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Abstract 

A brief overview of tin sulfides - fiom molecules to three nimensional 

ftameworks - is presented. The section on molecular tin sulfides begins with the structure 

of the TM&SQS tebcamer. The pH dependent interconversion of the S ~ S ?  monomer 

to the sn2ss4 dimer and vice versa is explored using 19sn aqueous phase NMR. 

Switching to mes0 tin sulfides, a set of new materials templated by long-chah amines are 

examined using powder x-ray diffraction. The thermotropic liquid crystal behaviour of 

the tetradecylammonium templated materid is confïrmed by différentia1 scanning 

calorùnetry. Stnichiral parameters, most successfidiy tin-sulfiir distances, are obtained for 

this material by studying the extended x-ray absorption fine structure (EXAFS) imposed 

on its x-ray absorption spectrum near the K-edge of tin. Also included is a brief overview 

of the theory of EXAFS and data analysis using this data. 
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Chapter 1 - Introduction 

Recently a very intereshg article1 appeared as one of ?Vature7s mille~mium 

essays. In that article Gautam R. Desiraju observed that chemistry, unlike any other 

science, has developed under the influence of one thinker, Linus Pauling. He points out 

that for much of our field's history Pauling's 'grand unincation of molecular structure' 

has provided the fiamework for chernical research. A potential consequence, he suggests, 

is that chemistry has been locked out of differing avenues of thought. He contrasts 

chemistry with physics and biology and points out they possess much greater diversity. 

This is not a criticism of cheniistry. Rather is a statement about the concept of the 

molecule proving to be incredibly fkuitful. 

Mr. Desiraju does not stop with this observation, however. He goes on to state 

that chemistry today is undergoing a metamorphosis, breaking out of the dominance of 

the molecule. In the fertile grounds where chemistry is meeting biology and materials 

science a new complexity is emerging. Here are fields that contain systems of great 

interdependence, timescales of ever shorter duration and le@ scales spRnning many 

more orders of magnitude. 

This then, is the new face of chemistry. The molecule no longer is the pinnacle, 

rather, it is the foundation. And because of cheniistry's focus to date, it is a very solid 

foundation indeed, 

It is fortunate for me, then, that 1 had the opportunity to study chemistry at this 

point in history, and doubly fortunate that this took place in a materials chemistry lab. 

WillLngly or unwillingly, this papa traces some of the changes taking place in chemistry. 

The first chapter reviews tin sulfides, the category under which the rest of the work takes 

place. In the second chapter work on molecular tin sulfides is covered - the goal of this 

study was to provide molecular precursors for mesoscale assembly. The third chapter 

looks at mesoscale materials themselves. It is an extension of previous work in OLK group 

on meso tin sulfides. In the final chapter is an EXAFS study of these mes0 tin sulfides. 

Reference 

- -- 

Desiraju, G. R.; Nature 408,407,2000 
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Chapter 2 - A Brief Review of Tin Sulnde Materials 

Tin sulfides can be found in compounds ranging fiom molecular species to three- 

dimensional materials. What follows is an overview of these materials. What should be 

kept in mind is that there is a great varie* of structures and motifs. This is one of the 

great potentials offered by working with tin, which cm be very versatile in its bonding 

character. 

2.1 T i .  Suifide Molecuies 

Inevitably, the molecular species have four coordinate fin, the simplest of which is 

the tetrahedral s ~ s ~ ' ?  This molecule can be prepared by a solid state synthesisland fiom 

the stochiometric reaction2 of SnC4 with an aqueous solution of NazS. It is not at al1 

surprising that the high temperature synthesis yields a much denser product (Na&&) 

than the aqueous method (Na4SnS4- l4Hfi). 

This tetrahedral monomer forms a basic building block for many other tin sulfide 

materials. For example, the remaining molecular tin sulfides are oligomerïc condensation 

products of this molecule. If sharing a corner joins two of these monomers, the dimeric 

is produced, as reported by both .Jumas3 and K.rebs4. Both investigators prepared 

the dimer by the high temperature reaction of Na2S with elemental tin and sulfi~. 

When two s ~ s ~ ~  share an edge rather than a corner another dimeric molecule, 

S ~ ~ S ;  is produced. &ebsS has described two room temperature aqueous routes to this 

molecule. The fïrst is through a 1 : 1 reaction of SnS2 and Na2S, the other through a 3: 1 

reaction of Na2S and SnC4. Both reactions yield highly hydrated sodium salts, with 14 

water molecules per dimer. The sn2sse dimer has also been isolated fiom mother liquors 

of hydrothennal syntheses of SnS- 1 and SnS-3 materials (see below). Furthenriore, 

ICessler6 has produced this dimer with dodeclyamine as the cation. Kessler's molecule 

crystallizes in a lamellar fashion, with the sn2sa4 in Iayers, alternating with layers of the 

surfactant. 



Another possible tin sulfide rnolecule is the adamantane shaped SUS 10' tetramer. 

This configuration of atoms is possible with many different atoms7. Among tin sulfides it 

can be seen in molecules of the type It4sn4sa4 molecules8. The S D ~ S  la4 tetramer itself is 

described as being 'completely characterizedY9 although no details are to be found in the 

literature. This lack of attention is interestïng, given the intense interest in the germanium 

couterpart as a building block in metal-linked 3D nanoporous fiameworkslO, 
llJ2 mesostmctured germanium sulfides and a new dense GeS2 phase13. 

In contrast with molecular tin sulfides tin polysuIfides are six wordinate. In the 
14,15 two molecules reported three polysulfide chains are attached to each tin. These 

ligands are either s ~ ~ -  singly or in combination with s;-. These molecules have been 

isolated with the organic counter ions tetraethylammonium (TEA) or 

1,3,5,diaza[ 1, l,l]bicyclooctane @ABC@. Examples are ~~~z[sn(~4)3]a[sn(~4)2~6].6~~ 

and DABCOH~[S~(S~)~]~[S~(S~)~S~].~~~. The latter, for example, is prepared by the 

hydrothermal reaction of the mixture DABCO:Sn:2S:35H20 at 100 OC. 

2.2 Tin Sulfxde Polymers 

It is easy to imagine that if the condensation of ~ n s a  tetrahedra proceeds past the 

oligomeric stage, polymeric tin sulfides can be produced. To date, there is one exarnple in 

the literaturel6. It comists of corner sharing tetrahedra and cm be visualized as an infinite 

chah of snzsle dimers. The material K2SnSy2H20 features parallel chains in which the 

motif -Sn-S-Sn-S- is repeated. It is synthesized fiom a basic solution of potassium 

hydroxide saturated with H2S to which SnS2 is added mtil saturation. This solution is 

heated to boiling and refluxed for five minutes and allowed to cool while stirring. 

2.3 Two Dimensional Th Sulfides 

A great wealth of tin sulfide materials are organized into two dimensional sheets. 

Chief among these is tîn sulfide, SnS2. As is with many metal chalcogenides of type MX2, 

the structure of each SnS2 sheet consists of a plane of hexagonal six coordinate th 



sandwiched between two sheets of hexagonally arrangeci three coordinate sulfur. m e  

the intraIayer bonding is covalent, van der Waals interactions hold the successive sheets 

together. The stacking of these layers in SnS2 is quite diverse, with over 70 polytypes 

reported7. It is quite amazing that in one polytype the stacking sequence repeats every 

258 layers to give a unit cell parameter c of 76 lAL8! It h a  recently been proposed that 

SnS2 sheets can be viewed as quasi one dimensional molecular crystals and a new 

Labeling scheme has been described for the various polytypeslg. 

Currently there is growing interest in the lamdar, dense tin sulfides. SnS2 is a 

semiconductor with an indirect band gap that is usually quoted as 2.1 8 ev20. However the 

band gap depends on layer stacking, and can Vary between 0.8 1 eV and 3.38 eV between 

the various polytypeslg. The main interest in SnSz is as an intercalation host for Lithium 
2122 ions in rechargeable batteries . 

