25 mole % 5n(ll) 

which suggests that some Sn(ll) is in fact, entering suitable 

vacancies in the tin(iv) lattice.
1 1 b

3.3.2_____ 5n flfissbauer Spectra
119

The Sn Mflssbauer data, recorded at 80K for the cooled 

melts with 75, 50 and 25 mole $ Sn(ll) are given in Table 3.14, 

together with the data for the parent compounds. For all 

phases the spectra obtained, show both a singlet tin(ll) and a 

singlet tin(lV) resonance. The singlet in the tin(ll) shift 

region for all the mixed phases indicates that tin(ll) remains, 

like tin(ll) in CsSnBr-j, in a high symmetry environment. It is 

not surprising that the percentage resonance dip for this line 

is reduced as the amount of tin(iv) increases, the line width 

of the tin(ll) singlet increases and this lowering of symmetry 

may be associated with the substitution of some tin(lV) in the 

lattice. At the high tin(lV) end, the Mflssbauer spectra show
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119
Sn PWssbauer data for

the cooled mel ts

from CsSnBr^ : Cs^SnBrg

Compounds 6mms Amois"! T mms"!

CsSnBr 3.97 0 0.84

75$ CsSnBr3 Sn(ll) 4.02 0 0.91

Sn(lV) 0.37 0 1.79

50$ CsSnBr^ Sn(ll) 4.04 0 1.02

Sn(lV) 0.53 0.71

25$ CsSnBr^ Sn(ll) 4.03 0 0.82

Sn(lV) 0.56 0.74

Cs^SnBrg Sn(lV) 0.75 0

Table 3.14
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Sn(lV) in an octahedral site, but as the amount of tin(ll) 

in the lattice is increased, the line becomes much broader, 

again this would be consistent with substitution of tin(iv) 

by tin(11) .

3.3,3 Electrical Properties

Electrical conductivity measurements have been carried 

out on pelleted samples of some cooled melts isolated from

the CsSnBrCs^SnBrg system. The conductivities of these 

materials (Table 3.15) lie in the range 1O"9-1CT4 ohm"1 c

hence they are semiconductors. CsSnBr^ has a conductivity of 

about 10 * ohm"1 cm"1 and its ability to conduct electricity

is explained in terms of direct population of the empty solid

state bands by the nsz non-bonding electrons.

the other hand is a white insulator. This lack of

SnBrg, on

conducting

ability can be accounted for by the absence of a lone-pair in 

the Sn(lV) outer electronic configuration. The conductivities 

of the materials with high tin(ll) content, are of the same 

order of magnitude as the parent CsSnBr-j. Reducing the amount 

of 5n(ll) in the lattice does lower the conducting ability of 

material, although the cooled melts even at the high tin(iv) 

end are still semi-conducting materials. It appears that the 

lower conductivity of mixed tin(ll) ; tin(iv) phases results 

essentially from the number of tin(ll) atoms present, because 

they supply the donor electrons.

3.3,4 Summary

Unlike the aqueous Sn(ll) : Sn(iv) system there is no 

real evidence for the formation of solid solutions between the 

two lattices in cooled melts. The increase in the mflssbauer 

line width on addition of tin(ll) into the tin(iv) lattice and
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Electrical Conductivity Data

for the cooled melts

from CsSn^Br^ : Cs^Sn^^Brg system

Compound Electrical Conductivity

(ohm’l cm"''')

Cs^SnBrg insulator

CsSnBr 9.00 x 10“H

95 mole $ CsSnBr^ 1.76 x ID’4

85 mole $ CsSnBr^ 7.63 x 10“4

75 mole % CsSnBr^ 3.78 x IO’8

50 mole $ CsSnBr^ 2.50 x 10“7

25 mole * CsSnBr^ 2.96 x ID’9

Table 3.15
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of tin(iv) into the tin(ll) lattice may be associated with 

some substitutional effects. There is also evidence for the 

decomposition of CsBr in the cooled melts particularly for 

the high tin(lV) region. The conductivity of the mixed phases 

becomes less as the amount of tin(ll) in the lattice decreases, 

this is considered to be a direct result of the reduction in 

the number of non-bonding electrons available as donors.

3.4 Photoacoustic Spectroscopy of Tin Compounds

The application of photoacoustic spectroscopy(see Section

1.3.4.) to some solid state materials is investigated in this 

work, and where possible a comparison is made of the data

obtained with those from reflectance spectroscopy. The

materials studied include the phases from the two systems:

CsSnBr3_xClx (x = 0-3)^°^ and CsSnxPb-L _xBr3 (x =

some tin halides and chalcogenides, and a number of transition 

metal stannates(IV) and hydroxostannates(IV). In the course

of the preparation of the phases from the CsSnBr Cl
3-x x system,

a differential thermal analytical study was also made of the

variation, with Cl content, of temperature of the transition 

from the monoclinic to the cubic form of CsSnX
3

3.4.1 Cs5nBr3_xClx and CsSnxPb1 _xBr-jSystems

All the compounds were prepared as cooled melts of 

intimately ground mixtures of appropriate starting materials. 

In the mixed halide system’the starting materials were CsBr, 

SnBr2 and CsCl, whilst in the mixed metal system the starting 

materials were CsBr, SnBr2 and PbBr2> The photoacoustic 

spectra were measured on thoroughly ground samples and the 

positions of the absorption edges measured. The data for the 

mixed halide and mixed metal systems are given in Tables 3.16
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A Comparison of Photoacoustic 

and Optical Reflectance data 

for the CsSnBr-, Cl system

Compound Absorption Edge Absorption Edge

(PflS - eV) (OR - eV)

CsSnBr^ 1.77 1.80

CsSnBr2.75C10.25 1.82

CsSnBr2.5C10.5 1.92 1.91

CsSnBr2.25C10.75 2.00

CsSnBr2Cl 2.07 2.03

CsSnBrli75Cl1>25 2.14 -

CsSnBr, -Cl. -J- * □ 1 • 5 2.25 2.19

CsSnBr1.25C11.75 2.36

CsSnBrCl 2.39

CsSnCl3 2.86 2.85

Table 3.16
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and 3.17, respectively, along with the relevant data obtained 

from optical reflectance spectra30’16\ Figure 3.11 shows 

the photoacoustic spectra for the three materials CsSnBr , 

CsSnCl^ and CsPbBr^.

A direct comparison can be made between the positions 

of the edges in the photoacoustic spectra, and those in the 

optical spectra of the mixed halide system. In both cases, 

the absorption edges, which are well defined, indicating a 

series of homogeneous mixtures, move to progessively higher 

energies with increasing chlorine content. The results from 

the two techniques are compatible and are therefore in 

agreement with the suggestion30of an”average halide” 

effect, since a series of edges would be expected from a 

domain structure. A plot of the position of the absorp-

tion edge versus the chloride composition in the CsSnBr
3-x 

Clx phases shows some deviation at about CsSnBr Cl
3-x x 

(where x lies between 1.50 and 1.75 ) composition which is 

consistent with the materials of high bromide content 

having high symmetry phases at room temperature, and those of 

high chloride content having high symmetry phases at high 

temperature (Table 3.18).

The positions of the absorption edges, measured by 

photoacoustic spectroscopy for the mixed metal phases are 

in agreement with those measured by reflectance spectroscopy. 

The movement of the edges to progressively higher energies 

with an increase in the amount of lead in the lattice, is 

consistent with poorer donation of lone-pair electron 

density to the band system. The effect on the absorption 

edge of varying the lead content of the mixed phases is one
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Photoacoustic Spectra

0.8 1.2 1.6 2.0 2.4 2.8 3.2 (eV)

0.8 1.2 1.6 2.0 2.4 2.8 3.2(eV)
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A Comparison of Photoacoustic and

Optical Reflectance data for the

CsSn^Pb^_xBr^ system

Compound Absorption Edge Absorption Edge

(PAS - eV) (OR

CsSnBr 1.77 1.80

CsSn0.8PbD.2Br3 1.70 -

CsSn0.75PbQ.25Br3 1.81 -

CsSn0.5Pb0.5Br3 1.78 1.85

CsSn0.4Pb0.6Br3 - 1.91

CsSn0.25Pb0.75Br3 1.91 •

CsSn0.2Pb0.8Br3 1.95 1.97

CsSn0.1Pb0.9Br3 1.98 2.08

CsSn0.05PbD.95Br3 2.02

CsPbBr3 2.28 2.33

Table 3.17



-242-

Phase Transition Temperature 

for the CsSnBr-, Cl System

Compound

CsSnCl

CsSnBr0.5C12.5

CsSnBrCl2

CsSnBr1.25C11.75

CsSnBri.s Cl1>5

Transition

Temperature(°C)

94

90

79-80

66

RT

All phases with x < 1.75 showed no transition temperature 

above room temperature.

Table 3.18 
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in which the band gap widens as replacement of 5n(ll) by 

Pb(ll) expands the lattice and increases the average inter-

atomic distances, thus reducing the overlap between the 5s 

and bromine 4d - orbitals.

On two occasions when poor spectra were obtained for 

the mixed metal series, dilution studies were carried out. 

Poor spectra may arise as a result of saturation and/or 

particle size effects. A spectrum becomes saturated because 

the incident radiation is totally absorbed, and all of this 

energy contributes to the photoacoustic signal, (see Chapter 

1. Figure 1.19b). However, dilution of the sample by 

grinding with silica in the ratio 1 : 1, was found to be 

sufficient to reduce the effective thickness of the absorbing 

sample to less than 1^ and therefore improve the spectrum 

giving a well-defined absorption edge. The spectra for the 

two samples in the CsSnxPb1_xBr3 series, before and after 

dilution studies are shown in Figure 3.12.

3.4.2 Photoacoustic Spectra of Other Tin Compounds 

The photoacoustic spectra of some tin(ll) halides, 

chalcogenides, transition metal stannates(IV) and hydroxo- 

stannates(iv), are now described. The transition metal 

stannates(lV) and hydroxostannates(IV) provide an interesting 

example of materials in the solid state exhibiting atomic 

spectra. Two types of electronic transitions are possible 

viz. (1) the atomic transitions, in which there is transfer of 

electrons from one orbital to another giving rise to an 

absorption line, and (2) the band to band transitions in which 

the orbital level has become a number of levels ie. a band, 

and the transitions of electrons from one band to another are
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Dilution Studies

Photoacoustic Spectra

-------------------------------- !------------------------------- ]--------------------- — j t j -

□.80 1.20 1.60 2.00 2.40 2.80 3.20 
(eV)

(eV)

Figure 3.12
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(e V)

(eV)

F i gure 3.12 (continued)
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observed, appearing as an edge in the optical spectrum.

The spectrum of red tin oxide shows a very high back-

ground absorption, with either an edge (620nm) or a broad 

line (570 nm). In view of its red colour and the fact that 

there are no tin atomic spectral lines in the visible region, 

it is more likely that the spectrum is showing an edge and 

not a band. Sn^Br^gS^ has a well-defined absorption edge 

at 450 nm and transmits all the light in the region above 

500 nm and this is consistent with its yellow colour. Tin(ll’) 

fluoride on the other hand is white and therefore transmits 

all the light in the visible region of the spectrum and this 

is confirmed by the absence of any features in the photoa-

coustic spectrum.

Most of the transition metal stannates(IV), which are 

used as pigments for ceramic tiles, and the hydroxostannates 

(IV) have spectra that can be explained in terms of atomic 

effects of the transition metal atom. These spectra are of 

three different types vi z. those with distinct bands, those 

with high background absorption and decreasing absorption in 

the red end of the spectrum, and those with high background 

absorption and increasing absorption at the red end. Examples 

of the three spectral types are shown in Figure 3.13, whilst 

Table 3.19 contains details of the photoacoustic spectra of 

these materials.

The Ni[Sn(0H)g] and Co[Sn(0H)g] complexes show distinct 

atomic lines with peaks at 405 nm and 620 nm for the nickel 

complex, and at 530 nm for the cobalt complex. The cobalt 

complex also shows a decrease in absorption at the red end 

of the spectrum, which is consistent with its pink colour
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(nm)
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Those materials which generally show high absorption and a 

decrease in absorption above 650 nm are listed in part II of 

Table 3.19. They have a high background absorption with some 

evidence for lines in the region 550 - 650 nm. Above 650 nm 

the materials begin to transmit all the light. In the case 

of vanadium stannate, the spectrum can be interpreted as 

showing either a broad line in the region 350 - 460 nm or an 

edge at 500 nm. The third group of compounds included in 

part III of Table 3.19 have spectra which show a.relatively 

high background absorption over most of the visible region, 

with increasing absorption at the red end of the spectrum. 

Cu[Sn(0H)gJ, however, has a spectrum that has no high back-

ground absorption but which shows an increase in absorption 

at wavelengths greater than 620 nm.

3.4,3 Summary

The photoacoustic spectra of a number of tin(ll) and 

tin(lV) containing materials have been recorded. The spectral 

data are consistent with band-to-band transitions involving 

the lone pair tin(ll) electrons in most tin(ll) compounds 

studied, and with atomic transitions of transition metal ions 

in the stannatesfIV) and hydroxostannates(IV) investigated
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Photoacoustic Spectra for Transition

Metal Stannates (IV) and Hydroxostannates(IV)

Part I

Compound Transmi ssion Absorption Colour

Range (nm) Bands (nm)

Ni LSn(0H)6] 450 - 620 405;> 620 green

Co [Sn(0H)6] 370 - 450,>600 530 pink

Part II

Compound Transmission Absorption Colour

Range (nm) Bands (nm)

CoSnO^ 400 - 600;>700 650 brown

CrSnO 3 340 - 500;>670 550 deep red

CaSnSiO^+ 350 - 560;>700 665 blue/grey

15$ Co Sn03

Part III

Compound Transmission Absorption Colour

Range (nm) Range (nm)

Cu [Sn(OH)g] 380 - 620 >620 pale blue

CuSnO^ 360 - 640 >640 green

NiSnO3 360 - 660 >660 green

Table 3.19
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Chapter 6

Conversion Electron and Transmission

Nflssbauer Spectroscopy in Tin Chemistry

This chapter deals with the study of the fate of tin 

moieties in chemical reaction using Mflssbauer spectroscopy, 

in both its conversion electron and transmission mode to 

investigate the effect on the tin at the surface and in 

the bulk sample.

