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The Synthesis of Poly(Sulphur Nitride) and Some Novel 
4-Phenyl-l,2,3,5-Dithiadiazolium Salts 

S.T. W a i t , Ph.D., U n i v e r s i t y o f Durham, A p r i l 1989 

ABSTRACT 
'SsNsJCl has been r e a c t e d w i t h a wide v a r i e t y o f r e d u c i n g agents 

l e a d i n g t o a new n o n - e x p l o s i v e r o u t e t o h i g h q u a l i t y powdered (SN)x. 
Data c o l l e c t e d f r o m t h e s e r e d u c t i o n s has l e d t o a new m e c h a n i s t i c 
p r o p o s a l f o r t h e f o r m a t i o n o f t h e powdered polymer. The vacuum 
t h e r m o l y s i s o f [SsNsJCl w i t h L i s N produced S2N2 i n low y i e l d . 

The new s u p p o r t i n g e l e c t r o l y t e , [Bu4N ]AsF6, was p r e p a r e d , and has a 
g r e a t e r s c a n n i n g window i n SO2 compared w i t h any o t h e r s p r e v i o u s l y 
r e p o r t e d . S5N5ASF6 has been produced i n h i g h p u r i t y and i s much l e s s 

+ 

m o i s t u r e and oxygen s e n s i t i v e t h a n any o t h e r S5N5 s a l t s p r e v i o u s l y 
p r e p a r e d . The new s u p p o r t i n g e l e c t r o l y t e , [Bu4N]AsF6, i n c o n j u n c t i o n 
w i t h [Bu4N]BF4, was used t o s t u d y t h e e l e c t r o c h e m i s t r y o f SsNsAsFg, 
;SN]AsF6, [S4N3]BF4, S2N2 and [PhCN2S2][S3N3] by c y c l i c voltammetry. 
E l e c t r o r e d u c t i o n o f b o t h S5N5ASF6 and [SNjAsFe produced c o n d u c t i n g forms 
o f (SN)x c o n t a i n i n g AsFe , t h e l a t t e r p r o d u c t h a v i n g a m o l e c u l a r f o r m u l a 
o f a p p r o x i m a t e l y S5N5ASF6. E x h a u s t i v e e l e c t r o l y s i s o f [S5N5]BF4 showed 
t h e breakdown o f BF4 a n i o n , p r o d u c i n g BF3, which was seen as t h e 
CHsCN-BFs a d d u c t , and F' which r e a c t e d w i t h t h e s o l v e n t , SO2, t o produce 
SO2F2; t h e S4N4-S03 adduct was a l s o produced. 

R e d u c t i o n o f [SsNgJCl by (PhCN2S2)2 produced [[PhCN2S2]2Cl][S3N3], 
( I ) , i n CH3CN and [PhCN2S2] [S3N3], ( I I ) , i n pentane. Reduction o f 
:S4N3]C1 by (PhCN2S2)2 i n CH3CN produced [PhCN2S2][SgNsJCl, ( I I I ) . 
X-ray s t r u c t u r e d e t e r m i n a t i o n has g i v e n a c c u r a t e s t r u c t u r e s f o r a l l 
t h r e e compounds. ( I ) , ( I I ) and ( I I I ) were a l l s u c c e s s f u l l y p r e p a r e d i n 
h i g h y i e l d s . Large c r y s t a l s o f ( I I ) were p r e p a r e d f r o m t h e r e a c t i o n 
between [SsNsJAlCU and (PhCN2S2)2 i n SO2, and were shown t o c o n t a i n 
some f r e e [PhCN2S2]' monomers by e.s . r . s p e c t r o s c o p y . When vapours of 
(SN)x and (PhCN2S2)2 were mixed t o g e t h e r ( I I ) was produced adding 
f u r t h e r e v i d e n c e f o r S3N3' b e i n g t h e major vapour phase species o f 
(SN)x. A n o t h e r e . s . r . a c t i v e s p e c i e s , [PhCN2S2]2Cl ( I V ) , was produced 
f r o m t h e s o l i d s t a t e r e a c t i o n between i(PhCN2S2)2 and [PhCN2S2]Cl. ( I ) , 
( I I ) , ( I I I ) and ( I V ) were a l l s u b j e c t e d t o a low t e m p e r a t u r e D.C. 
n i t r o g e n plasma, p r o d u c i n g (PhCN3S2)2, except f o r ( I V ) which decomposed 
t o f o r m [PhCN2S2]CI and a b l a c k n o n - c o n d u c t i v e polymer. 
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CHAPTER 1 

General Introduction 

1.1 Historical Developments: 

S4N4 was the f i r s t binary sulphur-nitrogen compound to be prepared 

and i s one of the most studied inorganic heterocycles. I t has 

cont inua l ly stimulated new experiments and t h i s has led to the 

in t roduct ion of several new ideas about s t ructure , bonding and 

r e a c t i v i t y . However i t was the published work of Dr. Becke-Goehring, 

some of which was concerned with (SN)x, which created much of the 
2 

in te res t i n sulphur-nitrogen chemistry today. 

More recently the discovery of the superconducting properties of 

(SN)x led to increased a c t i v i t y in the sulphur-nitrogen f i e l d ; (SN')x 
4 

was f i r s t prepared i n 1910 by Burt but i t s exc i t ing metal l ic properties 
2 a 

were not discovered u n t i l ca. 50 years l a t e r . Indeed i t is one of the 
few sulphur-nitrogen compounds whose properties are such that i t might 

5 
have commercial appl ica t ions . Light weight ba t ter ies , l i g h t emitting 

6 7 
diodes and solar c e l l s are the three areas i n which (SN)x has the 

greatest "po ten t i a l " . 
8 

The proposal by Hoffmann et al that a polymer made up of 

( -C-N-S-N)- repeating uni ts would have conducting properties superior to 

those of (SN)x prompted investigations in to the synthesis of possible 

precursors and t h i s has given r i se to a wide var ie ty of C/N'/S 
9-15 

heterocycles , including the di thiadiazoles . 