SnS2 can be prepared in many different ways. Amorphous SnS2 is readily obtained 

fiom the mixture of stoichiometric arnounts of NazS and SnCb so~utions~~. This 

synthesis is very useful in producing SnS2 as a starting material, as it is very easy and the 

material can be readily washed to rernove the chlonde contaminant often found in ready- 

bought SnS2. Crystalline materials cm be made fÎom the elements at hi& te~n~erature~~.  

Syntheçis via chemical vapour transport (CVT) has been reported by pate12'. At 

atmospheric pressures Parkin was able to deposit films of crystalline SnS, SwS3 and SnS2 

ont0 glas substrates £iom appropriate gas-phase mixtures of H2S and ~ n ~ b " .  The 

advantages of this approach are that it avoids high cost precursors and does not need a 

CVT chamber. This final point is important as the author envisions incorporating the 

coating process to the glas  production process. In this regard SnS with its direct band 

gap of 1.4 e~~~ is attractive as a solar energy collecter. 

Moving away fiom these dense materials, we come to the microporous nets 

invented by Bedard. Although sketchiiy characterized in the original patent, these 

materials eventualiy yielded to full analysis27'728. It is interesting that UOP scientists fïrst 

described both these porous metal sulfides and AlPO's. UOP being a leading figure in the 

petrochemical industry, it is easy to see their interest in such materials. Here we have 

materials that combine the porous aspects of zeolites, which give them their extraordinq 



abilities in catalysis and their sizehhape selectivity, with elements other than silicon, 

duminum and oxygen, Of particula. interest to the petrochemical industry is the 

substitution of sulfùr for oxygen, with hopes of preventing sulfiir poisoning of the 

catdyst. 

Designated SnS-1 and SnS-3 these microporous tin sulfides are layered materials, 

much like SnS2. The layer structure and chemical composition are somewhat different. 

Rather than being pure inorganic materials, SnS- 1 and SnS-3 are inorganic/organic 

hybrids. The inorga.uk tin sulfide provides the fiamework while the organic component 

balances charge, fills space and is structure directing dunng synthesis. 

The building block for both materials is the Sn3& broken cube. ChemicaLly 

speaking SnS-1 is R2Sn3S7, where R is the organic cation. If the cation is changed fiom, 

Say TEA or DABCO to tetraproplyammonium (TPA), the resulting material is R2Sn4S9, 

or SnS-3. While the SnS-1 layers are flat, those of SnS-3 are cormgated- The corrugation 

prevents the larger organic molecules fiom overlapping each other. In SnS- 1 the layers 

are tiled by Sn& broken cubes arranged hexagonally and Iinked by (p-S2) disulfide 

bridges. This hexagon is elongated into an ellipsoid in the SnS-3 structure and the ring 

expands fiom 24 to 32 atoms. Again, there are six broken cubes, but now four of the 

linkages are through (p-S2SnS2) bridges. 

These materials are most readily synthesized fkom mixtures of tin and sulfur 

sources under hydrothermal conditions. For example, DABCO-SnS- I can be made fkom 

a mixture of DABCO : Sn : 2 S : (NI&)2S : 30 H20 tumbled at 150 OC for one to two 

days. The same procedure, but with a mixture of TPAOH: Sn : 2 S : 0.5 (NH4)2S : 160 

H20 yields TPA-SnS-3 

The question of whether even larger organic molecules would lead to the 

formation of newer structures was answered affirmatively with the synthesis of the 

material designated mes0 tin sulfide. Compared to SnS-1 and SnS-3, mes0 tin sulfide is 

radically different. The organic component is no longer a small cation, but is now a 

surfactant - hexadecylamine (HDA). Note that this is a neutral molecule which cm be 

positively charged at the correct pH. Sirnilar to other lamellar tin sulfides, this materiai 



also contains distinct tin &de layers separated by, in this case, a bilayer of the organic 

surfactant. 

Further interesting différences are revealed as we look in more detail. Initially, the 

term mes0 was used to describe this material as it exhibits feahires in the 50 A region. 

This number corresponds to the layer spacing. Actually, this material is "doubly" meso 

since it is also a mesogen, specifically a thennotropic liquid crystal. The existence of a 

mesogenic phase was shown using polarized optical microscopy, and the phase 

transitions followed by differential scanning calorimetry and by variable temperature 

powder x-ray difiaction. It was shown that heating h t  leads to a loss of order in the 

surfactant phase, followed by the loss of order in the tin d f i d e  layer. Unfortunately this 

material has not yielded to single crystal diffraction analysis, and the exact nature of the 

tin sulfide layer remains unresolved. Solid state 1 ~ 1 L 9 ~ n  CP-MAS spectroscopy has 

revealed the presence of both five and six coordinate tin. 

2.4 Three Dimensional Th Sulfide Frameworks 

Finally, arrivuig at three dimensional tin sulfide fiameworks, we see that there are 

only two members of this family. Both are prepared via solid state synthesis, in sealed 

tubes at high temperatures. These materials have the chernical fomulae of K2SnzSs and 

Na4Sn3Ss. 

They both feature rings, of 12 atoms for the former and of  14 atoms for the latter. 

Although both structures contain large openings in their structure, this void is entireIy 

m e d  in K2Sn2Ss by the charge-bdancing K+ ions, and in the case of the other material by 

~ a +  ions at sulfur atoms that protrude into the ring. 
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Chapter 3 - Search for the Tin Sulnde Tetramer 

3.1 Introduction 

Recent success with the use of the G ~ ~ s ~ ~ ~  tetramer in the synthesis of dense1, 

microporous2 and mesoporous3 germanium suIfides, and the complete- absence of the tin 

counterpart of such syntheses makes the S I ~ S  tetramer a likely candidate for study. 

As mentioned previously there is one reference to this material in the literature, 

which stops at saying the material is 'completely characterized'. No details are given, nor 

is the molecule seen any £urther studies. Previous work in this group has synthesized this 

molecule and identified it through Reitveld rehement of powder x-ray diffraction 

(PXRD) data. Unfortunately the material proved insoluble and therefore could not readily 

be used as a precursor to other structures. 

The original synthesis involved the reaction of SnS2, tetramethyl ammonium 

hydroxide (TMAOH), thioacetamide and water in a 1 : 1:2: 100 ratio. The base and the 

thioacetamide were dissolved in the water and added to the SnS2 and the mixture brought 

to a boiI while stimng. Over time, the solid tums a beige colour while the liquid over the 

solid develops a deep yellow hue. At this time the mixture is filtered hot, and the solid 

tetramer precipitated with the addition of ethyl acetate. Much of the solid reagent remains 

unreacted under these conditions. 

To improve the yield more TMAOH was used - the base acts as a rnineralizer for 

SnS2. With two and a half equivalents of TMAOH per SnS2, all of the solid reactants 

dissolve as the mixture is heated and stirred. However, attempts at precipitating out the 

tetramer fiom this solution, with ethyl acetate or other organic solvents, were entirely 

unsuccessfiI. Instead, PXRD analysis showed the solid thus recovered to be the 

TM&Sn2S6 dimer. The easiest way of making the germanium sulfide analogue is by a 



hydrothennal reaction of stoichiomeîric amounts of the elements and =OH at 150 OC 

oveniight. However this method also leads to the dimer when is adopted for use with tin. 

Nevertheless this solution did prove to be somewhat f i t f u l :  when lefi done and 

open to air for about a month, dark golden crystals of cubic habit were recovered fkom the 

vesse1 that had held the solution. These beautifid crystals had to be separated fiom 

ano ther set of crystals, which had also crystallized fiom the solution. The latter set of.  

crystals was white, flat and s p d q  Single crystal x-ray diffrstction analysis showed that the 

white crystals were the dimer while the cubic crystals proved to be the tetramer (Figure 

3.1, Tables 3.1-3.5). 