The present work introduces the more recently developed 

conversion electron technique which enables studies on the 

fate of tin moieties in surface reactions to be carried out. 

In section 4.1 a description of the theoretical background 

to the technique is outlined. This is followed by details 

of the known applications of conversion electron Mflssbauer 

spectroscopy to tin chemistry and finally, the results of 

a number of surface reactions involving tin containing 

materials are presented. The aim of this part of the work 

is to examine the method of studying the fate of tin with 

a view to commercial applications.

The second part of this chapter, section 4.2., deals 

with a study of the relationship between bond lengths from 

X-ray diffraction data and transmission MBssbauer parameters. 

The purpose of this part of the work is to determine whether 

changes in ClBssbauer shift parameters are directly reflected 

by changes in bond lengths to tin.
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6.1 Conversion Electron Mssbauer Spectroscopy

4.1.1 Introduction

The majority of Plflssbauer spectroscopic experiments are 

performed in a transmission geometry and involve the detection 

of Y- radiation transmitted through thin absorbers. In this 

mode, data relating to the bulk properties - of solids may be 

obtained. If however, information relating to the surface 

properties is required, the use of transmission methods is 

restricted to special absorbers viz. microcrystallites and 

solids such as zeolites or clay minerals. There has been a 

considerable increase in the interest in the use of back-

scattering techniques, over the past fifteen years, to permit 

the study of the properties of surface and near-surface

regions of solids . This back-scattering Nflssbauer technique 

is based on the detection of conversion electrons emitted

from the surface following the occurrence of a resonant event 

in the absorber. These electrons are rapidly attenuated in 

matter, hence only those electrons produced in regions close 

to the surface escape the surface and the resulting Mssbauer 

spectrum is weighted towards the surface regions of the 

absorber. Although it is possible for most isotopes to be

used in conversion electron Mfissbauer studies 

of the work reported has involved either ^^Fe
to date, most

H9C •or bn isotopes.

Two basic types of conversion electron KBssbauer spectro- 

copic experiments may be performed. The first, integral 

conversion electron MBssbauer spectrocopy, involves the 

detection of the total flux of back-scattered electrons without 

energy resolution. In the second type of experiment the flux 

of back-scattered electrons is energy resolved and MBssbauer
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spectra accumulated using selected bands of electron energies.

This technique allows the surface regions of solids to be

probed as a function of depth, and is referred to as depth- 

resolved conversion electron Plfissbauer spectroscopy (DCEMS).

A number of reviews describing the developments and 

applications of Conversion electron HBssbauer spectroscopy 

(C E M S) to surface studies have appeared in the literature in

(1 — 6 )the past few years ” . Host of the applications of CEMS

57 to date involve the use of the Fe isotope. For this reason, 

the theoretical background of the technique is described in
57section 4.1.2 with reference to Fe studies and where

119 possible to the Sn studies. Details of known applications

119 to Sn CEMS are given in section 4.1,3.

4.1.2 Theoretical background of CEHS

For many Hdssbauer nuclides, the decay of the excited 

nuclear spin-state is highly internally converted^’, This 

process of internal conversion can be explained in terms of 

the events which occur during the decay of the I = 3/2 excited
57 119spin states for Fe and Sn, summarized in Table 4.1.

Following the resonant absorption of the 14 4 keV. y-photon

by Fe-57, only 10^ of the excited nuclei decay by emission 

of a y-photon. The remaining nuclei undergo internal 

conversion processes, mainly in the K-shell resulting in the 

ejection of a 7.3keV conversion electron. The hole in the 

K-shell is filled by an electron from the L-shell thereby 

producing a 5.4 keV Auger electron and a 6.3 keV X-ray 

photon. Internal conversion also occurs in the L- and M- 

shells but with smaller probability, as the internal conver-

sion coefficient of a particular shell is proportional to the 
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Summary of major events which occur 

during the decay of the I =3/2 excited

57 119spin states of Fe and_____Sn

57rF e Energy(kev) Number 
(per 100) 
Absorption

events

Approx

Hax .

range

y-photons 14.4 9

K-X-rays 6.3 27

K-conversion electrons 7.3 81 2 50nm

L-conversion electrons 13.6 9 900nm

^-conversion electrons 14.3 1

KLL-Auger electrons 5.4 63

LMM-Auger electrons 0.53

119 'Sn 11

y-photons 23.8 17

X-rays 3.6 9

L-conversion electrons 19.6 83 2.4um

LFIFl-Auger electrons 2.8 74

Table 4.1
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s-electron density of that shell at the nucleus. A similar 

situation is found for the 23.8keV transition of ~Sn 

although, in this case, the K-conversion process is energetic-

ally forbidden and the majority electrons are 19.6keV L- 

conversion electrons Figure 4.1.

In view of this phenomenon, it is possible to record 

Flflssbauer spectra in a backscatter geometry by detecting 

either the back-seattered photons or electrons, rather than 

the usual detection of transmitted y-radiation (Figure 4.1).

In a back-scatter geometry, there is no longer the 

requirement for thin absorbers, thick samples can be easily 

examined. If the back-scattered photons are detected 

information pertaining to the bulk of the solid will be 

obtained. However, the more rapid attenuation of electrons 

in matter causes the back-seattered conversion electron 

Mtfssbauer spectrum to be weighted towards the outermost 

surface regions of the sample, as only electrons produced 

close to the absorber surface will escape the surface. 

Therefore the depth selectivity of a given experiment will 

depend on the energy spectrum of the electrons produced 

during the decay of the excited nuclear level of the isotope 

used, and on the energy of the electrons detected. In the 

simplest integral CEPGS experiment, first performed by Swanson

(r  )and Spijkerman ° , the back-scattered electrons are effic-

iently detected with a 2tt  collection geometry by mounting 

the sample inside a He/CH^ flow proportional counter. The 

electron count-rates are usually significantly smaller than 

transmission experiments per unit source strengths. Strong 

sources can however be used without fear of causing
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saturation effects either in the detec'tor or the counting 

electronics. For thick samples containing natural abundance
57

of Fe the signal to noise ratios are comparable to or less 

than those obtained in transmission experiments. The back-

ground arises largely from photo-electrons ejected from the 

absorber and walls of the detector. If however samples

57enriched in Fe are used percentage effects of the order of

(9 ) hundreds of a percent may be obtained and data accumul-

ation times reduced to the order of minutes.

It has been shown that ^^Fe CEFiS is capable of

revealing the presence of surface phases on iron foil which 

would otherwise have gone undetected if transmission methods 

alone had been used. Apart from this observation, other

studies have demonstrated the potential of CEFIS as a surface 
tool in such areas as metai1urgy\ ion-implantation28 

corrosion and oxidation 22 and geochemistry^2\

Other experiments established the probing depth of 8?Fe 

integral CEFIS to be - 300nm and that 66$ of the electrons 

detected in a He/CH^ counter arise from within 54nm of

(8 21 )natural iron foils' * . The sensitivity of the method is 

such that c.a.IOnm of a new surface phase may be detected 

and it has been demonstrated that it should be possible to
5 7detect a monolayer of Fe present on a Mflssbauer inert 

(24 )
substrate . An unexpected component has been observed 

in CEF1 spectra which gives rise to an electron tail.

The origin of which arises from the production of so-called 

y-ray and X-ray correlated photoelectrons (GPE’s and XPE’s 

respectively) produced in surface regions of the absorbers 

by the Fldssbauer spectrum of y- and X- rays backscattered
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from deep within the sample. For " Fe the XPE’s and GPE ’ s 

contribute about 10£ to the total flux of backscattered 

electrons^6\ The presence of a similar component in 

i 1 q (2 7)
Sn CEIT spectra has also been experimentally confirmed'

Now the He/CH^ detectors do not permit the energy 

spectrum of the back-scattered electrons to be resolved 

and in this sense they can be regarded as integral detectors. 

If however the electrons are energy analysed and spectra 

accumulated with selected electron energies each of the 

individual DCEF1 spectra will be weighted towards a particular

depth in the sample therefore providing the possibility of

depth profiling the

depth profiling may

or by

immediate surface regions. A degree of

He/CH^ detectors^) 

sample but

be achieved either with

evaporating inert overlayers onto the

more accurate work requires the use of more sophisticated

equipment.

119A.1.3 Sn Conversion Electron Flflssbauer Spectroscopy

A number of papers dealing with advances in instrument-

ation, theoretical aspects and development and application 

of the CEFIS technique have appeared in the literature during 

recent years^’^ .

A major objective of OEMS studies has been to provide 

information on the .ways in which FlfJssbauer parameters vary as 

a function of depth, and fo’r this reason the literature 

contains many papers dealing with depth-selective applications.

57The favourable MSssbauer properties of Fe y-radiation and 

its conversion electrons account for the large number of 

applications of 57Fe CEF1S. However, in the past few years 

there has been an increase in the reported 1’1’9Sn CEFIS studies,
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some of which are now described.

Tn a pioneering paper Bonchev, Jordanov and "linkova

described the design and use of a magnetic iron-free B-ray 

spectrometer with intermediate image focussing for use in 

■^JSn experiments t The spectrometer had ar energy

resolution of = 5$ and a luminosity of ~8$. These workers 

11°were able to demonstrate that the ~Sn CEM spectra of a

brominated tin metal foil consisted of superpositions of peaks 

arising from a-Sn, SnO^t SnBr^ and SnBr^. More significantly 

the area ratios of the spectral components changed with 

spectrometer settings (i.e. changing electron energy) in a

manner which suggested that the overlayer consisted of SnBr
4 

overlaying SnBr^.

The size of the resonant Mflssbauer effects on B-Sn,

CaSnO^ and SnO^ have been measured and compared with theoret-
• (27)
ical values . The measured percentage effects were 46$

520$ and 510$ for B-Sn, SnO^ and CaSnO^ respectively. The 

anomalously large percentage effect of 950$ for SnO^ measured 
by Yagnik et al^0) was shown to arise from an inadequate 

curve fitting procedure caused by neglect of quadrupole line 

broadening of the resonance.

Bonchev and co-workers^31have developed an empirical

119approach to the interpretation of Sn data,, a method based 

on the experimental determination of the change in energy 

distribution of L-conversion electrons emitted from a source 

which was progressively covered with thin absorbing layers of 

copper in the range 0.02 - 0.25mgcm“2. The influence of 

atomic number, crystal structure, and applied electric field

119on the distribution of Sn conversion electrons after passage
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(32
through suitable layers has been investigated

Sano and co-workers
(34 )

have estimated the rance of the

119 Sn L-conversion electrons to be 1.17 ± 0,20mgcm -2 and al so

used the technique to study the aqueous corrosion of tin (35 )

In this latter study the corrosion product formed on tin metal 

immersed in 6.7 PGHNO-^» 5.7 MHCl and 9.0 PiH^SO^ were determined 

to be SnO^ . nH^O ; Sn^OH^Clg and SnSO^ respectively. Huffmann 

and Dunmyre^^ \ have made detailed "^^Sn CEP1 studies of tin-

plate. The spectra of tinplate on iron showed contributions 

from metallic Sn, SnO^ and FeSn^. The overlayer thicknesses 

were determined and shown to be in good agreement with the 

results obtained from standard stripping techniques. A 
combined ESCA and ^^^Sn CENS study^? ) has been made of the 

oxidation of tin. Tin metal was exposed to dry oxygen at 

1000°C and it was demonstrated that under these conditions, 

red SnO was formed at the tin surface. Schunk, Friedt and 

Llabadork 7 have made a depth resolved conversion electron 

spectroscopic study of a fluorinated tin foil. Depth 

resolved conversion electron spectra recorded at various energy 

settings have shown that SnF^ and SnF^ were formed at the 

surface.

The determination of Mflssbauer parameters from un-

resolved spectra with small quadrupole splittings has been 

studied using SnO^ and 6-Sn absorbers as examples^9 \ The 

apparent linewidths and splittings of the spectra of these 

materials were found to be sensitive to sample thickness, 

but the effective linewidths and splittings obtained by back 

scattering conversion methods were consistent with the 

values obtained by extrapolation to zero thickness. The 
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values reported for T and A were 0.42 ± 0.01 and 0.50 ± 

0.02mms"1for Sn02 and 0.42 ± 0.03 and 0.285 ± 0.017mms“1 

for B-Sn.

Depth selective Hflssbauer experiments have also been 

carried out on the heterojunctions in thin films of the 

Sn-Si system^0 \ It has been shown that a combination of 

reflectance high energy electron diffraction and depth 

selective Rfissbauer spectroscopy can give information for the 

interpretation of the existence of an inverse layer at the 

metal semiconductor boundary. A new crystalline phase of tin 

was claimed as a result of CEMS studies of tin evaporated on 

to the (ill) face of Si. The effect on the 119Sn Mssbauer 

spectra of temperature treatment of tin films on Si was 

investigated. The cubic lattice phase had an unexpectedly 

large chemical isomer shift (6 = 4.42mms"1) which after long 

heating times of the sample at 400°C decreased to 2.75mms"1. 