Further evidence f o r the recent growth and interest in sulphur-

nitrogen chemistry i s provided by the comprehensive range of review 
1 16-25 

a r t i c l e s which have been published in the last ten years. ' Among 
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the most usefu l f o r me was the "Gmelin Handbook of Inorganic 
1 9 

Chemistry" which surveys S(VI)-N and S(IV)-N cyc l ic compounds and 

S/N/C heterocycles. 

1.2 (SN)x; A Synthetic Overview: 

a) "Classical" (SN)x. The physical properties of (SN)x have been 
26 

wel l reviewed and those relevant to the work discussed in th i s thesis 

are h ighl ighted i n the introductions to chapters 3 and 4. I t is these 

e x i t i n g properties which have led to the search f o r "better" synthetic 

preparations of (SN)^. 

I n i t i a l l y a l l (SN)x was prepared from the so l id state 
27 

polymerisation of S2N2, which i t s e l f is prepared by the cracking of 

S4N4 over hot s i l v e r wool. Material prepared in th i s way is known as 
2 6 

"c lass ica l " (SN)x. I t is c ry s t a l l i ne (although f u l l of defects) , 

stable up to 210°C, very pure and easily vacuum sublimed to produce high 

q u a l i t y t h i n f i l m s of the polymer. 
28-31 32 

The explosive nature of S2N2 and S4N4 , however, has meant 

that a scale up of the synthesis could not be safely achieved and th is 

has put a high price on the "classical" polymer. A rough estimate of 
33 

the cost of synthesis by A . J . Banister and Z.V. Hauptman, puts i t at 

£1,000,000 per kilogram or £1,000 per gram which, a f t e r losses 

associated wi th coating, would put the price of po ten t ia l e l ec t r i ca l 

devices out of the market compared to others which are already 

commercially avai lable . 

Many other preparative routes to the "classical" (SN)x precursor, 

S2N2; have been found. Vacuum thermolysis of the S4N4 adducts, 

CuBr-S4N4 (1S0°C)'^^' and BeCl2-S4N4 (SO°C),^' and of Ph3As=N-S3N3 
3 6 3 7 

(135°C) a l l produced SoNo. A recycling process was also developed 
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where the react ion of a powdered mixture of S2N2-2A1C13 and S4N4, in a 
- 5 

2:5 molar r a t i o , at 8 0 ° C i n high vacuum {ca. 10 t o r r ) resulted in the 
38 

formation of S2N2 i n a 39% y i e l d . Pyrolysis of [S4N3]C1 alone, or 
39 

through s i l v e r wool, produced S2N2 which i n the l a t t e r case gave a 557o 

y i e l d . 

So f a r a l l the reactions described above use ei ther S4N4 or S2N2, 

or a mixture of both. This has meant high cost (SN)x and so other 

preparations were sought i n an attempt to produce a high qual i ty product 

which could be safely scaled up ( i . e . avoiding the use of potent ia l ly 

explosive S4N4 and S2N2) and hence bring the cost down. 

b) "Plasma" (SN)x. Plasma deposition of (SN)x layers d i r ec t l y on 
40-42 

to substrates has been studied and in two of the three cases i t 

does not require the use of S4N4. Formation of (SN)x i n th i s way was 
40 

f i r s t reported by W.L. J o l l y i n 1965 when atomic nitrogen was reacted 

wi th a var ie ty of divalent sulphur compounds (H2S, CS2 , OCS, Ss, S 2 C I 2 , 

S C I 2 ) . (SN)x was produced i n most cases but in low yields and the 

p u r i t y of the product was never stated. 

More recently t h i n f i l m s were d i r e c t l y deposited on to 
41 

non-conductive and semi-conductive substrates from a plasma glow-

discharge decomposition of H2S i n a p a r t i a l vacuum containing NH3 or N2. 

Indeed t h i s process was f e l t to be so important that i t was patented. 

(SN)x was also obtained, in a 507o y i e l d , from 84^4 in a radio 
42 

frequency glow-discharge containing helium. However t h i s development 

involves the sublimation of S4N4 at 7 0 - S 0 ° C ; a po ten t i a l ly hazardous 

operation. 
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c) "Electrochemical" (SN)x. Electrochemical synthesis of (SN)x 

from the reduction of SN cations has also proved to be a useful 

preparation of t h i n f i l m s d i r e c t l y on to conducting substrates. 
43 

"Electrochemical" (SN)x was f i r s t prepared by Banister et al from 

the reductions of [SsNsJCl, [SsNsJFeCU and [SsNsJAlCU in l i q u i d SO2 at 
44 

a platinum electrode. Shortly afterwards F r i t z et al published a 

s imi la r synthesis from the electroreduction of [SsNsjFeCU in CH2CI2. 
45 + 

A.G. Kendrick also showed that reduction of S4N3 i n CH3CN produced 

(SN)x although the product was never f u l l y characterised. 

More recently a comprehensive study on the preparation and 

mechanism'^f "electrochemical" (SN)x from the reductions of [SsNsJCl and 
46 

S5N5JBF4 has been published. Although a l l four electrochemical 

references discuss the synthesis of (SN)x, studies on i t s potent ia l f o r 

e l e c t r i c a l devices i n the form of t h i n f i l m s have not been performed. 

d) "Powdered" (SN)x. Powdered (SN)x was i n i t i a l l y ^ ^ and is s t i l l ' ^ ^ 

produced from the reduction of N/S/Cl compounds in solution by azides. 
47 

The f i r s t (SN)x powder was prepared from the reduction of (NSC1)3, 

S3N2CI2 or S3N2CI by Me3SiN3 at -15°C in CH3CN. However, inadequate 

p u r i f i c a t i o n procedures (extract ion by C C I 4 , CS2 and formic acid) led to 

the powders being highly unstable, decomposing under dry nitrogen within 

one week. Such powders were therefore highly unsuitable f o r th in f i l m 

preparation by vacuum deposition. 
48 

An improved synthesis from (NSG1)3 and MesSiNs in C H 3 C N at -1S°C 

has been reported i n which the powdered polymer is simply p u r i f i e d by 

ext rac t ion wi th l i q u i d SO2 . This preparation was used to produce gram 

quant i t ies of the polymer and such samples were suitable f o r vacuum 
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deposit ion although much of the (SN)x was l o s t , by decomposition, as 

S4N4. 