So, while this method was able to provide us with a new crystal structure, it 

obviously is completely useless as a synthetic route. To better understand what was 

happening, lLgsn NMR spectroscopy was used. The most abundant NMR-active tin 

nucleus is lL9sn, and it is present as roughly 10% of tin samples. This, combined with its 

somewhat high gyromagnetic ratio makes this a rather sensitive nucleus - nowhere near 

as easy as hydrogen to get a decent spectnim, but much more sensitive than I3c. NMR is 

a very usefûl tool for studying tin compounds. In NMR the interaction of the target atom 

type (here, '19sn) with its chemical environment (i.e. the molecule that it is in) produces a 

unique magnetic environment, and hence a unique chemical shift for each chemical 

environment. So, different chemical shifts correspond to diffèrent structures. 

Tin's chemical shift range is several thousaad pprn in width, which allows 

different tin centres to be readily identified without fear of peaks overlapping. What is 

more important is that there is a unique band hundreds of ppm wide in which the 

resonances for a particular coordination number fdl in. For four co-ordinate tin, this band 

is around zero ppm with respect to tetramethyl tin. Thus tin resonances within a few 

hundred ppm of zero are diagnostic of four coordinate tin. 

Figure 3.2 shows a sequence of '%n NMR spectra as a mixture of 

2 SnS2 : 2 CH3CSNH2 : 5 TMAOH : 100 H20 



is heated to boiling- Early in the synthesis a single tin resonance is apparent, at around 73 

ppm. As the reaction proceeds, a second resonance at around 54 ppm emerges and 

increases in intensity. This indicates tin is found in two different chernical structures. The 

Figure 3.1 : Crystal Structure of TMA&wS lo. Difiaction data was collected Nonius- 
Kappa CCD equipped diffractometer. Al1 data collection and refinement was pdormed 
by Dr. Alan Lough. 
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chemical shifis, being so close to zero ppm, show that in both molecules tin is 

coordinated by four atoms. 

A TI study of these two resonances showed that they both have Tl decay times of 

around 13 ms. NMR spectroscopy, as practiced here, works by broadband excitation 

followed by obsewing the decay of the excite& states. The Ti tirne is a measure of ho w 

quickty this relaxation occurs. The experimental conditions used here ensure that tin 

centres in both chemical environments have sufficient time to relax to thermd 

equilibrium before they are re-excited. So, when we look at a certain peak, we are looking 

at tin in a particular chemical environment. And when we look at the area under that 

peak, we are looking at the population of that chemical environment. For exampie, under 

these conditions a 1:2 ratio in peak areas means that there is twice as much tin in one 

chemical environment compared to the other. 



The peak at 54 ppm has been previously assigneci to the ~ r @ ~ ~  dimer4. Note that 

although there are two tin centres in this molecule, the rnolecule's symmetry puts them 

both in an identical magnetic environment - hence a single resonance for this molecule. 

So, one-half the area under this peak is proportional to the amount of dimer present. 

However, vibrational disorder and symmetry breaking by distorthg the chernical 

environment can account for the broader shape of the dimer peak. As for the second 

resonance, it was confirmed to be the S ~ S ?  monomer by repeating Krebs' synthesisS for 

the monomer and looking at its NMR spectrum (Figure 3.3). Since there is only one tin 

atom per molecule, the area under this curve is proportional to the amount of monomer 

present. It shodd be noted that this reaction (Na2S + SnC4) has also been used by &ebs6 

to make the dimer by adjusting the reactant ratios. So it is not surprising to also see the 



2 3 Ta18 3 - 4  - APisutzopic disp&c.wat -ri; ( A  x 10 ] for r i v e  3-1, 

Th8 aairotrapic displacement factor expcment tlkes the form: 
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dimer produced, but in a much smder amount- It is interesting that apart fiom the most 

intense (monomer) peak, and the second most intense (dimer) peak, there are two oîher 

tin resonances. 

Figure 3.2: ' liquid NMR spectra of the mixture 
2SnS2:2CH3CSNH2:STMAOH: 100&0 as it is heated.(continued) 



Figure 3.2:(continued) a) 40 O C ,  b) 55 OC, c) 70 O C ,  d) 80 OC, e) 84 OC. The sequence 
represents a total reaction t h e  of one hour. Al1 spectra were recorded on a Varian 
Gemini spectrometer with a 'H Larmor fkquency of 300 MHz. Tetramethyl tin is the 
standard, referenced at O pprn. All solutions contain D20 for lock signal. 

These two resonances at 58 and 67 ppm were occasionally seen throughout this study, but 

remain unassignecl to any particular molecule. 



With the NMR data at hand we can try to understand what happens during this 

reaction. Under these reaction conditions thioacetamide undergoes hydrolysis to give 

H2S, which is a source of s2- anions: 

R e d 1  that tin in SnS2 is six coordinate. As it is mineralized - that is removed 

fiom the dense solid state structure - the coordination number must decrease, since there 

are only two sulfurs for each tin. Only by sharing sulfur atoms in the dense structure cm 

the coordination number reach six. It has been previously mentioned that ail molecular tin 

sulfides are four coordinate. The easiest way for tin atoms to accommodate this 

coordination nunîber in this environment is to bond with two additional sulfide ions, to 

go iÏom SnS2 to ~ n ~ 4 ~ .  Note that tin remains in the +4 oxidation state throughout. 

The breakdown of thioacetamide produces H2S, which releases H+ cations as it 

delivers sulfide anions. Thus, we expect the solution to acidi* as the reaction proceeds. 

This suggests that the conversion of the monomer to the dimer proceeds through an acid 

mediated condensation. 

It is interesting that a solution containing tin sulfide monomer and dimer 

molecules cm Iead to the tetramer (Figure 3.1) when left open to air. 

Given the reasoning above about the conversion of the monoma to the dimer, it 

should be possible to alter the final synthetic mixture by adjusting the pH. Figures 3.4 and 

3.5 contain NMR spectra for syntheses in all ways identical with the one above, except 

for the use of four and six equivalents TMAOH. It can be seen that with more base 

present the monomer yield is nearly 100% (Figure 3 S). Although the use of less base fails 

to produce an al1 dimer solution, the solution corresponding to Figure 3.4 is dehitely 

enricheci in dimer with respect to Figure 3.2e. 

What is more interesting is that the dimer to monomer transition, or its reverse eau 

be affecteci post-synthesis with the appropriate addition of base or acid. In Figure 3.6 is a 

sequence of NMR spectra. Starting with the original all dimer solution, subsequent 

spectra correspond to portions of the original solution to which different amounts of a 



NaOH solution have been added. Similarly Figure 3 -7 chronicles the transformation of 

the monomer into the dimer with the addition of strong acid (acetic or nitric)- It is 

important to note the total conversion of one species to the other. 

-,-. . . . , . . .--,-,...-.~---.---- . . . . , . . . -r-  - C I -  
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Figure 3.3: 'I9sn liquid NMR spectnmi of a solution obtâined by the addition of SnC4 to 
NazS dissolved in water. The tin:sulfür ratio is 1 :4. The peak at 53.8 1 1 ppm is previously 
identified as belonging to the s ~ ~ s C  dimer. As the above solution was used to make the 
S ~ S ?  molecule, the large peak at 71.639 ppm is assigned to this molecule. The identities 

- - 

of the remaining resonances are not known. 

Figure 3.4: ' 19sn liquid NMR spectnim of the mixture 
2SnS2:2CH3CSNH2:4TMAOH: 100H20 after it has been heated to boiling Presence of 
less base increases the amount of dimer produced. 