It was assumed that the effects resulted from the annealing 

out of the tin sites with few bonds to neighbouring atoms 

to give tin atoms in more strongly bonded sites. A compound 

semiconductor, tin in silicon carbide, has also been studied 

by MfJssbauer and chanelling experiments ), -phe pTyss5auer 

emission spectra of samples annealed at 1000°C indicated 

population of a well defined lattice site. The isomer shift 

of the Nfissbauer spectra showed the electronic structure of 

the tin atoms to be strongly influenced by the ionicity of the 

host. CEP1 and Rutherford backscattering have been used to 

study laser-implanted tin into silicon^2).

A report has been published describing a conversion 

electron study of corroded tin plate^43\ The surface layers
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of tin plates and tin-coated iron plates corroded by various 

acids have been studied by means of OEMS, The product 

identified on samples corroded with HNO^ was metastannic acid. 

Maleic, malonic, formic and oxalic acids were used in the 

corrosion of tin-coated iron plates, the products of which 

have been identified as tin(iv) oxides by CEMS. Using the 

CEMS technique as an analytical tool, a system of iron 

implanted with tin has been investigated^4). Single crystal 

and polycrystalline samples of a-tin have been implanted at 

room temperature with 80keV ions of radioactive H9mSn, ^^^Sb 

119m
and ‘ Te, whose nuclei decay to the Mossbauer level of il9Sn, 

and their CEF1 spectra have been recorded Mdssbauer

transmission and emission modes have been used to study the 

oxidation state of tin atoms and the mechanism of their 

introduction into glass^^\

In recent years the use of 119Sn conversion electron 

Mdssbauer spectroscopy for surface studies has grown. However 

there is still plenty of scope for further studies on tin 

containing materials and in Section 4.1.4 details are given 

of the materials selected for investigation by CEMS in the 

present work.

The majority of integral CEMS experiments performed to 

been carried out Using a He/SSCH^ flow proportional 

A number of designs of such counters have appeared 
in the literature C47-50). Other workers haue used p3raUel

plate avalanche counters*51’, channeltrons and photo-

(54 \
multipliers to detect the conversion electrons. The

backscatter detector used in this work is a gas-flow proportional

date have

counter.
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counter which was built at Heriot-Watt University, Edinburgh. 

The counter consists of a single anode and has a working 

voltage of 1050V. A particular feature of this type of 

detector shown in Figure 4.2(a) and (b) is its low efficiency 

for detecting X-rays and y-photons with this gas mix 

(95% He/5^CH^), due to its small sensitive volume. Although, 

in the past few years there have been reports on both high 

temperatureand low temperature (4.2.K) measurements 

most spectra, including those recorded in this work were 

obtained at ambient temperatures.

The spectrometer was run in constant acceleration mode, 

the wave-form being generated by a J & P Plfissbauer spectro-

meter and the spectrum was accumulated in a multichannel 

analyser using 256 channels. The spectrometer was periodic-

ally calibrated with stannic oxide. At the start of the work 

the source used had an activity of 35mCi. Isomer shifts were 

determined relative to BaSnO^. Typical data accumulation 

times for the backscatter spectra were 3-12 hours. Spectra 

of the normal tin compounds were recorded as thin films using 

chloroform as a mulling agent, whilst direct measurements 

were made on samples of glasses, ceramics, fabrics and 

ti nplate.

This surface-sensitive technique is now used to obtain 

further information, if any, about the surface reactions 

involving tin compounds. There are two types of surface 

reaction viz, those reactions at tin-containing matrix surfaces, 

and those reactions of tin compounds on matrix surfaces, some 

of which are listed in Table 4.2. To study fully all such 

surface reactions is not possible during the time scale’of



-266- cT

Fi
gu

re
 4.2

a

Ll .

UJ

(_)

ct

O

r-| 1 ' • 1 A
. 1, i 1 i !!.! A - ! 1 ^^4

222
S'- i .

1 1 1. 1 11

CD

-n---------------------------------------!;

♦ . a

• 1
. Ji:
1 II!-V-------------- 1 . II:

Sc
he

m
at

ic
 re

pr
es

en
ta

tio
n o

f a 
C

EM
S d

et
ec

to
r: The

 de
te

ct
or

 is 
m

ad
e up

 fro
m

 a 
le

ad
 sh

ie
ld

 

a fr
on

t pl
at

e B
, an 

al
um

in
iu

m
 win

do
w

 C, 
a w

ire
 ass

em
bl

y D
, a 

ba
ck

pl
at

e E
 and

 a 
sa

m
pl

e 

ho
ld

er
 F.



•
c 
ro <■

ro X
x X

X c
C X ro
ro C

ro ro
CXJ
• cx j

r-4 r—I
r-f

CD x
3 c CD
Q) ro 3
P ro
U ro p
in u

ID (D
<+- 3
o ro CD

p C
in o •H
c CD O
ro X
ro >s c
E X □

>s X X
X ro 

p
X

X □ X
ro o ro
c ro o
o CD ro

•H r—i
CD X X
C c ro
ro
x

ro p

r—4 CD
CD ro •H ■■

•H c
c ro

ro ro X
p X o

•H u c
3

ro
ro

ro X ro
X •r4 X
i- □

CD
r—

•• •
X ro CM

r—i X
X X 3
E ro
ro • X p
CD CD o
CD □ CD
ro o

p CD
ro X C
p X •H

•H C
3 X P

ro □
ro 
X

X X

x (D X

<4-
•H X

o ro X
X ro

CD o c
>—1 c o
•H ro •H
ro CD
X ro C
ro X ro
D 1— X

X 
o
X

c 
•H
(U 
E

CD 
X 
X

o 
X

P 
o
X 
O
0) 
c 
c 
o 
u

CD
X 
X

cd  
c 
•H 
X 
<—i
O 
X



-266-

Reactions of Tin Compounds at Matrix Surfaces

1. Tin plate and tin alloy plating

2. Tin(iv) oxide films - glass strengthening

electrically conducting films

3. Hexaf1uorostannates as flame retarder on wool

4. Bis(tributyl tin) oxide as wood preservative

5. SnF2 anc* Sn^ZrFg as anti-caries agents

6. Triphenyltin compounds as fungicides

7. Tin oxide pigments for ceramics

8. Hydroxystannates in rust inhibiting primer paints

9. Solderability and metal surface treatments

10. Polymer metallisation reactions - tin sensitisors

11. Antitumor compounds

12. Silk weighting

13. Tin and tin compounds deposits

Table 4,2



-269-

Reactions at Tin-containing Matrix Surfaces

1. Corrosion

2. Detinning and Desoldering reactions

3. Ion exchange on hydrated tin compounds

4. Heterogeneous catalysis

5. Matrix supported reagents for organic syntheses

6. Metal and compound deposits on tin-containing substances

Table 4.2(continued)
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this work, so the aim of the present work is therefore, to 

examine a variety of tin-containing materials and their 

surface reactions to determine the scope of the application 

of the Sn Conversion electron MBssbauer spectroscopic 

technique (CEMS). The work described here is discussed under 

three headings:

(1) Comparison of conversion electron and transmission 

MBssbauer data for some tin compounds.

(2) Surface reactions on glasses, ceramics and fabrics.

(3) Applications in some detinning and desoldering 

projects.

(1) Comparison of conversion electron and transmission

NBssbauer data for some tin compounds

which is used to calibrate the instrument, can be accumulated 

(120,000 counts/channel) in three hours, with 11$ effect.

SnO^ T = 0.78mms*"l 

time 3h .

counts = 120000

mms
I

-1.0 1.0
1
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The tin(ll) compounds studied include red and blue black 

tin(ll) oxide, tin(ll) sulphide, selenide and fluoride. In 

addition, a tin suboxide was examined. For all the tin(ll) 

compounds, except the selenide, the CEP1 chemical shift data 

are similar to those obtained by transmission techniques, 

whilst for some, their quadrupole splittings are actually 

less than those measured in the transmission mode. This is 

surprising since it is expected that the tin sites at the 

surface would be more distorted. It is not possible at this 

stage to decide whether the smaller quadrupole coupling 

constants are due to surface properties or to differences 

in the fitting of the spectra. It has always been assumed 

that tin(ll) compounds are metastable and that surface 

oxidation is likely to be a major feature of their chemistry. 

Of the compounds studied, small amounts of tin(iv) are 

detected for red SnO and Sn5, (Figure 4.3), but no tin(lV) 

resonance is detected in the spectrum for freshly prepared 

blue black tin(ll) oxide. The conversion electron FIBsSbauer 

spectrum of a tin suboxide shows the material to be a 

mixture of 6- Sn (6 = 2.64 ms'1), tin(ll) oxide (6 = 2.73mms_1, 

A = l^mms'1) and tin(iv) oxide. In the CEfl spectrum of 

tin(ll) selenide, there is an additional feature at 3.COmms”1 

compared to the single resonance line, for the bulk material, 

obtained at 80K by the transmission technique. Tin(ll) 

selenide has two structural modifications. It generally has 

the sodium chloride type structure giving the tin(ll) atom a 

regular octahedral environment, and hence a narrow resonance 

line transmission Flflssbauer spectrum. However, SnSe does 

also exist in its low temperature pyramidal form where the 
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tin atom is in a distorted lone pair environment. It is 

clear that the CEP1 spectrum is that of a distorted tin site 

suggesting that distorted sites exist on the surface of 

SnSe at room temperature.

Blue black
SnO 6=2.75mms |

A = 1 .25mms
transmission
data: 6 = 2.71mms2j’

A = 1.45mms ~

No Sn(I V)

mms”1 1.7 2.7

SnSe 6 =
A =

3.17mms
0.74mms~

transmi ssi on
da ta: 6 = 3.30mms"I

mms 2.4 3.2 3.9
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For all the compounds studied except tin(ll) fluoride there 

is little difference between room temperature and 80K trans-

mission chemical shift data. For tin(ll) fluoride, however 

the room temperature data (6 = 3.38mms ) and SOK transmission

data (6 = 3.65mms-^) are very different. It is not surprising 

therefore, that the room temperature conversion electron and 

transmission Fldssbauer parameters are in agreement.

SnF^ 6 = 3.40mms A = 1.56mms

transmission (RT)

data: 6 = 3.38mms A = 1.51mms

No Sn(lV) .

mms 1.8
—i—

3.4
+

5.0
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() Surface reactions on glasses, ceramics and fabri c s

An important application for stannic oxide is in the

manufacture of lead glass, where, in the form of sintered 

electrodes, it is used in the electromelting process^8’. 

At temperatures in excess of about 800°C, the glass melts 

and becomes electrically conductive and further heating is 

achieved by passage of a high current through the melt via

these electrodes. A typical electrode contains about 98%

SnO^ with small additions of 

antimony and copper, and can

other oxides, such as those of

weigh between 5 -50kg^59\

Spectra for two types of glass have been obtained, namely 

ohmic films and glass from ’no deposit’ bottles. The ohmic 

films were glass slides treated either on one or both sides

with antimony doped stannic oxide to give materials with 

electrical conductivities of 50/500Q ^cm~'l The CEM spectra

all show singlet resonance lines due to the presence of SnO^ 

at the surface. Transmission data for the films have shown 

that the bulk material also contain tin(lV) oxide. The single 

film, as expected, exhibited a spectrum of SnO^ 

only indicating the depth-sensitivity of the 

technigue. Two samples of toughened glass, used for ’no

si ded treated

from one si de

deposit’ bottles, were examined by conversion electron 

Nttssbauer spectroscopy. The two glasses have different surface 

properties, but although they have the same tin content on 

the surface, a CEM spectrum was achieved for only one of the 

glasses, which showed tin(iv) oxide to be the surface material. 

It is therfore clear that conversion electron Mfissbauer 

spectra are affected by changes in the Mtissbauer fraction, 

and that such changes can be used for diagnostic purposes.
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The rutile-type structure of stannic oxide is able to

accommodate transition metal colourant ions in the lattice

and these form the basis of the commercial pigments for 

ceramic tiles and pottery. The photoacoustic spectra for 

some of these pigments have already been recorded, as part 

of this work, and details are given in Chapter 3, section

3.4.2. In the course of the present work, the surface

properties of some glazes on tiles were examined. The pig-

ments used in the glazes are metal(lV) metastannates

all of which exhibit single line conversion electron and

transmission Mdssbauer spectra of stannic oxide. It is not

surprising therefore, that for both the green and blue tile 

glazes containing NiSnO^ and SbSnO^ respectively, singlet 

tin(lV) oxide peaks are obtained.

Green Tile: Ni

6 = 0. Omms

----------------------- F

mms 1 -1.8
—!—

0.0

—I—

1.9
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B1 ue Tile : Sb

6 = 0.0

-1mms -1.8

+

For the red tile, containing a CrSnO3 pigment, however, 

a quadrupole split doublet, with a shift of -0.13mms”^, is 

obtained, with no evidence of SnO^ at the surface. It must 

therefore be concluded that the tin atoms at the surface glaze 

containing this pigment are in very distorted sites.