I t can therefore be seen that s i g n i f i c a n t development towards safer 

and cheaper preparations of (SN)x have been made. Indeed the plasma and 

electrochemical preparations deposit t h i n layers d i r e c t l y on to 

substrates which are most l i k e l y to be of importance to the electronics 

industry . 

1.3 The 4-Phenyl-l,2,3,5-Dithiadiazolium/ole System; A b r i e f overview. 

Chapter 5 i s exclusively concerned wi th the 4-phenyl- l ,2 ,3,5-

d i th iad iazo l ium/o le r i n g and so I have chosen these par t icu lar compounds 

f o r discussion. A general overview of a l l the dithiadiazolium/oles is 

given i n the in t roduc t ion of chapter 5. 

4 -Phenyl - l ,2 ,3 ,5 -d i th iad iazo l ium chloride [PhfesSN]CI, ( I ) , is an 

orange non-vo la t i l e s o l i d which was f i r s t prepared in 1977 by Banister 
' • 49 

ei al from the react ion between (NSC1)3 and PhCN. The X-ray crys ta l 
50 

s t ruc ture , which was not f u l l y published u n t i l 1988, showed i t to be 

the f i r s t example of an aromatic 5 membered carbon-nitrogen-sulphur r ing 

containing only one carbon atom. I t was la te r prepared more 

conveniently (ca. I6g batches) from the reaction between N H 4 C I , SClo and 

PhCN. 

\ 5 

( I ) (11) 
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4-Phenyl- l ,2 ,3 ,5-d i th iadiazole dimer (PhCNSSN)2 ( I I ) , was 
5 2 [ 1 

prepared two years l a t e r from the reduction of [PhCNSSNJCl by sodium 
5 3 

thiocyanate i n r e f l u x i n g 1,2-methoxyethane. The use of Zn/Cu couple 

as a reducing agent at room temperature, fol lowed by sublimation (80°C, 

10 mmHg, lOh, cold f i n g e r 10-15°C) to y i e l d d ichroic , purple-green 

crys ta ls of (Ph^NSSN)2 proved to be a more convenient synthesis. The 
52 

X-ray c rys t a l s t ructure ( I I ) showed that the two half-molecules are 

bonded together i n each dimer through weak S...S bonds (3.112A). The 

two halves are nearly p a r a l l e l i n a cis arrangement and are twisted with 
54 

respect to each other by ca. 6.8°C. 

From the geometry of the r i n g , and from the S-N and N-C bond 

lengths, i t was suggested that the CN2S2 groups were Gx-electron Hiickel 
52 

r ings , i n which each S donates two electrons, C and N one electron, 

l inked by the two long S...S bonds. The pos i t ive charges on each r ing 

are compensated by two electrons delocalised through the four sulphur 
atoms. I t has, however, been shown more recently, by ah initio 

55 

ca lcu la t ion , that much of t h i s "two electron" charge is found on the 

more electronegative nitrogen atoms and not exclusively on the four 

sulphurs as o r i g i n a l l y thought. 

A so lu t ion esr spectrum of (Ph (5SSN)2 in perdeuterotoluene showed 

the presence of the [Phi.NSSN]' stable f r ee rad ica l giving a simple 

1:2:3:2:1 quintet from two equivalent nitrogen nuc le i , and i t was shown 

that above ca. 250K almost no dimer was present ( i . e . the solution 

consisted only of [Ph^NSSN]' monomers). In the so l id state there are 

less f r e e radicals present but the esr s t i l l shows an intense, though 

i l l - r e s o l v e d spectrum. 

In a D.C. nitrogen glow discharge, (Ph^NSSN)2 undergoes a 

p a r t i c u l a r l y novel r i n g expansion'" producing (PhCN3S2)2; the "plasma 
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product", by inse r t ion of one nitrogen atom into the S-S bond of each 
5 8 

CN2S2 r i n g . Further work has shown that di thiadiazoliums, with large 

polar isable anions such as Br and I , also react to produce (PhCN3S2)2, 
although [Ph^NSSNjCl i s unaffected. Another requirement f o r reaction to 

occur seems to be the presence of l a t t i c e channels which are large 

enough to allow the nitrogen to reach the reactive s i tes . 

1.4 An Overview of this Thesis: 
Chapter 3 describes the preparation of "powdered" (SN)x from the 

reduction of [SsNgjCl by PhgSb with "seed" (SN)x. The reduction of 

^SsNsjCl by Ph3Sb, and a small quantity of MeaSiNs, as well as other 

less productive reductions (e.g. by metals and ionic azides), helps to 

give an ins ight in to the mechanism of formation of the powdered polymer. 

Chapter 4 deals wi th the electrochemical synthesis of (SN)x by 

electroreduction of SsNs"*" and the attempted preparation from the 

electroreduction of SN""". [SsNsJAsFe proved to be a valuable s tar t ing 

material f o r electrosynthesis of (SN)x as i t was more stable to 

hydrolysis or oxidat ion than any other previously prepared SsNs^ sa l t . 

The preparation of the new supporting e lec t ro ly te [Bu4N]AsF6 allowed the 

cyc l i c voltammetry of SN"*̂  to be studied f o r the f i r s t time in C H 3 C N and 

SO2 . Subsequent electroreduction of SN"*" produced the known polymer, 

(S5N5AsF6)x5 which was shown to be conducting. Cyclic voltarametric 

studies on [SsNsJAsFe, [S4N3]BF4 were carried out in order to shed 

f u r t h e r l i g h t on to the reaction mechanism f o r the formation of (SN)^. 

The attempted preparation of powdered (SN)x from the reduction of 

;S5N5]C1 by (PhCNSSN)2 in C H 3 C N led to the discovery of 

[[Ph(5sSN]2Cl] [S3N3] , and in pentane [PhCNSSN][S3N3] was produced. Both 

c rys t a l structures were solved and are discussed. Similar reduction of 



;S4N3]C1 i n C H 3 C N produced [PhSJsSN] [S3N2]C1 whose structure is also 

discussed. Larger scale preparative routes to a l l three compounds have 

been devised. The so l id state reaction between (Ph(!)NSSN)2 and 

rphSsNi CI produced another new compound, [PhSsSN; 2CI whose structure 

has not been determined. The mixing together of the vapours from 

(Ph(SsSN)2 and (SN)x produced [PhSsSN] [S3N3] , and adds fu r the r evidence 

to the controversy as to which species i s present in (SN)x vapour. 
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Soc. Dalton Trans., 1982, 851. 