Figure 3.5: '19sn liquid NMR s p e c t m  of the mixture 
2SnS2:2CH3CSNH2:6TMAOH: 1 00H20 afkr it has been heated to boiling. With this 
amount of base present dimer production is entirely suppressed. 

Figure 3.6a: IL9sn liquid NMR spectra showing the conversion of dimer into monomer as 
KOH solution is added. pH 10.8 (wntinued) 



Figure 3 -6 (continued) b) pH 13 -6, c) pH 14.6 



Figure 3.7: '19sn liquid NMR spectra showing the conversion ofmonomer into dimer as 
HCl solution is added. a) pH 12.2, b) pH 1 1.3, c) pH 10.1 



An obvious question is whether M e r  condensation can produce the tetramer. 

Unfortunately, as more acid is added and the pH of these solutions dips below 7 an 

amorphous (by PXRD) yellow-white solid forrns. It is known that slow acidification of a 

solution (by bubbling CO2 through the solution) leads to the formation of the 

SnS-1 structure4. The condensation to the tetramer using this method may be possible 

with the use of a much bullaer counter cation. That is to Say, if the counter ion is so big 

that assembly into sheets is impossible, condensation may proceed to the tetramer. 
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Chapter 4 - New Meso T i .  Suifides 

4.1 Introduction 

As mentioned in Chapter 2, these new materials have very interesting 

characteristics. Their properties are governed by the fact that they are organic/inorganic 

hybrids. This structure gives the chemist an opportuni5 to tune the nature of the material. 

The original materials used hexadecylamine @A) as the organic template and 

counter cation. A reaction mixture of 2.6 HDA : 2 (bJH4)2S : SnCL : 16 N&OH : 260 

H20 was brought together in an Enflon reaction vesse1 seded in a staidess steel bomb 

and reacted at 150 OC for 19 hours. Ekmental analysis showed the material to have an 

empirical formula of Snr -ooS2.07HDA234H20223. The most interesting about this analysis 

is that the tin to sulfùr ratio is 1 .OO:2.07, which among the lamellar tin sulfides is the 

closest to that of SnS2. As SnS2 is neutral, any excess sulfur in the structure indicates 

excess negative charge which must be counter balanced by the organic cation. In the case 

of mes0 th, the tin to sulfur ratio indicates that the majority of the HDA will be neutral. 

The most interesting property of meso tin is its mesogenic character, as indicated 

by thermal analysis, variable temperature PXRD and polarized optical microscopy. 

PXRD on heatïng first shows the Ioss of order associated with the layer structure of the 

organic template, and then as temperature is increased the loss of order associated with 

the tin sulfide. Differential scanning calorimetry @SC) sees these two order-disorder 

transitions as two distinct endothermic events. SimiIarly, upon cooling two exothermic 

events are seen as the order is re-established. 

4.2 Meso Tin Suifides with Different Templates 

It turns out that HDA is only one suitable template for synthesizing mes0 tin 

sulfides. For tetradecylarnine (TDA) as the template, a mixture of 2.5 TDA : 6 (N&)2S : 

SnC4 : 16 %OH : 450 H20, -bled ovemight in a 150 OC oven produced a highiy 

ordered material. In Figure 4.1 a typical PXRD pattern for TDA-mes0 tin cm be seen. It 

is reasonably well ordered, with five orders of difiaction visible. The layering of the 
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4.1 : PXRD pattern of TDA-mes0 tin sulfide. Five orders of lamellar reflection are readily 
visible, down to roughly 10" 20. The 100 reflection corresponds to an layer spacing of 46 
A. Features between 20' and 24" 28 correspond to order within the tin sulfide sheet. Ali 
PXRD data were collected on a Siemen's D5000 difEactometer with equipped with a 
Kevex solid state detector. 

material is clearly seen in the TEM image in Figure 4.2. It should be noted that a TEM of 

the surfactant alone would not have enough contrast between its layers to produce image 

similar to that seen in Figure 4.2. It is the presence of tin with its many electrons that 

provides this contrast. 

The interlayer spacing for TDA-mes0 tin sulfide of 45 A compares well to that of 

5 1 A for the HDA templated material. Note that the interlayer spacing corresponds to the 

distance between successive tin sulfide planes, which are separated by two layers of the 

template. On going fkom HDA to TDA a total of four carbons are lost. Four times 1.25 A, 
which is the length of a fÙUy extended alkane chah is precisely equal to the difference in 

the intdayer spacing between the two materials. 

Evidence of mesogenic character for TDA-mes0 tin sulfide can be seen in Figure 

4.3. Here are seen two DSC traces. One is of the original HDA templated material and 

the other of the newer TDA templated. The shapes of the two curves are very similar, 

with the newer material showing broader fïrst transition but a narrower second transition. 



Figure 4.2: A TEM image of a TDA-mes0 t h  sulfide. Magnification 345 000 times. 
Obtained b y Dr. Neil Coombs. 

As expected the fist  order-disorder transtion of the TDA templated material happens at a 

lower temperature. Recdl that this transition is the loss of order in the organic layer. We 

expect that shorter alkane c h a h  interact more weakly with each other and r e w e  less 

thermal energy to lose their ordered structure. M a t  is more interesting is that the second 

transition - the loss of order in the tin sulfide sheet - also happens at a lower temperature. 

This is either a synergy effect in this hybrid material, or indicates different tin sulfide 

structures. 

It has also been possible to produce meso tin sulfides with long chah amine 

templates, with the chah lengths of eight, 12 and 13 carbons. Figure 4.4 shows how the 

interlayer spacing varies with the template chab length. Note that the syntheses with 

templates 0 t h  than HDA and TDA have not been optimized, so the Figure cm only 

illustrate the trend. Nevertheless the trend is rather reassuring. 



Figure 4.3: DSC traces of a) HDA'- and b) TDA-mes0 tin sulfides. The material with the 
shorter organic surfactant undergoes order-disorder transitions at lower temperatures. 

Of al1 these materials perhaps the most interesthg is the one ternplated with octylamine. 
Unlike the oîher amines which are solids at room temperature, octylamine is 
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Figure 4.4: Variation in layer spacing for various mes0 tin sulfides as measured by 
PXRD. There is in general a good fit to a straight line. 

a liquid. However the nnal product is a solid like the rest of the series, highlighting the 

importance of the organichorganic interaction in this class of materials. 
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Chapter 5 - An EXAFS Study of Meso Tin Sulfides 

5.1 Introduction 

EXAFS (Extended X-ray Adsorption Fine Structure) spectroscopy is a 

photoelectron spectroscopy in wtiich x-rays photoionize a K- or L- shell core electron. 

Suice the energies of these electronic levels are unique to each atom, the technique is 

atom specific. This has the great advantage of preventing interference fiom different 

atoms, and the technique is useful even if the target atom is present in very low 

concentrations. For this reason EXAFS is often used in analysis of catalysts. 

EXAFS provides information about local structure around each atom of the target 

type. In this regard it differs fiom other techniques, such as x-ray difiaciion, which 

provide information on relatively long range order. Since it not a difiaction technique it 

can be used with disordered systems such as glasses, amorphous materials and even 

liquids. 

Because of the need to record an absorption spectmm the technique requires a 

brïght and tunable x-ray source. The commissioning of synchrotron radiation facdities has 

led to great advances in the number of researchers using this technique, which has spurred 

on the creation of theoretical treatments of increasing complexity. 