As flame proofing agents, inorganic tin salts have been

known since the turn of the century. The most important outlet 

for inorganic tin chemicals in the field of fabrics is as 

flame-retardants. The mode of action of these compounds has

been investigated and it

to be the active species

was found that whilst SnO^ appears 

in cotton materials^ the presence 

of a tin-halogen bond 

to wool^61\ The CEM
is required to impart flame-retardancy 

spectrum of a cotton sample treated 

with Na2li/0A followed by SnCl^, shows a singlet Sn02 peak, 

consistent with tin(lV) oxide being the active flame retard-

ant species in cotton materials. The wool sample treated with
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Red Tile: Cr

6 = -0.1 3mms "J-

A = 1.41mms

t

mms -1 .4 0.0 1.4

Cotton Sample

I
«

-1mms

SnClA.

acti ve

5nF62-

(61)NH^HF2 solution was reported ' 'to contain the 

species [SnF50Hj ” (resulting from hydrolysis of the 

anions in solution) before washing, this was then

hydrolysed to the ineffective Sn02 when _±he treated .wool^ was

subjected to a standard washing procedure. The transmission 
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MBssbauer spectrum exhibited a singlet SnO^ as the main tin 

component of the bulk wool sample. On the other hand, the 

OEM spectrum is very different showing not only a singlet 

Sn02, but also a quadrupole split doublet (6 = 0.03mms 1), 

which can be assigned to the f1uorostannate(IV) moiety 

present at the surface of the wool, which provides the active 

flame retardant species.

Wool Sample

mms -1.6 0.0 1.9
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(3) Application in some Detinning and Desoldering

Projects
(62)

In a sequence study of detinning tin-plate , samples 

of plate were removed at various time intervals from a re-

fluxing solution of sodium hydroxide and sodium nitrite 

(150gNa0H + 25gNaN02/L). Conversion electron MBssbauer 

spectroscopy was used to follow this detinning process and 

the following results were achieved (Figure 4.4).

The singlet spectrum of B-Sn(6 = 2.60mms ) on the

surface of tin-plate appears as the only surface material 

present after treatment of one hour. The spectral compon-

ents arising from B-Sn and a quadrupole split doublet of 

FeSn2 are separately indicated in the spectrum achieved for 

the sample after two hours treatment. The spectrum obtained 

after treatment of a further hour, still shows a B-Sn singlet

and an alloy phase probably involving FeSn2, although the 

spectrum is more complex, in that the distinct quadrupole 

doublet of FeSn2 is no longer apparent. The sample removed

after a treatment time of 3 hours 20 minutes, gives a spectrum 

of B-Sn, possibly some FeSn2 and another alloy phase of FeSn, 

or just tin in the iron lattice. As the samples remained for 

longer times.in the refluxing solution, there is evidence for 

the presence of tin(lV) oxide coating the surface of the 

plate and at the same time the amount of B-Sn on the surface 

decreases. There is evidence for small amounts of stannic 

oxide and some iron : tin oxide phases in the spectrum for 

the sample treated for 3 hours 40 minutes. Finally no 

spectrum was obtained for the four hour treated sample, 

indicating all tin phases have been removed by this time.
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Detinninq Studies

Treatment Time: lhr. .*. *

B-Sn

6= 2.60mms

(Transmission data

6= 2.56mms )

mms 1 1.79 2.60 3.62

Treatment time: 2hrs.
6 -1

B-Sn 2.60mms
6 -1

FeSn9 2.58mms
A -1 '■

0.50mms

1

mms 1.79 2.29

Figure 4.4

3.04 3.62
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Detinning Studies

Treatment Time: 3hrs.20mins

Iron:Tin phase

6= 1.71mms

A = 1. 57mms

Evidence for* 

some SnO^,,.*

—i----
0.93

—(—

2.50 .56

Treatment time: 3hrs.40m. , ,

Iron:Tin phase

6= 1,27mms

A = O.BOmms

mms

----- h-

0.97

—I-----

2.08 3.33

--------------------- !------

mms 1 0.0

Figure 4.4(continued)



-284-

In a metal recovery project undertaken at City

( B 2)University' , four attempts were made to remove a lead tin

solder which had been used to bind sheets of an alloyed metal 

MONEL (Cu : Ni alloy). Results from a CEMS study used to 

determine the success of the four desoldering methods, are 

now given as spectra of the products compared to that of the 

solder (Figure 4.5).

Prior to the four methods of treatment, monel was treated 

in a bunsen flame to melt and remove excess solder. This was 

followed by four hours in a refluxing ’detinning’ solution 

described earlier. After four hours in solution four samples 

were removed, one of which remained untreated (Sample A), 

whilst the other three were subjected to further treatment, 

(Samples B,C and D). A spectrum recorded of Sample A shows 

that in addition to resonance lines for stannic oxide and 

B-Sn (i.e. solder) a peak at - l.Bmms which could be 

assigned to a copper : tin alloy phase, indicates the 

presence of a new phase on the surface. Sample B, after 

removal from solution, was immersed in 2MHN0^ in an ultrasonic 

bath for one hour. There is little evidence in its spectrum 

for any B-5n remaining on the surface, indicating that the 

acid solution has effectively removed the solder, although it 

has also increased the amount of copper : tin alloy present. 

Stannic oxide is also present as one of the products of this 

surface reaction. Similar results are obtained for Sample C 

immersed in 2MHC1, the resonance peak heights for the two 

surface products Sn02 and the copper : tin alloy are now almost

equal indicating an increased production of SnO at the surface.2

A final attempt to remove the solder involved an immersion of
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Desoldering Studies

Solder: 6 = 2.56mms

Transmission data for 8-Sn

6 = 2.56mms

Sample A

3.7. mms

1.9 mms

Figure 4,5
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Desoldering Studies

Solder:
6-Sn (6 = 2.56mms 1)

1.9

----------- 1---------------------
-1.6

------- 1--------------------
0.0

' -1' 1.9 3.7 mms

Sample B

♦ »
• •

•

••

•

1
w

1—1
-1 .6

o- 
•o

1.9 3.7 mms

Sample c • • *

• • •

•

• t * • r %

--------- 1------ ------ 1------------ »——

• r •

• • • •
•

------------- 1--------------------------------- 1---------------- =—
0.0-1.6 3.7 mms

Figure 4.5(continued)
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Desoldering Studies

Solder:
6-Sn (6 = 2.56mms

*

Sample D

—I—
0.0

T4^
3.7 mms

1.9 3.7 mms

Figure 4.5(continued)
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Sample D in water in an ultrasonic bath for one hour. The 

spectrum of Sample D provides evidence for the complete 

removal of the solder, leaving tin(lV) oxide as the only 

surface material present, which can readily be removed by 

washing.

4,1.5 Summary

It is clear from this variety of results that the 

technique of conversion electron MfJssbauer spectroscopy 

can be used to detect the fate of tin moieties in surface 

reactions and, together with transmission NHssbauer 

spectroscopy, can be used to distinguish between bulk and 

surface properties of tin-containing compounds. The results 

presented here are simply the beginning of an extensive 

study of tin-containing surface reactions. Examinations of 

alloyed materials, laminated surfaces and fungicidal 

treatment of plants are just a few such systems which 

warrant further study.
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1194.2 Sn Transmission Plfissbauer Spectroscopy

4.2.1 Introducti on

A survey of the literature on the known crystal 

structures of tin(ll) compounds was carried out as part of 

this research and is contained in the microfiche at the end 

of this thesis. The survey confirmed that the tin atoms are 

nearly always in low symmetry environments. The most common 

tin(ll) environment consists of a trigonal pyramidal arrange-

ment of three nearest- neighbour tin-ligand bonds with three 

longer essentially non-bonding contacts completing a distorted 

octahedral coordination about the tin. The longer contacts 

arise because close approach of the ligands to the tin is 

prevented by the lone-pair orbitals. Tin(ll) compounds in 

which this type of environment is found are listed together 

with details of bond distances and angles in Table 4.3.
In Table 4, 4 the data are given for those compounds which 

have tin in a distorted square pyramidal environment. The 

main structural feature found in all four coordinate tin 

environments is the existence of two bonds of considerably 

greater length than those normally found in tin(ll) compounds. 

The survey was discussed in three parts. In the first 

part crystal structure data were used to provide evidence for 

the extent of lone-pair distortion in tin(ll) compounds. In the

119 second part the results of Sn Mflssbauer spectroscopic studies 

on tin(ll) compounds were described, and this was followed in 

the third part by a critical discussion of all the theories so 

far used to explain tone-pair effects and a theory was proposed 

to account for all aspects of lone pairs in tin(ll) chemistry.

The theoretical background to the technique of Plflssbauer
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spectroscopy has already been discussed in Chhpter 1. The
119value of the results obtained from 'Sn Hdssbauer studies in 

describing the bonding and structural properties of tin 

compounds has also been implied.

In discussion of individual compounds, it has often been 

suggested that there could be a relationship between crystal 

data and Mdssbauer parameters. This has often con- 

comments on the relationship between non- spherical

structure

sisted of 

crystallographic environments and the Plfissbauer splitting 

parameter. Less frequently comments have been made on possible 

connections between shift data and bond lengths. In this 

section of the thesis, a detailed comparison of shifts with 

bond length data is carried out for tin(ll) compounds. A 

knowledge of any relationship between these data is particularly 

important because of the low symmetry environments found for 

lone pair distorted tin(ll) compounds.

4.2.2 Relationship between Crystal Structures

and Hflssbauer data

The relationship between the Fldssbauer parameters and 

X-ray crystal structures of tin(ll) compounds can be discussed 

under two headings:- (1) the general relationship between the 

main features of the X-ray structure and Mfissbauer parameters 

and (2) a specific relationship between Nfissbauer chemical
119 shifts and bond lengths. The 80K Sn Flflssbauer parameters 

for some tin(ll) compounds that are of known crystal structure 

are listed in Table 4.5.

(1) The General Relationship Between the Main Features 

of the X-ray Structure and Nossbauer Parameters:

,’iflssbauer spectroscopy was, for example, used in studies of
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tenary tin(ll) halides, to show the necessity of carrying out

complete X-ray crystal structure determinations. The fiBssbauer

spectra
1 !

(Table 4.5) for the ternary halides SnXX , Sn2XX^ and

Sn3XX5
»

show no evidence for the presence of SnX and SnX sites,

and although it is possible to devise an SnCl2-type structure,
t i

with only one tin site, for SnXX and Sn^XX^ the same cannot

be done
f

for Sn-,XXr . The crystal structure determination of
3 5

Sn3ErF5
(6 3)was carried out v to explain these observations in

the Mflssbauer spectrum. Its structure is consistent with the

i'ltfssbauer data in that it is built up from a polymeric Sn-F 

anionic network with Br ions, not bonded to the tin, occupying 

spaces in the lattice to balance the charge. The tin sites 

in the ternary structure are not identical crystallographically 

but are sufficiently alike to give similar Mflssbauer resonance

which appear as a quadrupole-split doublet. The crystal 

structure of Sn^ClF-^ was also determined and again shown to

consist of (Sn2F3)^+ Cl^ with no Sn-Cl bonds, in agreement with 

the Mfissbauer data.

The Mflssbauer isomer shift for Sn [CH(5iMe3)?(6 = 2.llmms-1 

A=-2,31mms”^) lies just above the value for “-tin, the border-

line between Sn(ll) and Sn(lV). The crystal structure and

FltJssbauer data for this compound distinguish it from formally 

similar compounds, Sn(Cp)2 > (<5 = 3.69mms , A = -0.86mms”^ ) and 

Sn(Bu2)n, (6=1.45mms \Ac.aO'). The Cp compound has no Sn-Sn 

bonding and its isomer shift value which is only just below 

that for SnCl2,(4,12mms“1) is characteristic for tin(ll) 

compounds with a non-bonding electron pair on each tin atom. 

The compound Sn(Bu2)n is polymeric with strong Sn-Sn inter-

actions, therefore the formally non-bonding pairs on the tin 
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atoms in the structure are used in polymerization. The zero 

quadrupole splitting is indicative of a compound containing 

both Sn-C and Sn-Sn bonds. The Mssbauer parameters for

Sn [CH( SiDle-J 2 lie between those for Sn(Cp)2 where there is 

no Sn-Sn interaction and Sn(Eu2)n where the Sn-Sn interaction 

is weak. Although the shift for Sn[CH(SiHe^)2J2 is on the 

borderline between tin(ll) and tin(lV) the value of the quad-

rupole splitting is not consistent with the formation of 

Sn-Sn interactions to give a Sn(lV) polymer. The quadrupole 

splitting value is -2.31mms’^. The negative sign means that 

there is a deficiency of electrons in the direction of the 

major component of the field gradient. This in turn means that 

the z direction of the field is in the direction of an empty 

or nearly empty p-type orbital and not in the direction of a 

lone-pair. These observations would be consistent with a tin(ll) 

formulation for the compound (A) but in the Cr compound which 

has an empty p-orbital of the type (B)

A B

the quadrupole splitting is -4.43mms The reduction in the

value of the quadrupole splitting from 4.43mms to 2.31mms 

can only arise because of weak Sn-Sn interactions between 

neighbouring F?2Sn moieties. This overlap between the lone pair 

on each tin atom and the empty £-orbital of the neighbouring 

tin atom would give the dimeric structure (R2Sn)2v. On each 

tin atom there is a direction in which any electron density on 

the tin must arise from the weak interaction with the lone pair 
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on the neighbouring tin atom and this produces the field

gradient.

R =CH(SifY'.e3)2

The crystal structure of [CH(5iHe3)2J2Sn shows that the 

material consists of R2Sn dimers with weak Sn-Sn interactions 

of 2.760.

(2) A Specific Relationship Between Hdssbauer Chemical

Shifts and Bond Lengths: For those tin(ll) compounds

with the tin in trigonal pyramidal SnL^ sites with Sn-L bonds 

to the same ligand L there is a close connection between the 

Hflssbauer chemical isomer shift and the Sn-L bond distances.