48. A . J . Banister, Z.V. Hauptman, J. Passmore, C. Wong, and P.S. White. 
/ . Chem. Soc. Dalton Trans., 1986, 2371. 

49. G.G. Alange, A.J . Banister, B. B e l l , and P.W. Mi l i eu , Inorg. Mud. 
Chem. Letters, 1977, 13, 143. 

50. A. Hazell and R.G. Hazell , Acta Cryst., 1988, C44, 1807. 

51 . G.G. Alange, A.J . Banister, B. B e l l , and P.W. Mi l l en , J. Chem. Soc. 
Perkin, 1979, 1192. 

52. A. Vegas, A. Perez-Salazar, A.J . Banister, and R.G. Hey, / . Chem. 
Soc. Dalton Trans., 1979, 1812. 

53. A.J . Banister, N.R.M. Smith, and R.G. Hey, J. Chem. Soc. Dalton 
Trans., 1984, 1379. 

54. Let ter from A. Vegas to A.J . Banister. 

55. K.A. Jorgenson, personal communication. 

56. S.A. Fai rhurs t , K.M. Johnsin, L.H. S u t c l i f f e , K.F. Preston, A.J . 
Banister, Z.V. Hauptman. and J. Passmore. J. Chem. Soc. Dalton 
Trans., 1986, 1465. 

57. A.J . Banister, M . I . Hansford, and Z.V. Hauptman, / . Chem. Soc, 
Chem. Commun., 1987, 63. 

58. A.J . Banister, M . I . Hansford, Z.V. Hauptman, and S.T. Wait, in 
press. 



-12-

CHAPTER 2 

General Experimental Techjaiques 

2.1 General Techniques: 

a) The dry box. Nearly a l l the compounds which I prepared were 

moisture or oxygen sensi t ive , or were hygroscopic, so manipulations were 

carr ied out under an atmosphere of dry nitrogen in a pressure regulated 

Vacuum Atmospheres glove box (Type HE43-2) f i t t e d with an HE-493 

D r i - T r a i n . 

b) Bench manipulations. A l l manipulations of moisture or oxygen 

sensi t ive and hygroscopic materials, or d i s t i l l a t i o n s of solvents, were 

car r ied out under an atmosphere of departmental nitrogen (dried by 

passing through a P4O10 tower) , or in vacuo. 

c) I n f r a - r e d spectra. These were recorded as Nujol mulls between 

KBr pla tes , unless otherwise stated, on a Perkin-Elmer 477 or 577 

g ra t ing spectrometer. Gas phase spectra were recorded using a 

passivated stainless steel c e l l f i t t e d with AgCl windows. 

Spectra of t h i n layer of (SN)x were recorded on a Mattson Sirus 100 

Fourier Transform in f r a - r ed spectrometer wi th a resolution of 1cm . 

The t h i n layer was deposited onto a 3 x 25 x 10mm ATR KRS-5 crystal 

( tha l l ium iodide - tha l l ium bromide) and 500 scans were co-added in 

order to improve the signal to noise r a t i o . 

d) Mass spectra. Mass spectra were recorded using a VG Analytical 

7070E spectrometer using the electron impact (EI) method. 
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e) Raman spectra. These were recorded on a Cary 82 instrument 

using a Spectra Physics Model 164 Argon Ion laser at 519.5nm. 

19 11 

f ) Nuclear magnetic resonance spectra. NMR of F and B were 

recorded using a Briiker AC 250 machine. 

g) Elemental analysis . C/H/N analyses were carried out on a Carlo 

Erba 1106 elemental analyser. Fluorine was determined by overnight 

fu s ion wi th potassium metal i n a bomb, fol lowed by passing the solution 

through an ion exchange column and t i t r a t i n g against aqueous NaOH (by 

Mrs M. Cocks, Univers i ty of Durham, chemistry department). 

Sulphur was determined as sulphate and chlorine determined as 

ch lor ide , f o l l o w i n g oxygen f l a s k combustion, by t i t r a t i o n against barium 

perchlorate and s i l v e r n i t r a t e respectively. Arsenic was determined by 

decomposition i n acid and the concentration measured by atomic 

absorption spectrophotometry (by Mrs Y. Dostal, Universi ty of Durham, 

chemistry department). 

h) Glassware. A l l glassware was oven dried at ca. 100°C f o r a 

minimum of 30 minutes. For highly moisture sensit ive compounds (e.g. 

^SNjAsFe) glassware was dr ied by an oxygen/gas hand torch or in an oven 

at ca. 450'^C. 

i ) The metal vacuum l i n e . A metal vacuum l i n e , previously 

described, was used f o r manipulation of SO2. 

j ) Temperature regu la t ion . Temperatures as low as -40°C could be 

maintained by the use of a Haake F3 d i g i t a l bath c i r cu la to r f i l l e d with 
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a lcohol . Temperature above 25°C were obtained by the use of an o i l 

bath, heating tapes or a transparent resistance heater. 

k) X-ray oscillation photographs. X-ray photographs were recorded 

using a Nonius in tegra t ing Weissenburg goniometer with a P h i l l i p s X-ray 

generator Type PW 1009 130, f i t t e d wi th an X-ray tube with a Cu anode 

and Ni f i l t e r , at 42KV and 16mA. The image was recorded using 

Agfa-Gevaert Osray X-ray f i l m . 

1) X-ray structure determination. X-ray structure determination 

was carr ied out at Newcastle Universi ty by Dr. W. Clegg on a Siemens 

AED2 d i f f rac tometer with a graphite monochromator using MoKa radiation 

(A = 0.71073A). bj/O scan mode was used f o r data co l l ec t ion , with 

appropriately chosen scan width and time. Programs (SHELTXL and local 

software) were run on a Data General Model 30 computer. 

m) Differential scanning calorimetry (D .S.C.). D.S.C. traces were 

recorded using a Met t ler FP80 control uni t coupled to a f l e t t l e r FPS5 

thermal analysis c e l l and a Fisons y - t chart recorder. Samples were 

hermetical ly sealed in aluminium capsules by cold welding. 

n) X-ray photoelectroa spectroscopy (e.s.c.a.). These were 

recorded on a Kratos ES300 spectrometer using MgKa (1253.6eV) radiat ion. 