5.2 Synchrotron radiation1 

Synchrotron radiation was at f ist  a nuisance at particle accelerators, which were 

built to study the composition of elementary particles by k t  accelerating and then 

smashing them. These moving charged particles cm be accelerated by magnetic fields. As 

is fâmiliar fiom more conventionai X-ray methods, accelerating charges give off 

electromagnetic radiation. From a conventional x-ray tube this is called the 

Bremsstrahlung (breaking) radiation. Most particle accelerators increase the energies of 

the particles by accelerating thern around a circular vacuum tube. To this kind of research 



synchrotron radiation is a nuisance since it leads to loss of particle mergy as light is 

radiated aw ay, 

The bane of one researcher is the boon of another. It was soon realized that this 

phenornenon could provide light of exceptional brilliance at wavelengths normally 

mavailable to scientists. Brilliance is a term often encountered in the synchrotron 

literature, r e f e g  both to the brightness @hoton/s) and to the collimation of a beam of 

light. The fïrst synchrotron radiation beam lines were set up in a parasitic mode at 

existing particle accelerators. To this day jargon Lingers from these humble beginnings. 

The original experimental end stations were crowded in between existing equipment, and 

thus were tiny and cramped. So they were c d e d  hutches, and still are, even though the 

end stations at newer facilities are fÙl1 sized rooms. 

From these humble, parasitic, first generation light sources have evolved today's 

dedicated third generation synchrotrons. Along the way the most significant advance has 

been the devefopment of the insertion devices that marked the arriva1 of the third 

generation machines. The second generation facilities are purpose built light sources; they 

lack insertion devices, and are modest in diameter in comparison with today's top 

facilities. 

Synchrotron radiation was first seen as charged particles were bent into their 

circular tracks. Thus the sirnplest way of getting light out of a synchrotron is from the 

bending magnets. This is khd of a 'fiee' radiation: A workable synchrotron has to be 

circular (so that it can be loaded with charged particles and a current maintained), and a 

circular accelerator needs bending magnets to keep the charge in the beam tube. 

Insertion devices are a whole différent game f?om bending magnets. Their sole 

purpose is to produce brilliant light. There are two kinds - undulators and wigglers - and 

both consists of banks of permanent magnets that fit over the particle beam in the straight 

sections of the accelerator between the bending magnets. Wigglers have hi& field 

magnets that are relatively far apart while undulators are made up of lower field magnets 

rnuch more closely placed. Wigglers produce less brightness but provide a wider 

spectrum of light. The output fiom undulators is very spiky, but is still tunable over a 



range of wavelengths. This tuning, however, requires actuaLly modifying the insertion 

device. 

So today's third generation synchrotrons can be very large (over a kilometre in 

circUIllference) and they possess three different ways of producing light- bending 

magnets, wigglers and unddators. Making the facility large, and the use of 

superconducting bending magnets d o w  -for very high particle energies. These advances 

have provided unprecedented brilliance for hard x-rays. 

Another advantage of a Iarge accelerator is that it provides lots of room around its 

circderence for experimentd end stations. This is a good thing as use of these facilities 

is continually on the rise, especially for the biomedical and materials sciences. This has 

led to proposed construction of many new facilities. Most of these are much smaller than 

the initial third generation machines and are comparable with the second generaation 

facilities in size. The main reason for this downsizing is to keep costs dom.  However 

these new facilities, such as the Canadian Light Source under construction at the 

University of Saskatchewan, make IXl use of insertion devices to provide useful light of 

diverse energies and brilliances. It should also be noted that most second-generation 

facdities are also undergoing refits. These modifications include incorporation of 

insertion devices and use of superconducting bending magnets, which allows higher 

energy beams. 

Fouah generation facilities being dreamt of are a radical departure from today's 

machines. Designed around linear accelerators, these new machines will produce their 

light fiom fkee electron lasers, providing orders of magnitude increases in brilliance. 

These machines will not replace today's facilities. Today's machines are ideally suited to 

current needs, especially for the biological sciences and for what are now routine analyses 

like EXAFS. The fourth generation devices will open up brand new avenues of research 

such as x-ray microscopy and holography and also expanding the availability of real time 

studies. 



53 X-ray Absorption Phenomena 

When an x-ray photon impinges on an atom one of two things cm happen. Either 

the photon is too low in energy to ioiuze the atom, or it is not If the energy is high 

enough the photon is absorbed and the atom loses a photoelectron. T'us, to a rough 

approximation, if we look at the x-ray absorption spectnim of an atom around the binding 

energy of its 1 s O(-shell) electrons, we should see a step: At low energy, the photons are 

not energeîic enough to photoionize the atom and the absorbance is low. Just below the 

bindïng energy the absorbance jumps up as photons are absorbed to excite electrons into 

unoccupied orbitals. Past the binding energy absorption leads to photoionization. 

This, then, is the most important step in EXAFS spectroscopy: The production of 

the photoelectron. Of course, if things were as simple as sketched above, there would be 

no hope of garnering any information other than the binding energy of the core electron. 

So we must look into this phenornenon with greater detail. 

Figure 5.1 : X-ray absorption specbnrm of a TDA-mes0 tin sulfide. 



In Figure 5.1 a real x-ray absorption spectrum of a mes0 th sulfide is shown. The 

overall outfine of a step is present but so are other details. Typically such a spectrum is 

divided into three sections, each of which can provide information about the sample. The 

location of the absorption is called the absorption edge, or simply the edge. In theory the 

edge is located at precisely the photon energy required for photoionization. The region at 

lower energies than the edge, but still above the background is called the pre-edge. This 

region corresponds to photoexcitation fiom the core to excited states of the target atom. 

From the edge to about 30 eV above it is the region called the near edge. This 

region is refmed to as the NEXAFS (Near Edge X-ray Absorption Fine Structure) and its 

study is either called N E W S  spectroscopy or XANES O(-ray Absorption Near Edge 

Spectroscopy). Since this region is past the edge, we are now dealing with photoelectron 

effects. This is a good rime to talk about the photoelectron itself It must be remembered 

that EXAFS spectroscopy is a photoelectron spectroscopy. 

When the photoelectron is created it has an energy given by E = El, - Eo. Here En 

is the photon energy and Eo the energy of the edge. So, for photon energies close to the 

edge the electron energy will be very small. An unbound electron cm have its energy only 

in one place: kinetic energy. That means that near the edge very slow moving electrons 

are produced. In general XANES spectra are dominated by the multiple scattering of the 

photoelectron, and cm provide information on the absorbing atom's site syrnrnetry and 

oxidation number. Also polarization effects cm be measured to determine conditions of 

adsorbent layers. Note however that multiple scattering has historically been very difficult 

to treat in theory, although this is rapidly changing today. 

Beyond the XANES region lies the EXAFS. A close look at the absorption 

spectnim past the edge will reveal oscillations with decaying amplitude. This oscillatory 

fine structure imposed on the overall absorption spectnim is the EXAFS. The physical 

picture underlying it is this: The newly created photoelecîron is a quantum mechanical 

particle which can be described using its wavefunction. The wavefunction expands 



spherically fiom the absorbing atom. This is often likened to ripples on a pond expanding 

fiom where a pebble has been dropped in. 

As the outgoing electron nioves away fiom the central atom it is bound to meet 

and be scattered by nearby atoms- So the photoelectron wavefünction will have two 

components - one for the original outbound path, and another for the portion reflected 

back to the central atom- 

One of the hallmarks of quantum mechanics is, of course, interference. So, with 

the two components of the photoelectron wavefllnction occupying the same portion of 

space we expect interference to occur. This interference is the phenornenon responsible 

for EXAFS. 

Theoretical models of EXAFS can be very complicated, since the photoelectron c m  

undergo many different interactions in its lifetime. However a simple and usefùl theory of 

EXAFS caribe developed with the following assumptions: 

Atomic nuclei are represented as point charges. 

0 A plane wave, rather than a spherical wave, is used to represent the photoelectron 

wavefunction. 

Only a single scattering event is taken into account. 