For tin-fluorine compounds with single SnF^ sites there

is an increase in shift with increasing average bond length,

that is, with increasing electrostatic character.

individual sites.

Compound Average b.l(fi) 6(mms 1)

NHzl5nF3 2.08 3.25

NaSn2F 2.12 3.32

Sn3F8 2.17 3.82

The shifts for tin-fluorine compounds with more than one tin

site are not included i n the comparison because they must have

shift values that are the averages of the shifts for the

example, the shift of 3.65mmsFor SnF2, for

must arise because of overlap of a resonance line of lower

shift arising from the site with three short bonds viz. 2.038,

2.200 and 2.200.

The relationship between shifts and average bond
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2.268) are interesting

distances also holds for tin-oxygen containing species with

single SnO^ sites.

Compound Average b . 1.8 6mm s 1

CaSn(CH3C02)3 2.14 2.90

KSn(CH2ClC02)3 2.16 2.96

K5n(HC02)3 2.16 3.08

5nHP03 2.17 3.15

SnSO.4
2.26 3.95

The data for SnHPO, (6 = 3.25mms”1, average bond length =

and confirm that the fourth nearest 

compound, of 2.618, is short enoughneighbour bond in this

to make it intermediate between trigonal and four pyramidal 

coordination.

Crystals of SngO^(OHe)4 have been shown(B5) to consist

of two crystallographically non-interacting SngO^OMe)^ units 

with a central adamantane-like SngO^ core. The chemical shift 

value of 2.76mms’1 is consistent with tin being in the tin(ll) 

oxidation state. The Sn-0 bonds within the Sng0A skeleton 

are very short (2.05-2.088) which probably explains why the 

shift is so low.

Of those known sulphides it is still clear that with an

The sulphur-containing tin(ll) compound 5n [S2P (OC^) 2J 2 , has 

a chemical shift value (6 = 3.78mms“^) which is considerably 

fe 6 )larger than that of its parent compound SnSVD , This large

increase in Sn-S bond length there is a corresponding increase

in the chemical shift values•

Compound Average b.l. (R) 6mms 1

SnS 1
2.64 3.29

Sn2S3 2.67 3.49



-310-

increase in s-electron density on the tin, is reflected in the 

longer 5n-S bond length, and is possibly due to the n-CgHg 

interaction with the tin which is characteristic of this 

compound.

Those compounds only containing Sn-Cl bonds as nearest

and next nearest neighbours and with p-yramidal SnClg groups

include:

Compound Average b.1.8 6mms

Co(dpe)2ClSnClg,nCgHgCl 2.43 3.08

Co(dpe)2CISnClg 2.44 3.10

CsSnClg(monoclinic) 2.52 3.64

KCl.KSnCl3.H20 2,57 3.70

SnC12 2.74 4.12

These compounds clearly follow the trend showing the close

relationship between the average bond length and the chemical 

isomer shifts. The similarity in the data between C s S n C1 3 

and £( N H ) gCo S ( 0 £ ) CgH gj £C1 gSnO Cl 0 g] 1^0 (6 = 3.52mms ,

average bond length = 2.528) show that the next nearest bond 

in the perchlorate complex, the Sn—0 bond of 2,918 is 

producing at the most a very weak perturbation of the tin 

electron density.

A knowledge of the existence of the relationship 

between chemical shift and bond length for the trigonal 

pyramidal tin sites provides a starting point for discussion 

of other data.

The dihydrate has a chemical shift value of

3.63mms”1, less than that for SnCl2 (4.12mms’1) as would be 

expected for complex formation, and similar to those for some 

trichlorostannates(ll) .
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The combination of two Sn—Cl bonds of 2.50ft and 2.56ft with 

one Sn-0 bond of 2.32^ appears to produce a similar total 

bonding effect to that for the three Sn-Cl bonds in KC1. 

KSnCl-,.H„0 and CsSnCl,. This can be rationalised in terms
3 2

of sp usage.
♦

Fewer tin(ll) compounds with tin in a square pyramidal 

environment are of known structure. Of those known there 

is a small number whose Mssbauer data have been recorded.

These compounds include tin(ll) oxalate and its complex

derivative K2Sn( C^) 2 .H20 which provide a good example 

nf 3 change (i•e• a decrease) in chemical shift on complex

formation. The difference in chemical shift value for

Sn(tu)2S0Z1 is clearly due to reduction in the s-electron

density on the tin as a result of complexation.

KE1.KSnCl3.H20(3.70mms_1) CsSnCl^Cmonoclinic)(3.64mms”^)

SnCl2. 2H20(3.63mms“1)

Comparisons made in this section have been of room 

temperature crystallographic data and 80K MBssbauer data. To 

check the validity of the results arising from such compar-

isons a series of room temperature FlBssbauer measurements have 



been carried out and the data in the following table show 

negligible difference in the room temperature and 80K

Hflssbauer parameters.

Compound RT Htissbauer 80K Mfissbauer

6 (mms 1) 6 (mms’^)

a-SnHPO^ 3.33 3.25

KSn(CH2ClC02)3 3,03 2.96

SnSO^ 3.92 3.95

SnS 3.23 3.29

Sn2S3 3.38 3.49

4.2.3 Relationship between Crystal Structure and

Mflssbauer Parameters for Compounds of the type 

SnX2L2 where L is a neutral donor ligand

119Anomalies in Sn Mflssbauer parameters can be used to 

identify unusual aspects of tin(ll) bonding and to provide 

fruitful areas of research on the relationship between crystal 

structure and Mfissbauer parameters.

An interesting series of compounds whose structure and 

bonding may be discussed on the basis of their Mflssbauer data 

(Table 4.6 ) is the following: SnS0^.2tu, Sn(acetate)2. 2tu 

and Sn2Br^.5tu.2H20. (tu = thiourea). The crystal structure 

of sul pha tobi s (thio urea) tin(ll) is known^®\ Its reduced 

isomer shift value compared to that of tin(ll) sulphate 

must be associated with the formation of one short Sn-S bond 

(2.628) and it is therefore tempting to interpret complex 

formation in all thiourea complexes of tin(ll) compounds in 

the same way. However, provided the compounds Sn(acetate)2.2tu 
and Sn2Br4.5tu .2H20 have similar structures to SnS0^.2tu only 

the Mflssbauer data for the bromide can be interpreted in the
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11^Sn Mflssbauer Data 

for some

Thiourea Complexes of

Tin(ll) Compounds

Compound
« -1

6mm s Ammm

SnSO 3.95 1.00

SnSO^.2tu 3.25 0

Sn(CH3CO2)2 3.26 1.77

Sn(CH3C02)2.2tu 3.35 □

SnBr2 3.98 0

Sn2Br^ . 5tu.2H20 3.67 0

tu = thiourea,

*80K POtissbauer data relative to BaSnO^

Table 4.6
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same way, as there is a reduction in its shift value on com 

plex formation compared to the parent tin(ll) bromide. As 

a result the crystal structure determinations of both 

Sn(acetate)2.2tu and Sn-.Br, . 5tu.2H..0 have been carried out 

in this work.

Crystal Structure Determinations of the Two Thiourea

Complexes
The complexes were prepar ed(f39} by adding the appropriate 

molar quantity of thiourea to a solution of the tin(ll) com-

pound in the parent acid. The crystal data were obtained 

from Weissenberg and single crystal precession data, and 

refined on the basis of the powder diffraction patterns. 

Single crystal intensity data were collected at the Univer-

sity of Padua. Details of the cell data for Sn(acetate)2.2tu 

and Sn2Br6.5tu.2H20 are given in Tables 4.7 and 4.8 

respectively*

On the basis of its systematic absences, the crystal of

Sn(acetate)2.2tu was assigned to the monoclinic space group 

Pc which has a 2-fold general position (No. 7 in the Inter-

national Tables of X-ray crystallography(70)). In the same 

way the crystal of Sn2Br6.5tu .2H..0 was assigned to the 

orthorhombic space group Pnma which has an eight-fold set of 

general positions and three sets of four-fold special 

positions (No. 62 in the International Tables of X-ray 

u (TO).
crystallography )*

Location of Atomic Positions

The X-ray crystallographic programs used throughout the 

crystal structure determinations ate described in Chapter 1. 

The atomic positions were located as a result of a heavy atom
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Sn(acetate)2. 2tu

Cell data: a = 11.938, b = 10.940, c = 21.920.

a = 90°, 6 = 96.5°, y = 90°.

V = 2841.7 cm3. F(000) = 1536. PI = 388.7g

Monoclinic Space Group Pc

2 - fold general position

X, Y, z: X, V, 1/2+Z.

Patterson Map

Hei ght X/A Y/B Z/c

1 999 0.0000 0.0000 0.0000

2 469 0.4934 0.0000 0.2482

3 454 0.0000' 0.5832 0.5000

4 267 0.7586 0.0000 -0.0000

5 230 0.0063 0.0715 0.2385

6 226 0.2720 0.0000 0.2183

7 202 0.2686 0.8805 0.4886

B 168 0.2399 0.5000 0.2417

9 168 0.7681 0.1014 0.2577

10 144 0.2395 0.1068 0.2778

11 134 0.8171 0.0000 0.4711

12 131 0.6472 0.5000 0.5035

13 116 0.4875 0.2400 0.4117

Table 4.7
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Sn2Br4.5tu.2H20

Cell data : = 27.63^, b - 16.13^ c - 6.11H

a = 90° B = 90° y = 90°

V = 2724.4cm3 F(0OO) = 1456 1*1 = 973g

Orthorhombic Space Group Pnma (centrosymmetric)

8-fold general position

X, Y, Z;i+X, J-Y, i-Z;
x, ?, Z; 4 "X, 4 + Y, 2 + Z;

X, 4
x, 4

+ Y, Z; 4
- Y, Z; 4

- X, V, 4 + Z;
+ x, Y, 4 - Z;

4-fold special position

X,£, Z; X, 2, 2; i - x> I’ 2 + Z; 4 + X, i, 4 - Z;

4-fold special position

o, o, i; o, i, i; i, o, o; 4 > 4, 0;

4-fold special position

o, o, 0; o, 4, 0; i, 0, 4; 4 » 4 , 4 J

The 8-fold general positions generate the following set 

of equivalent positions:

2X ; 2Y; 2Z;
i
2» 2Y-4, 2Z -4;
2X-•4; 4; 4;
2X ; 4; 2Z
0 ;; 2Y-4;O
2X-i; 2Y; i
i ’ Oj 2Z"S Table 4.8
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Sr^Br. 5t u . 2^0

Patterson Nap

Height X/A Y/B z/c 5.O.F.

1. 999 0.0000 0.0000 0.0000 0.1250

2. 361 0.0000 0.5000 0.5000 0.1250

3. 331 0.6406 0.0000 0.1954 0.5000

4. 270 0.0000 0.0000 0.4341 0.2500

5. 240 0.5000 0.0000 0.5000 0.1250

6. 212 0.5000 0.0000 0.0509 0.2500

7. 206 0.5000 0.5000 0.0000 0.1250

8. 200 0.0000 0.5000 0.0644 0.2500

9. 195 0.3612 0.5000 0.3073 0.5000

10. 191 0.3551 0.5000 0.5000 0.2500

11. 188 0.1558 0.5000 0.4446 0.5000

12. 184 0.9182 0.1260 0.0000 0.5000

13. 150 0.1607 0.0000 0.0991 0.5000

14. 149 0.8763 0.5000 0.1864 0.5000

15. 134 0.1453 0.0000 0.3250 0.5000

16. 133 0.0000 0.2454 0.0000 0.2500

17. 128 0.3598 0.5000 0.1116 0.5000

18. 127 0.5000 0.5000 0.3999 0.2500

19. 123 0.0793 0.3767 0.4123 1.0000

20. 122 0.0751 0.1237 0.5000 0.5000

21. 113 0.2705 - 0.1214 0.1180 1.0000

22. 111 D.2749 0.5000 0.0813 0.5000

23. 104 0.4344 0.3753 0.5000 0.5000

24. 99 0.0000 0.5000 0.3015 0.2500

25. 98 0.9187 0.3791 0.0000 0.5000

Table 4.8(continued)
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Patterson synthesis and refinement by the Fourier synthesis 

using four cycles of full matrix least squares, by the 

method described previously in Sections 2.4.2 and 3.1.1 of 

this thesis. On location of all the atomic positions for 

the two structures, a final residual of 0.0601 and 0.0768 

for Sn(acetate)2• 2tu and 5n2Br4.5tu.2H20 respectively was 

obtained. Details of the final atomic positions are given in 

Table 4.9.

Tin Environments in Sn(acetate)2 . 2tu

and Sn2Br^» 5tu.2H20

Although full structure determinations of Sn(acetate)2. 

2tu and Sn^r^. 5tu.2H20, have been carried out as part of 

this work, only brief descriptions of the tin environments 

in the two structures, sufficient to interpret the Mfissbauer 

data, are given here. Full details of bond distances and 

angles and structure factors are in the microfiche at the 

end of this thesis.