2.2 More specialised techniques: 
2 

a) The dog. This has previously been described. I t is a two 

bulbed vessel, with each bulb being surmounted by a J. Young tap and 
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separated by a medium porosi ty glass f r i t ( f i gu re 2 .1) . 

3 b) The closed ext rac tor . This has previously been described. I t 
i s based on the soxhlet extract ion system where the solvent is heated 
and the vapour condensed by means of a cold water jacket onto the 
material to be extracted ( f igu re 2 .2 ) . 

4 

c) The plasma tube. This has previously been described. A 

self-explanatory diagram of the tube i s shown in f i gu re 2.3.. Compounds 

were t ransfer red to the plasma tube i n a glove box. The tube was found 

sui table f o r exploratory reactions and f o r small scale synthesis, as 

high current densit ies could be maintained. Generally, a current of 

approximately 2mA was used requir ing 900-1000 vol ts across the 

electrodes. The f low rate of nitrogen through the tube was maintained 
3 - 1 

at approximately 70 t o r r cm S by balancing the bleed rate with the 

pumping speed. Reaction temperatures could be varied from 35°C (the 

temperature at which the tube operates) to 250°C by the use of a 

transparent resistance heater. Af t e r reaction the tube was l e t down to 

ni trogen and quickly t ransferred into the glove box. 

2.3 Electrochemical Techniques: 

The reference and other electrodes, electrochemical ce l l s and the 

modified Swagelock connectors were a l l designed by Z.V. Hauptman (Durham 

Univers i ty , chemistry department). 

a) Current source. A constant current (potent ios ta t ic) was 

maintained by a Minis ta t precision potent iostat supplied by II.G. 

Thompson Associates (Newcastle upon Tyne). 
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Figure 2.1 The "Dog' 

1. Reaction bulb. 
2. Glass s in te r (usually porosity grade 3) 
3. J . Young t e f l o n tap. 
4. {" ground glass. 
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F i g u r e 2.2 The " c l o s e d e x t r a c t o r " , 

1. 
2. 
3. 
4. 

J Young 
i" Ground 

t e f l o n t a p . 
g l a s s . 

Glass s i n t e r ( u s u a l l y p o r o s i t y grade 3) 
C o o l i n g j a c k e t . 
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F i g u r e 2.3 The plasma tube used f o r s m a l l s c a l e r e a c t i o n s . 

to vacuum 

7 

1. Quarts d i s c h a r g e t u b e . 
2. Pyrex t o q u a r t z graded j o i n t . 
3. Anode. 
4. Cathode. 
5. Demountable vacuum f e e d t h r o u g h (adapted swagelock |" 

r e d u c i n g u n i o n ) . 
6. Quartz b o a t . 
7. Ca. 1mm bore c a p i l l a r y . 
8. T r a n s p a r e n t r e s i s t a n c e h e a t e r . 
9. V o l a t i l e s t r a p . 
10 Young's g r e a s e l e s s j o i n t . 

7 

t o I ' 
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b) C y c l i c v o l t a m m e t r y . C y c l i c voltanimograms were r e c o r d e d u s i n g a 
B i o A n a l y t i c a l Systems p o t e n t i a l wave g e n e r a t o r ( t y p e CV-113) and a 
L i n s e i s x-y r e c o r d e r ( t y p e LY 17100). 

c) R e f e r e n c e e l e c t r o d e . The r e f e r e n c e e l e c t r o d e i s o f t h e Ag/Ag"^ 
1 

t y p e and i s s i m i l a r i n d e s i g n and p r o p e r t i e s t o one a l r e a d y p u b l i s h e d . 
The new e l e c t r o d e ( f i g u r e 2.4) i s s i m i l a r t o t h e e a r l i e r v e r s i o n i n t h a t 
b o t h h o l d a c o n s t a n t p o t e n t i a l f o r many months and t h a t t h e p o t e n t i a l i s 
dependant on t h e room t e m p e r a t u r e and n o t t h e t e m p e r a t u r e o f t h e 
s o l u t i o n t h a t i t i s i n . However t h e new d e s i g n ( d e s i g n e d by Z.V. 
Hauptman) i n c o r p o r a t e s a J. Young t a p a t t h e apex o f t h e e l e c t r o d e which 
has m a j o r advantages o v e r i t s p r e d e c e s s o r . B o t h can be used under 
p r e s s u r e ( e . g i n l i q u i d SO2) as t h e r e a r e no c o m p r e s s i b l e gas bubbles 
w h i c h would a l l o w t h e "probed s o l u t i o n " t o f l o w i n t o t h e e l e c t r o d e . 
However, i n t i m e , gas b u b b l e s do b u i l d up b u t t h e s e are s i m p l y removed 
i n t h e new e l e c t r o d e , by o p e n i n g t h e Young t a p and a l l o w i n g t h e bubble 
t o escape, t h e space b e i n g f i l l e d by s o l u t i o n i n t h e r e s e r v o i r ( t h e o l d 
e l e c t r o d e would have had t o be broken open and r e f i l l e d by a l o n g and 
l a b o r i o u s p r o c e s s ) . The s i l v e r m e t a l i s a l s o e a s i l y cleaned i n t h e new 
e l e c t r o d e , by s i m p l y u n s c r e w i n g i t f r o m t h e t a p and g e n t l y p o l i s h i n g i t . 
T h i s a l s o means t h a t m e t a l s o t h e r t h a n s i l v e r can e a s i l y be used. 

d) O t h e r e l e c t r o d e s . C y c l i c v o l t a m m e t r y was c a r r i e d o u t u s i n g a 
w o r k i n g e l e c t r o d e , d e s i g n e d by Z.V. Hauptman, c o n s i s t i n g o f a p o l i s h e d 
p l a t i n u m d i s k mounted i n FEP t u b i n g and connected t o a | i n c h s t e e l bar. 
An (SN)x s i n g l e c r y s t a l e l e c t r o d e was a l s o used. T h i s c o n s i s t e d o f a 
c r y s t a l mounted i n FEP t u b i n g and connected t o a { i n c h s t e e l bar. The 
(SN)x e l e c t r o d e was p o l i s h e d each t i m e b e f o r e use on a s o f t c l o t h w i t h a 
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F i g u r e 2.4 The r e f e r e n c e e l e c t r o d e . 