5.5 The EXAFS Formula 

The simplest EX- formula has the following structure: 

COORDINATION 
SPHERES 

~ < k ) =  C ~ , ( k ) s i n < ~ ~ ( k )  
i 

There are four important features of the EXAFS formula. The first is that the 

overdl E M S  is obtained f?om a sum over different shells of scatterhg atoms of one 

particular type, indexed here byj. A shell here refers to a set of identical atoms the same 

distance rj- away f?om the scattering atom. 

The second point is that each shell contributes a sinusoidal oscillation to the 

EXAFS. In'other words the interfierence pattern of the photoelectron wavefunction is a 

sum of sine functions. This point becomes very important in data analysis. 



The third point to note is that each shell's sine contriiution is multiplied by an 

amplitude fhction. This function is rather cornplex, anc! contains much structural 

information. 

Finally, it can be seen here that the formula is written in terms of k, which is the 

photcelectron's wavevector, with the typical unïts A-'. The wavevector is given by 

It should be noted that Eo in general is not known, and thus is one of the 

parameters that must be detennined. 

sin / ( k )  = sin(zr/k -cp /(k)) (5-3) 

hoking at the oscillatory part of the EXAFS equation, we see that the Çequency 

of the sine function depends on k and on 25, which is the distance that the photoelectron 

travels Çom the central atom to the scatterer and back. The term 2 b j  can be interpreted as 

being related to the time spent by the electron on its round trip voyage. Recall that for a 

given photon energy, the photoelectron has a particular kinetic energy, and hence speed 

and travel t h e .  

In this regard, the phase shift of -pJ{k) cm be seen as a reduction in the round trip 

travel time. The phase shift is made up of two components and depends on the interaction 

of the photoelectron with the central and scattering atom nuclea. potentials: 

y>j(k) = 2 g>.bmrixr(k) + ~>scanerrXk)- (5-4) 

Contiming the flight time analogy, a reduction in time implies that the electron is 

moving faster. As the photoelectron approaches the scattering atom, it feels its nuclea. 

potential, and is accelerated. Sidarly, when the electron approaches its parent atom, the 

same thing happens. FiBally, the speed of the eiectron is reduced fkom its original value as 

it fkst leaves the central atom potential weil. Again, the result is that the electron moves 

faster near the central atom. So the qabso*&k) tenn has a coefficient of two in fiont of it, 

to account for the two instances that the photoelectron is within the potential well of the 

absorbing atom. The overall result is that the electron moves faster when in an atomic 

potential, and a phase shifi is introduced into the sine fknction. 



N j  2 k b f  -291i~r A, (k) = kr2 ~ ? ~ , ( k ) e  e 
J 

hoking at the amplitude function, we see that there are many more parameters. 

Most of the information that is obtained fiom EXAFS analysis is contained in the 

amplitude fùnction, but ît also includes other parameters that must be determined or 

known correctly so that the desired information c m  be accurately extracted. 

We see that the distance to the shell, r /  appears twice in the amplitude fimction, in 
-2F 2 the f o m  of e . Both the exponential and the quadratic terms decrease as r j  increases. 

This means that, all else remainuig constant, shells M e r  and fllrther away fkom the 

original atom will have smaller and smaller contributions to the EXAFS. To determine 

information on coordination spheres past the first requires data sets with very high signal 

Po noise ratios. 

A$ is the number of atoms in the shell, and can be used to determine coordination 

number. It in fact gives the coordination number for the f ist  shell if only one type nearest 

neighbour is present. This is one parameter that is ofkn sought out in EXAFS analysis. 

So(k) is a term to account for many-body effects that reduce the EXAFS 

amplitude. These include central atom shake-up and shake-off processes during the 

relaxation of the photoionized atom. This might be similar to relaxation processes such as 

Auger electron formation. 

F,(k) indicates how well the atoms of the sheil j scatter the photoelectron. 

Scattering is mainly accomplished by electrons, so this h c t i o n  depends on the scattering 

element. In general, for a given wavevector k an elernent with more electrons will be a 

better scatterer, having a larger value of mk). 4{k)  is not a linear h c t i o n  of k, and 

usually has maxima at energies correspondhg to energy levels of the scattering atom. 

Two kinds of disorder can exist in a solid state system - static and thermal. Both 

of these are contained in the Debye-Waller parameter (a) in the e-2J* term. The difference 

between the thermal and static disorder can be determined using variable temperature 

studies. 

Finally, the aîtenuation of the EXAFS due to inelastic scattering is taken inîo 

account by the e->jv temi, where Ai is the mean electron fiee path. 



5.6 Data Collection 

Measuring the brightness of the x-ray beam before and after the sample can 

produce an absorption spectnim. Intensity of the x-ray beam is most readily observed 

using an ion chamber, which consists of a vesse1 through which an inert gas flows. The 

chamber has an etrance and an exit window colhear with the x-ray beam. The gas is 

partidly ionized by the beam. A voltage across the box will create a current, the 

magnitude of which will be proporîional to the intensity of the light. By measuring the x- 

ray beam intensity before and after the sample, the absorbance can be calculated in the 

usual way, A = ln (IdI), where 1 is the beam intensity, and the subscript O refers to the 

intensity before the sample absorbs some of the photons. 

Two details are important here: The sample must be of a sufficient thichess to 

absorb enough of the incident beam so that the quantity Iflis sufficiently different from 

unity. Conversely, if the sample is too thick it will essentially be opaque to x-rays, and 1 

cannot be accurately measured. The proper thichess depends on the overail 

concentration of absorbing atoms in the sample. Empirical formulae exist that permit the 

calculation of an acceptable thickness4. Note, however, that this might be difficult to 

achieve with a sample of largely unlaiown composition. Of course trial and error is 

always an option, but synchrotron beam time is not easy to come by. 

The second point that must be addressed when collecting absorbance spectra is the 

composition of the gas used in the detection chambers. This composition must be tuned to 

the energy range of the x-ray beam, and hence to the nucleus under study. This is because 

the x-ray absorption cross section of the various inca gasses are different at varying 

energies. Thus, if a Light nucleus is being studied (low Eo, hence lower x-ray energy), 

nitrogen is a good choice of detector gas. As the beam energy is increased to study 

heavier nuclei, so the composition of the detector gas must be adjusted to include higher 

arnounts of heavier inert gas such as neon or argon, so that the detector gas is not totally 

transparent with respect to the new x-ray energy. Thus, there is a fine balance to be found 

between the gas absorbing too much and too little of the x-ray beam. Figure ~ - 2 ~  contains 



a graph of the absorption characteristics of different inert gasses- 

i I 1 

Figure 5.2: X-ray absorption profiles of inert gasses4. 

Alternatively, data collection can be done in fluorescence mode- In the absorption 

mode, the sample and gas chambers are collinear with the x-ray beam. In fluorescence 

mode an ion chamber measures the intensity of the incident beam. A thin layer of sample 

is mounted so that the sample makes a 45 O angle to the beam. A solid state x-ray detector 

then sits parallel to the sample to collect the x-ray fluorescence, which is assumed to be 

proportional to the absorbance. The absorbance in this case is given by w, where Gis 

the fluorescence intensity. 

5.7 Extraction of Useful parameters' 

Regardless of how the data is çollected, once the absorbance is calculated the 

subsequent analysis is the same. The £ïrst stage involves the extraction of the EXAFS 

nom the overall absorption spectnim. This in itself is completed in several steps, the first 

of which is the removal of the pre-edge background. The dope of the overall background 



depends on the way the data was collected. Fluorescence mode tends to give 

monotonically increasing backgrounds, while the converse is true for absorbance mode. 

Absorption before the edge can be fitted to a simple line, or to a more complex 

Victoreen function,  p.^, = cnch3 + D ~ P .  This region may contain usefbl information 

about highly excited states of the absorbing atom. Clearly, fitfing the pre-edge absorption 

to a straight line results in loss of this information. 