In Sn(acetate)2.2tu the tin atom lies in a square 

pyramidal environment bonded to the two sulphur atoms of the 

thiourea moieties and to two unidentate acetate groups via 

the oxygen atoms. The two bonds to the carboxylate oxygens 

are slightly longer than average at 2.18fi compared to 2.140, 

whilst the 5n-S bonds of 2.850 are long compared to the 

average Sn-S bond of 2.670. Two longer tin-oxygen bonds 

(2.80, 3.090) to oxygen atoms from surrounding acetate 

groups, complete a distorted octahedral environment about 

the tin atom (Figure 4.6 ).
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Final Atomic Positions

for SnCacetate)^.2tu

Table 4.9

Sn 0.2491 0.2084 0.1227

SI 0.4869 0.1760 0.1573

52 0.0137 0.1635 0.1150

01 0.2395 0.0410 0.0676

02 0.3475 0.1269 0.0044

03 0.2608 0.0618 0.1907

04 0.2184 0.2190 0.2473

N1 0.5002 0.3183 0.0588

N2 0.6375 0.3433 0.1379

N3 0.0130 0.4030 0.0924

N4 0.0855 0.3444 0.1708

Cl 0.2895 0.0408 0.0180

C2 0.2744 0.9277 0.9798

C3 0.5462 0.2860 0.1149

C4 0.2385 0.1069 0.2422

C5 0.9785 0.3121 0.1265

C6 0.2313 0.0180 0.2936

The hydrogen atoms; have also been located. Their atomic

positions are not included in this table but are given i

the microfiche at the end of this thesi s.
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Final Atomic Positions

for Sn^Br^. • 5tu . 2H?0

Snl 0.1013 0.2500 0.6144

Sn2 0.2473 0.2500 0.7101

Brl 0.2587 0,2500 0.2750

Br2 0.1221 0.2500 0,0375

Br3 0.3285 0.1290 0.7581

SI 0.0367 0.1311 0.7067

52 0.1830 0.1100 0.5767

S3 0.4723 0.2500 0.3787

NI 0.0510 0.0862 0.2893

N2 0.0684 0.9906 0.5531

N3 0.1964 0.9616 0.7583

N4 0.1905 0.0678 0.0085

N5 0.3784 0.2500 0.2539

N6 0.4307 0.2500 0.9742

01 0.0512 0.0666 0.4996

02 0.1951 0.0450 0.7917

03 0.4219 0.2500 0.2048

OH 0.9274 0.4399 0.9787

Table 4,9 (continued)
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Structure of Sn(acetate)2.2tu

Sn

S

0

C

N

o 
o
o
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The two tin sites found in Sn^r^. 5tu .2^0 have trigonal 

pyramidal coordination. Tin, Sn(l), has one very short bond 

to bromine Br(2) (2.650) and two bonds to sulphur atoms S(l) 

and S(1)Z at 2.680, which is a typical distance for a Sn-S 

bond. Tin,Sn(2), on the other hand only has bonds to 

bromine atorps in its trigonal pyramidal coordination. Like

Sn(l), it also has an unusually short Sn-Br bond (Sn(2) -

Br(1) : 2.680). Completing the trigonal environment about

Sn(2) are two bromine atoms at distances of 2.980 from the 

tin,which are slightly longer than average, compared to

2.830 for an Sn-Br bond. In addition to their trigonal 



pyramidal arrangement of nearest neighbours the tin atoms

are bridged by symmetry related sulphur atoms S(2) and 

S(2)Z (Figure 4.7) at distances of Sn(l) - S = 3.2oS and 

Sn(2) - S = 2,988.

FiBssbauer parameters of Thiourea Complexes

The H9Sn Mflssbauer parameters of the thioureatin(II) 

complexes and of the parent tin(ll) compounds are in 

Table 4.6. The reduced isomer shift for SnS0^.2tu compared 

to that of tin(ll) sulphate is interpreted as being 

associated with the formation of one short Sn-S bond (2.628). 

The slight increase in chemical shift for the acetate complex 

from that of its parent compound, is consistent with the fact 

that there is no shortening of the Sn-Cl bonds to the acetate 

moiety, or formation of short Sn-S bonds to the thiourea 

ligands, on complex formation. The singlet resonance line 

(3.67mms"’l) observed for the Sn^Br^, 5tu ,2H20 complex is 

surprising since there are two tin sites with apparently 

different environments. However, the lowering in shift 

from that of tin(ll) bromide must be due to the shortening 

of Sn-Br bonds.

4.2,4 Summary
119The results have been presented of a Sn POBssbauer 

transmission spectroscopic study in which the relationship 

between the crystal structures and MBssbauer data of simple 

compounds and more complex compounds of the type SnX2L_2 

where L is a neutral donor ligand is examined, A comparison 

between the chemical shift data and bond lengths of some 

simple compounds, shows that there is a direct relationship 

in that with increasing bond lengths there is an increase
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in the s-electron density on the tin atom, recorded as an 

increase in the shift value. Such a direct relationship 

does not appear to hold for more complex tin(ll) compounds 

of the type SnX^^L because, although there is compatibility 

between the X-ray and the MBssbauer data, the relationship 

is not simple.
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CHAPTER 5

Conclusion

The work described in this thesis involved a study of 

the fate of tin moieties in a variety of chemical reactions 

in both solution and solid state systems. The techniques 

used to identify the fate of tin in such reactions include 

electrical, optical and thermal measurements, X-ray

119 crystallography and Sn conversion electron and 

transmission Flflssbauer spectroscopy. The results are 

reported in Chapters 2, 3 and 4 that deal respectively with 

reactions of tin species in solution, solid state reactions 
119involving tin, and the use of the Sn Mbssbauer effect to 

study bulk and surface properties of tin-containing materials.

As each of the three chapters contains separate conclu-

sions in which the major results of the subsections within 

the chapter are described, discussion in this summary is 

confined to a general conclusion of this work followed by 

a critical assessment of the theoretical descriptions of 

bonding in tin(ll) chemistry.

5.1 General Conclusions

The conclusions of this work are summarized under the 

following headings, vi z. Preparative work, Thermal Analysis, 

119Sn Mflssbauer spectroscopy, Optical and Electrical 

Measurements and X-ray Crystal Structure Determination.

5.1.1 Preparative Work

The compounds prepared in the course of the present work

i nclude:

(i) Formation of a normal tin(ll) compound Cl5n(C^H^N^O, 

as well as the adduct SnC^ .2 (C^HgN^O^) from the SnCl^S 
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gl y cyl gl yci ne system.

(ii) Formation of adducts of the type SnCl^.L. CH^OH

(L = adenosine, cytidine and inosine) and SnCl^.L2CH^0H

(L = adenine and cytosine) from the system SnCl^ ; purine 

and pyrimidine bases and nucleosides.

(iii) Formation of halostannate(II) species in products 

such as CsSn^BrFg, CsSn2BrFZi, CsSnBrF^. CsBr and CsSnBrF^ 

from both the aqueous and molten SnF^; CsBr system.

(iu) Formation of f1uorostannates(II) and chloro-

stanna tes ( I I ) of In(SnF3)3 ; In(Sn2F5)3 and InCSnCl^)^ ; 

InCSn^l^)^ from the 5nF2 : InF-^ and SnCl2 ; InCl^ systems 

respectively.

(v) Formation of tin(ll) complexes containing nitrogen, 

oxygen and sulphur donor atoms in which there is more than 

one ligand per tin atom.

(vi) Formation of the mixed anion compounds K3Sn2(SO^)^Cl . 

and K^Sn2(SO^)jBr from the K : Sn : SO^ : X system (where

X = Cl, Br) .

(vii) Formation of Pd2I2(SnCl3)and Pd2I2(Snl^)^ in 

which tin(ll) has used its lone pair electrons in bonding to 

give a formally tin(lV) species from the Pd : Sn : Cl : I 

system.

(viii) Formation of compounds with both low and high 

symmetry tin(ll) sites in the CsSnBr^ : CsPbBr^ and CsSnBr^ ; 

CsSnCl^ systems.

(ix) Formation of caesium tin bromide phases containing 

both tin(ll) and tin(iv) in the lattice.

(x) Formation of mixed halide : sulphide phases of the 

type Sn^Br^gS^ SngCdBr^S and Sn^PbBfgS for example from 
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molten SnBr2 : Pl(ll)S systems.

(xi) Formation of tin(lV) complexes of type R2SnCl2. 

gl y cyl gl y cine (R = Fie, Bu, Oct, Ph) and RSnCl^* glycyl glycine 

(R = Bu, Oct, Ph) from a reaction of organotin(IV) halides 

and glycyl glycine.

The products obtained from the systems studied give 

some indication of the fate of the tin moiety during chemical 

reaction, for example, in the formation of adducts and 

halostannate(II) ions, in the use of the lone pair to form 

palladium : tin bonds and in the formation of high symmetry 

compounds with optical colouration. However, more detail 

on the exact nature of the fate of the tin moiety on reaction 

is to be found in the following sections that describe the 

general conclusions obtained from various physical 

measurements.

5.1.2 Thermal Analysis

The purpose of using thermal analysis as a method for 

studying the fate of tin in chemical reactions is threefold, 

to identify and characterise new compounds, to study the fate 

of tin during thermal reaction and to construct a phase 

diagram of some solid state systems. These three uses are 

discussed separately.

Thermal analysis of a series of products obtained from 

reaction of tin compounds with glycylglycine provided a 

means of comparison of materials formed under differing 

reaction conditions. For example, the thermal decomposition 

of 5nCl2. 2(C4HbN2O-5) which showed the loss of NH^ at an early 

stage, was consistent with the existence of weak Sn-N inter-

actions in the complex. The first decomposition stage of
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ClSn(C4H7N203), however, accounted for the decomposition of

the glycylglycine in such a way that some of the carboxylate 

oxygens remained bonded to the tin. Another example stems 

from the work on organotin(IV) adducts of glycylglycine in 

which the aim was to identify and assign the stages involved 

in the decomposition processes of two different types of 

glycylglycine complex viz. monoorganotin(IV ) derivatives 

and diorganotin(IV) derivatives. The diorganotin derivatives 

decomposed thermally by one of the following two processes. 

(1) in which the decomposition of the complex was similar to 

that of a mixture of the organotin compound and the ligand, 

and (2) in which the decomposition of the complex differed 

from that of the mixture. The pyrolysis of the monoorganotin 

derivatives was more complicated. The final tin containing 

product of the thermal decomposition of a series of organotin 

sugar derivatives was shown to depend upon the nature of the

sugar . The aldoses, in general, gave tin(ll) oxide as a

product, whilst, in general the ketoses did not reduce the 

tin(lV) to tin(ll) but gave tin(lV) oxide as a product.

Since tin(ll) molecules should be essentially mono-

functional acceptors a thermal study was carried out to 

obtain information on the bonding of the second ligand to 

tin(ll) in materials of type SnX2.2L. Examples of tin(ll) 

chloride species containing molecules of water, pyridine, 

DrnSO and piperidine provided sufficient information to 

detect a difference in the mode of bonding between tin and 

the two ligands of type L in SnCl2.2L. The loss of one 

ligand molecule at low temperature strongly suggested that 

this ligand made no contribution to the bonding to tin, but
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was present for lattice packing purposes only. The thermal 

decomposition of the thiourea tin(ll) complexes involved 

one of three possible mechanisms, vi z. (1) in which the

tin-ligand bond is weak and the material decomposes by loss 

of a second ligand and subsequent decomposition of normal 

tin(ll) compounds, eg. the tin carboxylate and bromide 

derivatives of thiourea, (2) in which the Sn-L bond is 

relatively strong and the ligand reacts with the tin moiety 

to give a new tin(ll) species, eg. the formation of SnS 

in the decomposition of SnCl^.tu and Sr^Cl^Stu, 2^0), and 

finally, (3) in which the Sn-L bond is relatively strong 

and there is reaction between the tin(ll) moiety and the 

ligand to give a tin(lV) species, eg. formation of SnS^ in 

the pyrolysis of tin sulphate derivatives of thiourea.

Finally, in most of the solid state reaction'studies, 

thermal analysis was used as a method of constructing phase 

diagrams with a view to isolating new phases from molten 

solution. The systems studied in this way included:-

(1) Tin(ll) bromide : Metal (II) sulphide

(2) Tin(ll) fluoride : Caesium bromide

(3) Mixed tin(ll) : tin(lV) system (CsSnBr^: Cs^SnBrg) 

Thermal analysis was used to obtain information on the

fate of tin moieties in chemical reaction by providing evid-

ence for the formation of- new compounds, the nature of 

thermal decomposition of tin containing materials and the 

strength of tin-ligand bonds. Additional confirmatory 

evidence for the information suggested from thermal studies 

is contained in the following subsections.
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1195.1.3_____ 5n Mflssbauer Spectroscopy

119The conclusions arising from Sn MiJssbauer studies 

are discussed under three headings: transmission data, the 

relationship between HtJssbauer parameters and tin to ligand 

bond lengths, and conversion electron data. Transmission 

Mdssbauer data were recorded to identify changes in the use 

of tin bonding electrons in chemical reactions. In the case 

of complex formation in tin(ll) species there is generally 

a lowering of the chemical isomer shift from the value for 

the parent tin(ll) compound, because of the formation of 

covalent tin-ligand bonds. The difference in the shift 

between the parent compound and the complex generally 

provides some indication of the strength of the tin-ligand 

bond. In the case of complex formation in tin(lV) species 

there is also a decrease in the chemical isomer shift in 

comparison with that of the parent compound, but in this 

case, the increase represents a movement to a more 

electrostatic compound because of an increase in coordin-

ation number to six. Mdssbauer spectroscopy also provides 

a very rapid and effective means of confirming that an 

oxidation- reduction reaction has taken place,for example, 

in the formation of tin(ll) oxide from the aldose phases 

and in the formation of stannic sulphide during the pyrolysis 

of tin(ll) sulphate thiourea complexes. The very narrow 

resonance lines obtained for the compounds in which tin(ll) 

is in a high symmetry site, generally have a much lower
i

chemical isomeri shift than would be expected, because of 

the loss of non-bonding tin s-electrons to the solid state 

band structure.
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Fltissbauer spectroscopy was also used to determine the 

extent of competition between ligands for the use of tin 

bonding electrons and between tin and other metal ions for 

the use of ligand bonding electrons. For example, Mtissbauer 

parameters show (1) that the products from the tin(ll) 

fluoride : caesium bromide system have tin more strongly 

bonded to fluorine than to bromine, and (2) that indium(lll) 

competes with tin(ll) to form strong metai-f1uorine and 

metal-chlorine bonds in the In : Sn : X systems.