1. PTFE stem o f Young's g r e a s e l e s s t a p . 
2. T u r n i n g knob o f Young's g r e a s e l e s s t a p . 
3. S t a i n l e s s s t e e l ( o r monel) r o d , e i g t h 

i n c h d i a m e t e r , w i t h 5BA t h r e a d on b o t h 
ends t i g h t l y f i t t i n g i n t o t h e c e n t r a l 
b ore i n t h e PTFE stem. 

4. M e t a l e l e c t r o d e ( e . g . s i l v e r ) screwed 
o n t o t h e c e n t r a l r o d . 

5. K n i f e edge machined on t h e f l a t end o f 
4 ( t o a c h i e v e a t i g h t s e a l ) . 

6. Brass r i n g around PTFE stem ( t o p r e v e n t 
y i e l d i n g t h r o u g h a x i a l c o m p r e s s i o n ) . 

7. "0" r i n g i n c o n i c a l groove machined i n 
t h e t o p o f t h e PTFE stem. 

8. Washer. 
9. 5BA n u t s . 
10. S o l d e r i n g e y e l e t . 
11. Side arm o f Young's g r e a s e l e s s t a p ended 

w i t h a \ O.D. t u b e f o r swagelock c o n n e c t i o n . 
12. Pyrex s i n t e r p o r o s i t y grade 4. 
13. See 11. 
14. i " O.D. s e c t i o n f o r a i r - t i g h t mounting 

( u s i n g t h e swagelock c o n n e c t o r ) . 
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s m a l l amount o f gamma a l u m i n a powder and t h e n s o n i c a t e d i n a b s o l u t e 
a l c o h o l . When n o t i n use i t was k e p t i n a s c a l a b l e t u b e under d r y 
n i t r o g e n . 

For b u l k e l e c t r o l y s i s a p l a t i n u m s h e e t , g r i p p e d i n p l a t i n u m jaws, 
was used; t h e a u x i l i a r y e l e c t r o d e b e i n g made o f c o i l e d p l a t i n u m w i r e . 
Both e l e c t r o d e s were h e a t e d t o r e d h o t t e m p e r a t u r e b e f o r e use. 

e) Electrochemical cells. C y c l i c v o l t a m m e t r y was c a r r i e d out i n a 
t h r e e l i m b e d u n d i v i d e d c e l l ( f i g u r e 2 . 5 ) , t h e b u l b h a v i n g a volume o f 
ca. 15ml. For b u l k p r e p a r a t i o n s a t h r e e limbed d i v i d e d c e l l was used. 
Two s i z e s were a v a i l a b l e depending on t h e s c a l e r e q u i r e d , o f volumes 40 

3 
o r 9cm . 

f ) Glass to metal coimections. M o d i f i e d Swagelok j o i n t s 
( f i g u r e 2.6) were used t o ensure a vacuum/pressure t i g h t g l a s s t o metal 
s e a l . These were m o d i f i e d by r e v e r s a l o f t h e back f e r r u l e w i t h 
i n s e r t i o n o f a PTFE "0" r i n g between t h e two f e r r u l e s . The back o f each 
f e r r u l e was a l s o machined t o g i v e them a concave f a c e which g r i p s t h e 
"0" r i n g i n p l a c e more s a t i s f a c t o r i l y . 

2.4 Sulphur-Nitrogen Starting Materials: 
a) S4N4 was pr e p a r e d ^ f r o m t h e r e a c t i o n between S2CI2 and NH3 

a c c o r d i n g t o t h e l i t e r a t u r e method. 

b) S3N2CI2 was p r e p a r e d f r o m t h e r e a c t i o n between NH4CI, S2CI2 and 
s u l p h u r a c c o r d i n g t o t h e l i t e r a t u r e method. 
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F i g u r e s 2.5 and 2.6 Three l i m b e d u n d i v i d e d e l e c t r o c h e m i c a l c e l l 
( t y p i c a l l y used f o r c y c l i c v o l t a m m e t r y ) and t h e breakdown o f t h e 
m o d i f i e d Swagelok g l a s s t o m e t a l c o n n e c t o r . 

— 2 

L 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 

{ " Ground g l a s s . 
Swagelock |" t o V' r e d u c i n g u n i o n . 
R e f e r e n c e e l e c t r o d e . 
M i c r o e l e c t r o d e ( u s u a l l y p l a t i n u m ) 
A u x i l i a r y e l e c t r o d e ( p l a t i n u m ) . 
I " Ground g l a s s . 
Same as 6. 
Compression n u t . 
F r o n t f e r r u l e . 
Back f e r r u l e ( r e v e r s e d ) . 
PTFE "0" r i n g . 
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6 c) (NSC1)3 was p r e p a r e d a c c o r d i n g t o t h e method o f J o l l y and 
Maguire f r o m t h e r e a c t i o n between S3N2CI2 and CI2 a l t h o u g h t h e p r o d u c t , 
w h i c h was used i n t h e p r e p a r a t i o n o f [ S s N s j A l C U , was c o n s i d e r e d t o be 
pur e enough such t h a t r e c r y s t a l l i s a t i o n was unnecessary. 

d) [SNjAsFe was prepared'' f r o m t h e r e a c t i o n between (NSC1)3 and 
AgAsFe i n SO2 a c c o r d i n g t o t h e l i t e r a t u r e method. 

CI 8 

e) S3N2FeCl4 was pr e p a r e d f r o m t h e r e a c t i o n between S3N2CI2 and 
FeCl3 i n SOCI2 a c c o r d i n g t o t h e l i t e r a t u r e method. 