With the pre-edge background removed, the next step is to caliirate the edge, or 

the position of Eo. This is a rather arbitrary position since this a parameter that is fitted 

later on. If a series of spectra are to be compared it is important to be consistent in how 

this position is chosen. Possibilities include the energy at one-half maximum absorption 

and the inflection point of the edge step. With a consistent choice of for the edge, changes 

in the fitted parameter Eo provide information about changes in the depth of the potential 

well of the absorbing atom. 

Once the edge position is cdibrated the absorption spectrum is truncated to isolate 

the EXAFS. The N E W S  (or XANES) region typicdy extends few tens of eV past the 

edge. It is past this region that the EXAFS c a .  be found- Typicaily the first oscillation in 

the absorption s p e c t m  is discarded, and the EXAFS, beginning with the second 

osciIlation is kept. 

The 1 s t  but one step involves removal of the slowly varying background past the 

edge to isolate the EXAFS. This is done by fittïng the data to a spline function. For most 

cases a three-segment, third order spiine is sufficient to trace the background while 

leaving the EXAFS oscillations alone. Once this background as a fiinction of energy, 

PO@), is determined, the EXAFS can finally be obtained by the following: 

m = @(a - ~o(E)l  PO(^- (5-7) 

Once the EXAFS has been extracted data analysis proceeds through fitting stages. 

The foilowing parameters are usuaily targets for determination: 4-, r= and 9. Roughly 

speaking the coordination number can be determinecl with an accuracy of k1 and the 

distance to the shell with an accuracy of M.0 1 A6. In general the remaining parameters 

are not known and this does not matter. EXAFS analysis is performed using two materials 



- the sample and a standard. Standards are chosen so that both the sample and the 

standard contain the same central atom - scattering atom combination. It is assurned that 

the remitining parameters in the EXAFS equation will be the same for the sample and the 

standard. 

So the standard must be an EXAFS spectrum for which N;. and 9 are known and 

the remaining parameters are the same as the sample's. Data analysis proceeds by 

determining which choice of parameters will provide a good match beîween the sample 

and standard spectra. 

As mentioned previously, Equation 5.1 is the simplest EXAFS formula, In recent 

years, with the ready availability of fast computing, the use of more and more detailed 

theoretical treatments of EXAFS has become computationaliy tractable. It is now possible 

to predict the EXAFS of a mode1 compound without having to measure its spectrum7. 

This allows EXAFS analysis to proceed without measuring data for standards by 

modeling a spectrum fi-om crystal structure data. Of course the best course of action is to 

use both real and virtual standards. 

There are two main computational resources available for such modeling. They 

have the names EXCURV and FEFF. They are available commercidy, sums in the $ 103 

range. Sources in the know8 point out that the FEFF code is the more advanced of the 

two. Such computer code are not only capable of computing EXAFS spectra for a given 

structure, but can also calculate both scatterhg (k;(k)) and phaseshifi (p,{k)) functions. 

They c m  use spherical wavefünctions for the photoelectron and c m  take into account 

multiple scattering events. It is the latter feature that makes these programmes so useful 

and has made the study of XANES possible. 

Two further points should be mentioned about data andysis. A look at Equation 

5.5 shows that the EXAFS amplitude is divided by k. During data analysis the EXAFS is 

multiplied by lf, where n is one, two or three. This has two effects. The first, and the 

obvious, is that this 'restores' amplitude that is normally lost due to the nature of the 

EXAFS phenornenon. The second point is subtler and more important. 

The atomic scattering b c t i o n  F,{k) has diffaent qualitative structure depending 

on the atomic nurnber of the scatterer. For low Z atoms, this function peaks at low k and 



then decays. Conversely, for heavy nuclei, the fünction tends to increase with k. A s  

mentioned previously, scattering is a resonance phenornenon. So light nuclei with low 

energy orbitals scatter more at low energy, hence k, and heavy nuclei scatter more at 

higher values of k. Because of this rnultiplying the EXAFS by k' tends to highlight the 

contribution of light nuclei, while rnultiplying by k' emphasizes the scattering by high Z 

atoms. 

The second point of note is that the EXAFS is a sum of sine waves. This fact 

makes the use of Fourier analysis a natural choice. The wavevector k Fourier traasfonns 

into the parameter r. The physical interpretation of the Fourier transfom is as a 

coordination rnap around the cenbal atom, so that peaks in this map correspond to the 

distances 7. hdeed, early analysis of EXAFS data stopped at obtaining distances to 

scattering shells. 

Today's analysis is more sophisticated. One central step is reverse Fourier 

transfomi filtering. The original Fourier transform is multiplied by a window function, 

which goes to mity over a peak corresponding to a shell but is zero elsewhere, and then is 

reverse transformed back into k space. This new data then only contains one term of the 

overall EXAFS function, corresponding to a single scattering shell. The advantage of this 

technique is that it reduces the overail number of parameters to a fiaction of the orgininal. 

5.8 Experimental 

Samples of TDA-mes0 tin sulfide were prepared as outiined in chapter 4. All data 

were recorded on beam line X18-B at the National Synchrotron Light Source situated in 

the beautiful Brookhaven National ~aboratod.  Al1 sample powders were h e l y  ground 

and deposited on sticky Kapton (polyimide) tape. The samples were mounted in a vacuum 

chamber cooled to 150 K using a helium pump. Cooling the sample is important in 

reducing thermal disorder and hence increasing EXAFS amplitude. The temperature 

chosen is a compromise between low temperature and the time to cool. The latter 

becomes important as the system must be cooled for each new sample, and beam time is 

limiteci. 



Sample tapes made a 45 O angle to the incident x-ray beam. A passivated 

implanted planar silicon (PIPS) solid state x-ray fluorescence detector was positioned in 

fiont of the Kapton window of the vacuum chamber, parallel to the sample wï thh  Data 

were collectai fkom 29000 eV to 30200 eV with four step sizes. From 29000 to 29170 

eV, every 5 eV, fkom 29 170 eV to 29220 eV every 0.5 eV, fiom 29220 eV to 29400 eV 

every 2 eV and fiom 29400 eV to 30200 eV every 3 eV. This arrangement avoids 

spending too much time on the pre-edge, while producing the most detailed data for the 

XANES region. On reflection, since the XANES data is not analyzed here, this was not 

an ideal programme. Using these settings it took roughly 20 minutes for a spectrum to be 

recorded. T'bis length of time is a pretty good compromise betwee~ signal integration at 

each energy step and overall collection time. The latter point is important as the 

synchrotron beam is not stable indefinetely. During our stay at Brookhaven there were 

recurring problems with beam control and we experienced recurring 'beam dumps '. If 

this happens during recording the scanning must be restarted- At least two spectra were 

recorded for each sample so that the signal to noise ratio could be improved by signal 

averaging after data collection. 

5.9 Data Analysis 

Three software tools were used to analyze the data The nrsf BAN", was used to 

extract the EXAFS, to removes spikes and smooth the data and to add data sets- 

Microsoft Excel was used to manipulate this combined data set to h d  the average 

EXAFS. Recall that the amplitude of the EXAFS contains much information, so simply 

adding spectra will lead to erroneous results. The £inal programme used was the EXAFS 

module of the software package Cerius 3.8". This package provides a graphical fiont-end 

to EXCURV~~ code. It also has the capability of detemilliing EXAFS spectra from crystal 

structures by calculating atomic potentials and phaseshifts. 

The first step in the isolation of the EXAFS is a hear  background removal. The 

monotonically increasing pre-edge absorption is fitted to a straight line, and this function 

is subtracted fiom the overall spectnim. Figure 5.3 shows the r e d t  of this operation. 



Figure 5.3: Removal of the pre-edge background fiom the x-ray absorption spectrum. 