Comparisons between FlOssbauer data obtained at 80K and 

room temperature crystallographic data have been made, in 

the past, without reference to possible changes arising from 

the differences in the temperatures at which the data were 

obtained. It has now been shown in the present work, that 

there is a valid relationship between room temperature 

Mssbauer data and crystallographic tin-ligand bond lengths 

for simple tin(ll) compounds. For more complicated systems 

a relationship still exists between the Fldssbauer data and 

the bond distances between tin and its nearest neighbours, 

but, it is clear that in these more complicated systems the 

relationship is only apparent when the crystal structure is 

known, and that structural predictions based on Mflssbauer 

parameters alone could lead to wrong assumptions being made.

Conversion electron Mdssbauer spectroscopy provides a 

means of studying the reactions of tin species at surfaces. 

Comparison of the results with transmission data enables 

differences between surface and bulk reactions of tin 

moieties to be identified. Results have been presented in 

this thesis to show the fate of tin in surface reactions, in 
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the following systems:-

(i) Normal tin compounds

(ii) Glasses, ceramics and fabrics

(iii) Tinplate and soldered MONEL.

5.1.4' Optical and Electrical Measurements

Tin(ll) compounds should under normal circumstances, 

be insulators and show only atomic absorption and lumines-

cence effects in the uv region. In compounds where the 

distorting effects of the lone pair can be diminished by 

the population of delocalised solid state bands, band to 

band optical absorption and luminescence effects in the 

visible region are found.

Both luminescence and reflectance measurements have 

been made on some of the cooled melts from the SnBr^ : 

M(ll)S systems, whilst only reflectance measurements were 

made for the cooled melts from the SnF^ : CsBr system. The 

results from the systems SnBr^ : M(ll)S ; SnF^ : CsBr and 

CsSn(ll)Br3 : Cs25n(lV)Br6 are consistent with band to band 

transi tions,

As part of this work a comparison was also made of data 

obtained by photoacoustic spectroscopy with data previously 

obtained by optical absorption measurements. The photoacoustic 

spectra of a number of tin(ll) and tin(iv) containing materials 

were recorded, A direct comparison has been made between 

the positions of the edges in the photoacoustic spectra of 

both the mixed metal (CsSnBr^ : CsPbBr^) and mixed halide 

(CsSnBr^ : CsSnCl^) systems and their relevant optical spectra, 

and good agreement was found. The spectral data are consist-

ent with band to band transitions and these differed from
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the spectra obtained as a result of atomic transitions of 

the transition metal ions in the stannates(IV) and 

hydroxostannates(lV).

Optical electronic spectra were also used to study the 

reactions in the palladium : tin : mixed halide system.

Presence of electrons in solid state bands in high 

symmetry tin(ll) compounds should lead to electrical 

conductivity and for this reason measurements of electrical 

conductivity were made on compounds prepared in this work 

that had high optical colouration. A general relationship 

was found between the position of the optical edge, Mdssbauer 

data and electrical conductivity in compounds of this type. 

There are some cases, eg. Sn^Br^gS^ and related compounds 

where their conductivity, optical colouration and Mdssbauer 

data cannot be explained in terms of direct population of 

the solid state bands, but must be associated with impurity 

levels in the lattice.

5.1,5 X-ray Crystal Structure Determination

The crystal structures were determined for five materials, 

^3^n2^°4^3^^’ K25n2(S0^)T,Br, Sn^Br^gS^t Sn(acetate)£.2tu and 

Sn2Br^,5tu. 21^0 • The crystal structure determinations were 

carried out because the preparative and Mdssbauer data did 

not give a clear indication of the nature of the bonding of 

the tin in their lattices. . The structures were therefore 

determined to provide information on the fate of the tin 

moiety in the chemical reactions leading to their crystall-

ization. In all five cases, it is unlikely that the nature 

of the final tin species could have been predicted without 

knowledge of the crystal structures.
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The two complexes K^Sn^(SO)^C1 and K^Sn^ ( SO^ ) ^Br were 

found to be isostructoral. Their structure is made up of 

a three-dimensional network of tin atoms and bridging sulphate 

groups, with discrete potassium and halide ions sited within 

the holes of the tin-sulphate network. The allocation - of 

positions in the two structures was unusual as the tin atoms 

did not occupy two sets of twofold special positions as 

expected, but instead occupied only four sixths of a sixfold 

general position, with the remaining two sixths being taken 

up by two sixths of the available potassium atoms. The 

remaining potassium and halogen atoms were found to be in

special positions, as discrete ions. The tin-oxygen and tin-

halide bond distances in the two structures are relatively 

long. The Sn-0 bonds are in the range 2.44 - 2.930 whilst 

the tin-halogen distances are in the region 2.97 - 3.418. 

The Nflssbauer parameters for K3Sn2(50^)^Cl (6 = 3.76mms“1) 

and K^Sn2(SO)3^r (= 3.86mms ) gave no indication as to

whether tin was bonded to oxygen or halogen or both, but

did suggest that a complex had been formed involving tin(ll)

and one or both of these ligands.

It had previously been reported^ that Sn7Br10S2 was

isostructural with Pb^Br^gS^ and hence would be likely to 

have a structure closely related to that of Th7S12^2\ To 

test the validity of this assumption a full determination 

based on the atomic positions for Th^S^^ was carried out, 

but the high residual obtained from even the best fit of 

the data cast doubts on this assumption. The structure was 

therefore redetermined following a Patterson and Fourier 

synthesis. The crystal structure was shown to contain an
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unusual set of disordered atomic positions. It was not

surprising that the total of twelve anions in the hexagonal 

cell were well accommodated in two complete sets of six-

fold positions, al though it was found that random distribution 

of bromide and sulphide ions within the structure was 

confined to only one of the two sets of six-fold positions, 

whilst the second set of six positions was occupied by 

Br ions only. Three tin sites are found, two of which have 

environments typical of many tin(ll) compounds; the third 

tin site, however, is most unusual, with an extremely short 

Sn-L bond of 2.198 which is considered to be a Sn-S rather

than Sn-Br bond. This distance together with six tin-ligand 

distances (3.04 - 3.528) gives an irregular coordination 

about the tin atom Sn(3).

Determination of the structures of the two thiourea

tin(ll) complexes, Sn(acetate).2tu and Sn2Br4.5tu.2H20,

was carried out, and proved that discussion of their bonding 

on the basis of Mflssbauer data alone was insufficient to 

predict correctly the fate of the tin in the formation of 

such complexes. In Sn(acetate)2.2tu the tin atom lies in 

a square pyramidal environment bonded to the two sulphur atoms 

of the thiourea moieties (Sn-S * 2.858) and to two unidentate 

acetate groups via the oxygen atoms (Sn-0 - 2.183). The two 

tin sites in Sn^r^. 5tu. 2H20 have trigonal pyramidal coordin-

ation, and are bridged by symmetry related sulphur atoms. 

Characteristic of these two tin sites are the unusually short 

Sn-Br bonds(-2.658). The two structures show that the nature 

of the tin-thiourea complex is different in the two compounds 

and both structures differ from that found for the sulphato- 
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bis tin(ll) thiourea complex which had previously been 

de termi ned .

X-ray single crystal structure determination has been 

used in this work to show details of the tin(ll) environments 

in compounds which contain tin in unusual bonding situations.

Since most of the work in this thesis has been concerned 

with tin(ll), it became necessary to consider the theories 

that have been used to describe bonding in these compounds.

5.2 Theoretical Description of Bondina in Tin(ll) 

Compounds

The discussion which now follows is a shortened version 

of a review carried out as part of this work, and full 

details on the theoretical description of non-bonding electron 

pairs applied to tin(ll) are given in the microfiche at 

the end of this thesis.

A number of theoretical approaches have been used to 

explain the distorting effects of the non-bonding electrons 

as lone pairs, but, no single approach successfully describes 

all aspects of the bonding in these compounds. To date, all 

review articles on bonding have been concerned with a more 

general discussion of the group of related ns elements and 

have not dealt solely with tin. Various aspects of the 

bonding in tin(ll). compounds can be explained in terms of 

either covalent or electrostatic effects although the covalent 

approach that effectively defines a volume for the non-bonding 

electrons as a lone pair is more commonly adopted.

The covalent descriptions of tin(ll) bonding are all 

based on the Nyholm and Gillespie concepts of orbital mixing 

and the valence shell electron pair repulsion theory. The
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less common electrostatic approach depends upon the results 
2

of the crystal field effects on the ns ion described by 

Orgel .

In 1957 Gillespie and Nyholm showed that the simple 

concept of electron-pair repulsion^) could not only be 

justified in terms of quantum-mechanics but could also, 

when refined to take into account differences between the 

repulsions between lone-pair and bonding pairs of electrons, 

provide a satisfactory explanation of the stereochemistry 

of inorganic molecules. They found^) that in almost every 

case electron-pair repulsion predicts the correct molecular 

shape of any molecule AX^ simply from the number of bonding 

and non-bonding electron pairs in the valency shell of the 

central atom indicating that in almost every case lone pairs 

appear to be stereochemically active. The main disadvantage 

of the V5EPR ideas is, however, that they are strictly 

applicable to molecular structure. To use these concepts in 

discussing solid state structures it is necessary to pick 

out the environment of an atom from the structure and to,<-. 

consider it as if it we.re a molecule. To a first approxi-

mation this provides a reasonable description of the 

immediate environment of tin(ll) atoms in stannous compounds 

in that the common trigonal pyramidal and distorted four 

pyramidal sites could be regarded as being based on sp^ 

and sp^d hybridisation of the tin orbitals including a non-

bonding lone pair. The theory however neglects possible 

intermolecular and solid state interactions and cannot
I

explain effects such (as the distortion normally found in the 

trigonal arrangement of bonds to tin even when all bonds are 
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to the same ligand or the fact that the X-Sn-X angles in 

trigonal SnX^ coordinations are usually less than 90°. 

Consideration of the crystal structures of even the compounds 

like SnC^ shows that solid state and intermolecular effects 

are important. In the solid state, SnCl^ can no longer be 

described in terms of sp^ hybridisation as in the vapour 

state, but instead the tin environment has to be described 

in terms of a distorted sp^ hybrid involving a Cl atom 

from a neighbouring molecule. Electron pair repulsion ideas 

seem to provide a very convenient pictorial representation 

of the lone pair distorted environment of tin in its 11+ 

oxidation state compounds but they fall far short of 

providing an adequate description of the details of the use 

of the tin valence electrons in bonding in the solid state.
( 6)

Brown has extended the Nyholm and Gillespie concept 

by describing the stereochemistry of oxygen and fluorine 

complexes of the atoms Sn(ll), Sb(lll), Te(iv), l(v) and 

Xe(Vl) which show very irregular coordination in their 

crystalline compounds. He has suggested that this approach 

provides a method of understanding the stereochemistry of the 

main group atoms and of describing the long, as well as the 

short atom to ligand distances. The inclusion of long bonds 

in the arguments is important and has tended to have been 

overlooked by other authors. His model assumes that the 

coordination polyhedron of the main group ns elements is 

based on an octahedron which has been distorted by the 

lengthening of some of the bonds in such a way that weak bonds 

occur opposite strong bonds and that bonds of intermediate 

strength occur opposite each other. The importance of this 



-346-

model for the bonding in tin(ll) compounds is that it 

recognizes the presence of strong, intermediate and weak 

interactions. The importance of long contacts between 

elements including 5n(ll) and surrounding ligands has also

(7)been stressed by Alcock' . The Brown model however seems 

simply to provide a descriptive statement to explain the 

types of environment found in tin(ll) chemistry. Given 

the crystal structure, the model defines the type of 

environment found, but in the absence of structural data it 

has no predictive powers. Moreover the model does not 

provide any insight into the reasons for the distortion of 

the octahedron in the first place.

Another extension of Gillespie and Nyholm’s ideas was 
used by Galy et al^) and by Andersson and SstriJriJg) basing 

their evidence for the stereochemical activity of the lone 

pair on a comparison of the volume of the anion in compact 

structures and in structures containing a lone pair (E). 

One of the problems associated with the Galy and Andersson 

model is that although they give the lone pair a spherical
2-volume similar to that for 0 and F they have to effect-

ively reduce this volume by moving the central atom towards 

the lone pair in considering the known structures. The Galy 

et al model of non-bonding electron pairs is essentially 

geometrical in origin and result. It starts with the know-

ledge of distorted environments for tin(ll) and similar 

atoms and allocates volume to the lone pair from the known 

amount of distortion. The consistency obtained in their 

calculations shows that the concept of the non-bonding 

electron pair having a volume is a good one, but in 
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emphasising this geometrical aspect of the chemistry, their 

model does not and cannot explain why the lone pairs should 

be stereochemical1y active in the first place other than 

involving the Nyholm and Gillespie concept;

The less common electrostatic approach is used by Orgel
2

in considering the distortion of the environment of ns 

species such as tin(ll)^°\ He showed that a careful study 

of crystal field effects on the occupation of the available 

energy levels of the stannous ion also leads to the prediction 

of a distorted environment for the ion. The theory put forward 

by Orgel predicts fluorides and oxides as the most distorted 

of tin(ll) structures, which is consistent with the known 

structural data of tin(ll) compounds. The anomalously low 

MBssbauer chemical shift value for fluorides can be accounted 

for by the loss of s-electrons by electrostatic crystal 

field _s-£ mixing in addition to loss by covalent s-£ mixing. 