6 

f ) [S4N3]G1 was pr e p a r e d f r o m t h e r e a c t i o n between S3N2CI2 and 
SCI2 i n CCI4 a c c o r d i n g t o t h e l i t e r a t u r e method. 

g) [S4N3]BF4 was p r e p a r e d by A.G. K e n d r i c k ^ f r o m t h e r e a c t i o n 
between [S4N3]C1 and 407. BF4 a c c o r d i n g t o t h e l i t e r a t u r e method. 

9 

t ) [ S s N s J A l C U was p r e p a r e d f r o m t h e r e a c t i o n between (NSC1)3, 

S4N4 and AICI3 i n SOCI2 a c c o r d i n g t o t h e l i t e r a t u r e method. 

10 

i ) [SsNsJCl was pre p a r e d f r o m t h e r e a c t i o n between [S5N5]AlCl4 
and THF a c c o r d i n g t o t h e l i t e r a t u r e method. 

10 

j ) [S5N5]BF4 was pre p a r e d f r o m t h e r e a c t i o n between [S5N5JCI and 
407. HBF4 a c c o r d i n g t o l i t e r a t u r e methods. 
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k ) [Pr4N]S3N3 was p r e p a r e d a c c o r d i n g t o t h e l i t e r a t u r e method 
w i t h s l i g h t m o d i f i c a t i o n . S4N4 (1.160g, 6.32mmol), [Fr4N]N3 (1.200g, 
5.26mmol) and a T e f l o n c o a t e d magnetic s t i r r e r b a r were p l a c e d i n a two 
necked r o u n d bottomed f l a s k . E t h a n o l (30ml) was added and t h e m i x t u r e 
s t i r r e d f o r 24 hours a f t e r which t i m e t h e r e was a b r i g h t y e l l o w 
p r e c i p i t a t e and a r e d s o l u t i o n . Under a c o u n t e r f l o w o f d r y n i t r o g e n , 
n-pentane (150ml) was added t o t h e s o l u t i o n , t h e s o l i d f i l t e r e d o f f , 
washed w i t h n-pentane (3 x 50ml) and e x t r a c t e d i n a c l o s e d e x t r a c t o r f o r 
two days t o g i v e a y e l l o w powder i d e n t i f i e d by i n f r a - r e d s p e c t r o s c o p y as 
[Pr4N]S3N3. 

r 1 12 
1) rPliCNSSN C I was p r e p a r e d f r o m t h e r e a c t i o n between NH4CI, SCI2 

and PhCN a c c o r d i n g t o t h e l i t e r a t u r e method. 

m) [Pli(5sSN] AsFe was p r e p a r e d by M.I. H a n s f o r d a c c o r d i n g t o t h e 
f o l l o w i n g method. [Ph(SsSN]Cl (l.OOOg, 3.766mmol), AgAsFg (1.118, 
3.766mmol) and a T e f l o n c o a t e d magnetic s t i r r e r b a r were p l a c e d i n one 
b u l b o f a dog. SO2 (10ml) was condensed o n t o t h e m i x t u r e u s i n g an 
ac e t o n e / d r y i c e b a t h a t -7S'̂ C and t h e m i x t u r e warmed t o room t e m p e r a t u r e 
w i t h v i g o r o u s s t i r r i n g . Almost i m m e d i a t e l y a w h i t e p r e c i p i t a t e and a 
b r i g h t orange s o l u t i o n were formed. A f t e r 24 hours t h e m i x t u r e was 
f i l t e r e d and t h e w h i t e p r e c i p i t a t e washed w i t h back d i s t i l l e d SO2 

(3 X 10ml) and t h e s o l v e n t removed t o r e v e a l a b r i g h t orange s o l i d and a 
w h i t e powder ( A g C l ) , w h i c h darkened on exposure t o l i g h t . The orange 
s o l i d was i d e n t i f i e d by i n f r a - r e d s p e c t r o s c o p y and e l e m e n t a l a n a l y s i s as 

5N][AsFe] . 
Y i e l d = 1.35g (977.), I'max = 1549(m), 1500(m), 1 3 9 5 ( s ) , 1297(w), 

1202(w), 1185(m s h ) , 1160(m), 1148(m s h ) , 1070(w), 1030(m), 1002(w), 
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928(m), 915(m), 846(m), 789(m s h ) , 785(m), 6 9 2 ( v s ) , 555(m), 4 0 0 ( v s ) . 

A n a l y s i s f o u n d : C, 22.4; H, 1.37; N, 7.7; S, 17.5; As, 20.0; F, 31.27.. 

[PhSsSN] [AsFe] r e q u i r e s : C, 22.7; H, 1.35; N, 7.6; S, 17.3; As, 20.3; 

F, 30.87o. 

n) (PliSsSN)2 was p r e p a r e d ^ ^ f r o m t h e r e d u c t i o n o f [PhSsSNjCl by 

Zn/Cu c o u p l e i n THF a c c o r d i n g t o t h e l i t e r a t u r e method. 

2.5 Other starting materials: 
a) Arsenic pentafluoride, AsFs. T h i s was prep a r e d from t h e 

r e a c t i o n between lumps o f a r s e n i c m e t a l and gaseous f l u o r i n e a c c o r d i n g 
t o t h e l i t e r a t u r e method. 

b) Silver hexafluoroarsenate, AgAsFe. T h i s was p r e p a r e d from t h e 
r e a c t i o n between AsFs and s i l v e r powder a c c o r d i n g t o l i t e r a t u r e methods. 

c) TetrapropylamjDonium azide, ((C3n7)4N)N3. T h i s was f i r s t 
p r e p a r e d by T. C h i v e r s and i n v o l v e d t h e use o f i o n exchange columns. 

1 4 

The more c o n v e n i e n t p r e p a r a t i o n o f t h e s e a z i d e s , which i s d e s c r i b e d 
below, was d e v i s e d by C.J. Ludman ( U n i v e r s i t y o f Durham, c h e m i s t r y 
d e p a r t m e n t ) . 