With this background removed, the next step is to tnincate the data to isolate the 

EXAFS. The data starhg fkom the fïrst minimum after the absorption maximum is kept. 

This cm be seen in Figure 5.4. Note that there is quite a bit of noise present. 

Once the EXAFS is isolated the final step that rernains is to normalize the data. 

The smoothly varying backround to the absorption was fitted with a four-segment cubic 

spline, and the final EXAFS was calcdated according to Equation 5.7. Figure 5.5 shows 

the final, normalized EXAFS. 

The above process is repeated with the second data set for the same sample and 

the absorption values at each energy £iom each spectrum are added together. This 

summed file is imported into an Excel spreadsheet and the absorbance at each energy is 

divided by two to give an average EXAFS. AAer averaging, the file is brought back into 

BAN and is smoothed. The final, norrnalized, averaged and smoothed file can be seen in 

Figure 5.6. 



Figure 5.4: Tmcation of the absorption spectnun to isolate the E M S .  

Figure 5.5: The EXAFS is normalized by fitting the background to a four segment cubic 
spline. 



Figure 5.6: The result of data set addition, averaging and smoothing. Four EXAFS 
oscillations are cIearly visible, but there seems to be little meaningful data past 29600 eV. 
The data is now ready for fitting. 

One final detail rernains, that is to calibrate the edge jump. Using one of the 

onginal data files with pre-edge background removed, such as the top s p e c t m  in Figure 

5.3, the maximum value of the absorption is determined using BAN. The photon energy 

at one-half of this maximum is calibrated as Eo. Again, within the sarne data set the 

energy for the second maximum of absorption is noted. With th is  in hand, the 

corresponding peak of the nomalized, averaged and smoothed data set is calibrated. At 

this point the data is ready for fitting. 

Two compounds were used as ab  initio standards - DABCO-SnS-1 and SnS2- The 

EXAFS parameters A$- and q were extracteci from the crystal structures of these 

compounds. The importance of using real standards was not impressed upon me before 

data collection and unfortunately such standards were not included. For SnS- 1 the organic 

template was removed before parameter extraction to focus in on tin-sulfiir interactions. 



The cation's carbon and nitrogen atoms are more than 4 A away fiom the tin atoms. It is 

udikely that these light nuclei will provide significant scattering fiom such a distance. 

With the mode1 paramers extracted, the EXCURVE code is engaged to calculate the 

potential shifts for both the tin cores and sulfür scatterers, dong with the scattering 

hc t ions  for sulfur. 

Figures 5.7 and 5.8 contain the mode1 shell structures for SnS- 1 and SnS2 

respectively. In both cases the nearest neighbour of tin is sulfùr with the next nearest 

neighbours being tin. In Figure 5.9 is the experirnental data with its k' weighted Fourîer 

transfom. A k? weighted Fourier transform of the same data is qualitatively identical to 

what is shown in Figure 5.9. If the peak at 3.9 A was due to scattering by tin, changing 

from a k1 to k3 weighting would be expected to change the relative magnitude of this peak 

6th respect to the large peak at 2.1 A. With this observation we can conclude that the 

data set is only good for determining information about the s u l h  scattering shell. Thus 

atoms other than sulfur were included in the virtual standards. 

Figure 5.7: Mode1 shell structure for the SnS-1 structure. 



Figure 5.8: Mode1 shell structure for SnS2. 

For the analysis, the k-space EXAFS between 0.10 A-' and 10 A-' was forward 

Fourier transfonned with a k1 weighting. Looking at Figure 5.9 it is clear that the data 

past 1 1 ki is only noise and no useful Iliformation dl be lost by discarding it. In fact 

includirig it in the transform might pollute the data set with the high fiequency noise. The 

reverse transform was nom 1.9 A to 3.5 A with a Gaussian window. Fitting proceeded 

with this first shell information. 

The two +al models led to two differing starting parameter sets. For SnS2 this 

was a single scattering shell at 2.566 A with six sulfur atoms. Parameter extraction nom 

the SnS-1 model was done to give three sulfur shells, at 2.410,2.550 and 2.609 A with 

3 .O, 1 -7 and 0.3 atoms per shell respectively. k space fitting was done fkom 0.10 Y' to 

10.00 k-l. 

A single shell model was never able to successfully simulate the actual data. On 

the 0 t h  hand, fitting the data to a three shell model led to the convergence of the 

values for two of the shells. This was true for al1 data sets except for one. Table 5.1 



contains the r d t s  of the data analysis. Figure 5.10 is an example of the agreement 

between the mode1 and sampre EXAFS. 

Figure 5.9: Experirnental data and its k1 weighted Fourier transform. Only one 
coordination sphere, at 2 A is apparent. 



Table 5.1 : Extracted EXAFS parameters for four meso tin sulfides. 

Sample ID 

Figure 5.10: A Cornparison of the experimental and theoretical EXAFS. 

5.10 Discussion 

It is difficult to draw strong conclusions fi-om the above data. Certainly the 

presence of the misfit data set 116b with its three shells is disconcerting. The cause of the 

discrepency is unclear, whether it actually represents the presence of a different structure 



or is the result of faulty data analysis. It should be noted that the data set r e h d  to a three 

shell structure during more than one attempt at refïnement, 

The remaning data is more encouraging. Clearly there is nothing certain about the 

coordination number. Nevertheless all three samples follow the same pattern of more 

atoms closer in and fewer M e r  away. The diffaences in these two numbers are 1 -8, 2.8 

and 2.1. Given that the parameter Nusually has an error of *l these differences are not 

too bad. 

The values obtained for r are ver- resonable with respect to other tin sulfides. This 

parameter is supposed to have an error of *0.01 A. In this light the agreement between 

samples 16c2 and 93b is excellent. For the first shell the diEerence is 0.004 A and for the 

second 0.008 A. For al1 three samples the fïrst to second shell differences are 0.130 A, 

0.199 A and 0.203 A. Again, the latter two samples are in very good agreement. 

Agreement with sample 16cl is not so good, and does not fd within expected error 

values. Note that error analysis was not undertaken in this study - the quoted figures are 

the best opinions of the experts in the field. 

There is not much that c m  be said about the parameter Eo, except that it sets 

sample 1 16b ever m e r  apart than the rest of the samples. 
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Chapter 6 - Conclusion 

The molecular studies here show an interesting ability for aqueous molecular tin 

sulfides S ~ S &  and s ~ ~ s C  to interconvert under the influence of solution pH. Target 

molecule T ~ S n & o  was isolated the slow (over a period of weeks) evaporation of a 

solution containing these two molecules. In contrast, attempts to synthesis this molecule 

more quickly fkom such solutions proved ineffective. Evidence suggests that the 

s ~ s ~ ~ ~  ion is a condensation product of the aqueous tin sulnde system, but that the 

flexibly bonding character of tin presents alternative condensation pathways, for 

example, to TMA-SnS- 1. 

HDA-meso tin sulfide was shown to be only the first member of a series of long- 

chain amine templated materials. At least one parameter (interlayer spacing) was shown 

to be amenable to tuning by altering the identity of the template. Interestingly, the order- 

disorder temperature for the tin sulfide layer depends on template, indicating that the 

materials behave as organiclinorganic hybrids. 

Today, EXAFS spectroscopy has become a powerful analytical tool. 

Developments in both experimental design (particularly the commissionhg of new 

synchrotron light sources) and in multiple scattering theones of EXAFS allows the 

extraction of more and more precise information nom EXAFS spectra. The technique 

shines when applied to the study of disordered materials, for which few other techniques 

are available. In this regard, EXAFS is well suited to the study the th  sulfide portion of 

mes0 tin sulfides. By using this technique, it was shown that there are two kinds of th- 

s u k r  bonds in TDA-meso tin sulfide, and that there are more bonds of the shorter kind. 