The short bonds in the fluorides must however involve some 

covalency, as the average bond length is closest to the sum 

of the covalent radii, Orgel, in his argument does not take 

account of this.
It is interesting that Hall^^’^) has a^so pointed out 

the ns-np separations play an important role in determining 

bond angles in main group compounds. He claims that this 

has been neglected in VSEPR and that it is not always obvious 

in M.O. treatments. He uses extended Huckel arguments to 

suggest that the, stereochemical activity of a lone pair arises 

from the desire of the system to lower its total energy 

through maximum population of the lower energy valence 

s-orbital. The results of these calculations are however 
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only strictly applicable to the vapour phase molecules 

formed by relatively light atoms.

One of the problems associated with the description 

of bonding in tin(ll) compounds is the difficulty of in-

cluding in any mo.del those derivatives that have tin(ll) 

in undistorted regular octahedral sites and have unusual 

solid state properties. The covalent models have to assume 

that the non-bonding electrons are in stereochemical1y 

inactive orbitals, that is that they behave essentially as 

a 5s^ pair in these compounds. An alternative suggestion 

that can be applied to the bonding in octahedrally coordinated 

tin(ll) halide moieties is that,since the ns orbital (a^g) 

of the central atom plays little part in the bonding, the 

extra pair of electrons can be accommodated in the axg 

antibonding molecular orbital, without distorting the Oh 

symmetry. None of the models based on covalency can, however, 

explain why non-bonding orbitals can be stereochemical1y 

active in one site and inactive in a similar site in another 

compound. More importantly none of these approaches account 

for the unusual optical and electrical solid state properties 

associated with high symmetry tin(ll) environments. The 

electrostatic arguments of Orgel, on the other hand, do 

predict that distortion will be greatest for tin(ll) bonding 

to light atoms and least for tin(ll) bonding to heavy atoms. 

This is consistent with the observation that regular octa-

hedral structures are never found with oxide and fluorides 

and that the few examples of regular octahedral tin(ll) sites 

known are found in heavy halide or chalcogenide lattices. 

Orgel’s approach, however suffers from the same disadvantage 
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as the covalent approach, in so far as localisation of the 

description to crystal field effects on the tin atom alone 

means that the model cannot explain any three-dimensional 

solid-state effects.

It seems that all of the models described above (covalent 

and electrostatic) suffer from the same draw back in that 

they concentrate on the tin atoms and fail to take account 

of the. energies and bonding characteristics of the ligand 

orbitals as well as the tin(ll) orbitals. The aim of the 

present chapter is to provide an explanation for the 

differences observed in the stereochemical activity of the 

lone pairs in tin(ll) compounds, by considering the energy 

levels of the bonding orbitals of both tin and its ligands. 

Consideration of the overall symmetry of the lattice then 

enables one to extend the arguments used to account for the 

solid state effects in some high symmetry tin(ll) compounds.

The approach described in this section is an extension of 

the method used by Donaldson and Tricker) to provide a

preliminary explanation of the bonding in SnX species

with a C^v symmetry. If these compounds contained perfectly 

spherical Sn^+ ions their structures would be based on the 

postulates of close packing of large anions with metal ions 

occupying suitable high symmetry interstices with little or 

no distortion of the anion.1attice. Many of the M5nX7 

compounds, however, in common with the majority of tin(ll) 

compounds, have distorted tin(ll) environments because of 

the presence of a stereochemically active lone-pair of 

electrons on Sn(ll).. One of the simplest distortions to 

envisage is a trigonal distortion of an octahedral ligand
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environment around the central tin(ll) ion brought about by 

the presence of a lone pair of electrons directed along a 

three-fold axis thus, in effect, preventing the close 

approach of three ligands. In practice it is found that 

electronegative ligands such as fluorine give rise to the 

more distorted tin environments whilst less electronegative 

ligands such as iodine give rise to more regular environments. 

The electronic implication is that the lone-pair in MSnX^ 

fluorides is highly directional and hence stereochemically 

active and contains high tin 5p character but the lone-pair 

in, for example, the iodides, contain high tin 5s character 

and therfore has less directional character. For the 

formation of a strong bond in the LCAO approximation the 

atomic orbitals involved should, a) be of the correct 

symmetry, and b) be of similar energy. In fact the strongest 

bond should be formed when energies of the component atomic 

orbitals are equal.

Figure 5.1 shows how these general structural obser-

vations together with the trends in the Sn-119 Flfissbauer 

parameters of NSnX compounds may be rationalized by the 

simple concept of orbital energy matching arising from 

criteria (b) above. It is expected that in order to form a 

strong a^ bond, tin 5s and 5p^ orbitals will premix such 

that the energy of the hybrid orbital so formed will match 

that of the halogen np orbital. The binding energies of 

the tin 5s and 5p and halogen np orbitals show that in order 

to obtain a good energy match with the appropriate halogen 

group orbital the tin a^ bonding orbital should contain high 

5s character when bound to fluorine but high 5p character
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when bound to iodine. The non-bonding orbitai(because of 

orthogonality requirements) thus contains high tin 5p z and 

low 5s character in SnF^”. This orbital occupancy would 

lead to a highly directional lone-pair containing high '' 

tin 5pz character and hence distorted tin(ll) environments, 

large negative quadrupole coupling constants and small isomer 

shifts for SnX^~ ions containing electronegative ligands 

such as fluorine. In contrast for SnX^ ions containing 

less electronegative ligands such as iodine the lone-pair 

would contain high tin 5s character and would therefore be 

much less stereochemically active, the isomer shifts would 

be large and the quadrupole coupling constants small. These 

predictions concur with the general observations on the 

structure of tin(ll) derivatives and the observed trends in 

the experimental Fldssbauer data.

This simple molecular orbital picture which postulates 

that the tin 5s, 5pz mixing varies in order to equalise the 

energy of the resulting hybrid orbital with that of the 

appropriate ligand combination therefore provides a qual-

itative explanation of the observed structural trends and 

Fldssbauer parameters of MSnX^ compounds. The molecular 

orbital terms have been used to create a link between the 

energies of the metal-ligand orbitals and the symmetry of the 

lattice. This concept carr easily be extended to cope with 

descriptions of tin(ll) compounds of other symmetry, such as 

the square pyramidal system with ideal C^v symmetry. The 

group ligand orbitals can form bonds of symmetry a^, b^ and 

e with the tin atomic orbitals s, px, py and dx^ -y^. This
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extra electron pair on the tin. Again, to form a strong a^ 

bond, 5s and 5pg orbitals on the tin will premix such that , 

the energy of the hybrid orbital so formed will match the 

halogen np orbitals leading to the same conclusions as those 

obtained for C^v symmetry.

Lowering the symmetry from C-^ to Cg or affects the 

molecular orbital description of the bonds formed making it 

difficult to assign definite tin orbital character to the 

bonds. In Cs symmetry, for example, the orbitals available 

for bonding and non bonding electrons are three of symmetry 

a' and one of symmetry ax' . In this case the lone pair 

cannot lie in the z-direction of the point group. The tin 

5s orbitals will mix with both px and py to give two strong 

az bonds and one a' non bonding orbital with s, px and py. 

character. In symmetry all orbitals must transform as 

a so that the premixing to form a strong a bond will involve 

different amounts of s, px, py and pg character leaving the 

non bonding pairs with the residual s, px, py and p& 

character. Similar arguments apply to the reduction in 

symmetry. The complications in the molecular orbital 

description for the systems of lower symmetry do not however 

alter the requirement of orbital mixing to maximise the energy 

match. The overall conclusion must therefore still be that 

tin will tend to use more s-electron density in bonding 

orbitals to fluorine than in bonding to iodine. In the same 

way, comments, such as these, can be made about tin(ll) bonds 

to oxygen, sulphur, selenium and tellurium based on the 

orbital energy diagram shown, in Figure 5.1. Although the 

relative atomic binding energies used in the figure cannot 
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be taken as the exact values in a bonding situation the 

trends with the halogen and chalcogen group will remain the 

same. To extend the arguments further,assessments have to 

made of the likely differences between for example an oxygen 

bonding orbital in the formation of a bond between tin and 

an oxygen atom and tin to an acetato oxygen atom. Tin in a 

mixed ligand environment will give rise to different orbital 

matching parameters due to the different energies of the 

different ligands.

Whatever the symmetry of the final tin(ll) environment 

however, the concept of orbital energy matching will produce 

similar trends to those found for MSnX^. Moreover, by 

considering terminal and bridging chlorine atoms as having 

slightly different binding energies in the bonding situation 

and therefore requiring slightly different use of the tin 

bonding orbitals, the model describes simple solid state 

effects such as the formation of chlorine bridges in SnCl^ 

to give a trigonal pyramidal tin(ll) coordination.

One of the strengths of the orbital matching model is the 

ease with which it can be extended to describe the bonding 

and the properties of the tin(ll) compounds with high symmetry 

structures.

The increase in the tin 5s character of the non-bonding 

pair in going from fluorides to iodides is paralleled by a 

decrease in distortion. As the distortion decreases it 

becomes possible to remove the distorting effects of the 

non-bonding electron pair by solid-state effects as well 

as by direct alteration in the p-character of the electrons 

in the orbital. The removal of distortion by solid state 
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effects can be explained in terms of direct population of 

empty delocalised bands by the non-bonding electrons. 

Extension of the molecular orbital theory to account for 

such effects in the solid state would involve the merging of 

the atomic energy levels of the tin 5s and 5p, and the halogen 

and chalcogen np orbitals to form bands before premixing: 

Figure 5.2. In this way the tin which has a large amount of 

s-electron density in high symmetry environments, will 

readily accommodate some of this density in the bands. 

Effects such as these will lead to a similar conclusion to 

that obtained in the orbital matching concept defined for 

tin(ll) in low symmetry environments. This phenomenon is 

best illustrated by discussion of the undistorted perovskite 

CsSnBr-^ which is a black solid with a metallic lustre, which 

acts as a pseudo-metallic conductor over a wide temperature 

range and which shows interesting photoluminescent effects.

Calculation of the size of the 5s orbital on the tin 

atom has led to the conclusion that there will be an overlap 

between the 5s orbital and the empty bromine 4d- orbitals, 

thus making it possible for the distortive effects of the 

non-bonding orbital to be reduced by the direct population 

of the solid state band with the non-bonding tin electrons.

The concept of direct population of solid state bands 

can explain all of the apparently anomalous properties of 

CsSnBr-j viz, its undistorted perovskite lattice, its 

H^sn Mttssbauer data (6 = 3.97mms A ca Omms“^), its 

electrical conductivity (9.00 x 10 Q”^cm”^), its colour

and optical absorption and emission spectra.

The undistorted perovskite structure must arise because 
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maximum in such a structure and this in turn would permit 

maximum transfer of electron density from the potentially 

distorting non-bonding tin orbital,

A band model has been proposedwhich explains the 

observed electrical and optical properties of CsSnBr^ as 

well as its Mdssbauer data (see p. 170 Chapter 3), this model 

shows the Sn 5s orbitals form a narrow band which overlaps 

with an empty band formed by the Br Ad orbitals in the 

forbidden energy region, allowing direct population of the 

empty band by the Sn 5s electrons.

The high symmetry solid state environment for tin in 

its lower oxidation state is only found for those compounds 

in which the distorting effect of the lone pair orbitals can 

be reduced by causing the electrons to populate a low energy 

delocalised band in the structure. Regular octahedral 5n(ll) 

environments are found in SnSe^16\ SnTe^16^ and Snl^16) as 

well as in CsSnBr-j, CsSnBr3_XC1 x, CsSn1_xPbxBr3 and related 

halides. This model can be extended to explain colour in 

tetragonal SnO and other materials which have relatively
2 short metal-metal contacts because, in these cases, the ns 

element is not only supplying the donor electrons but also 

forming the band by mutual overlap of its empty d-orbitals.

5.3 Summary

The fate of tin moieties in chemical reactions has been 

studied in this work by a number of techniques. Host of the 

examples reported have been concerned with tin in its (II) + 

oxidation state. Various types of lone pair distorted tin 

environments and high symmetry tin(ll) sites are found in 
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the wide range of products from the reactions studied.

The concept of orbital energy matching between tin(ll) 

bonding orbitals and the bonding orbitals of ligands is 

shown to explain the amount of distortion to be expected for 

any tin(ll) ligand environment in the solid state. The model 

has the advantage of retaining the best features of previous 

models in that 1) it explains why tin(ll) sites in oxide and 

fluoride lattices are more distorted than in the heavier chal-

cogenide and halide lattices 2) it results in the concept of 

directional lone-pair orbitals having volume which can 

prevent the close approach of ligands in the directions in 

which these lone pair orbitals point 3) by considering both 

tin(ll) and ligand orbital energies it can explain differences 

between tin-terminal ligand and tin-bridging ligand bonds and 

this is capable of extension to cope with the presence of 

Sn-ligand bonds of different lengths 4) it can be extended
/ 

to account for solid-state effects and in particular to a 

description of the bonding situations in compounds that have 

tin(ll) in undistorted octahedral sites.
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