When a s o l u t i o n o f AgNOs (2.000g, 11.76mmol, 20ml H2O) was added t o 
a s o l u t i o n o f NaN3 (0.765g, 11.76inmol, 20ml H2O) a w h i t e p r e c i p i t a t e o f 
AgNs i m m e d i a t e l y f o r m e d . The s o l u t i o n was f i l t e r e d and t h e s i l v e r a z i d e 
washed l i b e r a l l y w i t h w a t e r ( 1 l i t r e ) . N.B. The s i l v e r a z i d e must be 
ke p t m o i s t and on t h e f r i t a t a l l t i m e s as i n t h e d r y s t a t e i t i s h i g h l y 
e x p l o s i v e . The minimum q u a n t i t y o f aqueous ammonia (50:50) needed t o 
f u l l y d i s s o l v e t h e a z i d e was added and t h e s o l u t i o n f i l t e r e d i n t o a 



-26-

c l e a n f l a s k . A s o l u t i o n o f (C3H7)4NI (3.863g, 11.76mmol) i n 50:50 

w a t e r : e t h a n o l was added t o t h e a z i d e and i m m e d i a t e l y a y e l l o w 

p r e c i p i t a t e o f s i l v e r i o d i d e formed w h i c h was f i l t e r e d o f f . The s o l v e n t 

was removed by r o t a r y e v a p o r a t i o n and t h e w h i t e p r o d u c t d r i e d in vacuo 

a t 50°C f o r t h r e e h o u r s . 

1 4 

d) TetramethylajMnoniuin azide, [Me4N]N3. T h i s was pr e p a r e d as i n 

2.5c above f r o m t h e r e a c t i o n between AgNOs, NaN3 and [Me4N]I. 

1 5 

e) Trimethylsilyloxalate, (Me3SiC02)2- T h i s was pr e p a r e d from 

t h e r e a c t i o n between H2C2O4 and MesSiCl i n t o l u e n e a c c o r d i n g t o t h e 

l i t e r a t u r e method. 

2.6 Miscellaneous Reagents: 
a) Aluminium, Al. T h i s was s u p p l i e d by B.D.H. and used d i r e c t l y 

f r o m t h e b o t t l e . 

b) Iron, Fe. T h i s was s u p p l i e d by A l d r i c h and used d i r e c t l y from 

t h e b o t t l e . 

c) Zinc, Zn. T h i s was s u p p l i e d by A l d r i c h and used d i r e c t l y from 

t h e b o t t l e . 

d ) Silver, Ag. T h i s was s u p p l i e d by B.C. 11. and used d i r e c t l y from 

t h e b o t t l e . 

e) S u l p h u r d i - c h l o r i d e , SCI2. T h i s was s u p p l i e d by I l o p k i n and 

W i l l i a m s and used d i r e c t l y f r o m t h e b o t t l e . 
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f ) Di-sulphur di-chloride, S 2 C I 2 . T h i s was s u p p l i e d by Hopkin and 
W i l l i a m s and used d i r e c t l y f r o m t h e b o t t l e . 

g ) Sulphur, Sg. T h i s was s u p p l i e d by B.D.H. and used d i r e c t l y f rom 

t h e b o t t l e . 

h) Ammonium chloride, Nn4Cl. T h i s was s u p p l i e d by A l d r i c h and 
d r i e d i n an oven a t 100°C b e f o r e use. 

i ) Benzonitrile, PhCN. T h i s was s u p p l i e d by A l d r i c h and used 
d i r e c t l y f r o m t h e b o t t l e . 

j ) Chlorine, C I 2• T h i s was s u p p l i e d by Matheson and was used from 
t h e c y l i n d e r and d r i e d t h r o u g h a P4O10 t o w e r . 

k) Aluminium trichloride, A I C I 3. T h i s was p r e p a r e d as a pure w h i t e 
powder by p a s s i n g HCl gas over v e r y pure a l u m i n i u m w i r e . 

1) Iron trichloride, FeCls. T h i s was p r e p a r e d as a pure green 
powder by p a s s i n g CI2 gas over v e r y pure i r o n powder. 

m) Sodium azide, NaNs. T h i s was s u p p l i e d by A l d r i c h and used 
d i r e c t l y f r o m t h e b o t t l e . 

n) Tetrapropylamraonium iodide, ( C 3 l l 7 ) 4 N I . T h i s was s u p p l i e d by 

A l d r i c h and used d i r e c t l y f r o m t h e b o t t l e . 
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o) S i l v e r n i t r a t e , AgN03. T h i s was s u p p l i e d by A l d r i c h and used 

d i r e c t l y f r o m t h e b o t t l e . 

p) T etrabutylammonium h y d r o g e n s u l p h a t e , [(C4ll9)4N]nS04. T h i s was 
s u p p l i e d by Labkemi and used d i r e c t l y f r o m t h e b o t t l e . 

q) Sodium t e t r a f l u o r o b o r a t e , NaBF4. T h i s was s u p p l i e d by Venton 
and used d i r e c t l y f r o m t h e b o t t l e . 

r ) L i t k i u m h e x a f l u o r o a r s e n a t e , LiAsFe. T h i s was s u p p l i e d by Alpha 

and used d i r e c t l y f r o m t h e b o t t l e . 

s ) A r s e n i c , As. T h i s was s u p p l i e d by V e n t r o n and used d i r e c t l y 

f r o m t h e b o t t l e . 

t ) F l u o r i n e , F 2. T h i s was s u p p l i e d by Mathews as a 50:50 m i x t u r e 
w i t h n i t r o g e n and used d i r e c t l y f r o m t h e c y l i n d e r . 

u ) T r i m e t h y l s i l y l a z i d e , MesSiNs. T h i s was s u p p l i e d by A l d r i c h and 
s t o r e d under n i t r o g e n i n a J. Young t a p s e a l e d f l a s k . 

v ) T r i p h e n y l s t i b i n e , Ph3Sb. T h i s was s u p p l i e d by A l d r i c h and used 
d i r e c t l y f r o m t h e b o t t l e . 

w) O x a l i c A c i d , 02020^. T h i s was s u p p l i e d by A l d r i c h and used 

d i r e c t l y f r o m t h e b o t t l e . 
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x) Trimethylsilylchloride, MesSiCl. T h i s was s u p p l i e d by A l d r i c h 

and used d i r e c t l y f r o m t h e b o t t l e . 

y) Lithium aluminiumhydride, L i A l I l 4 . T h i s was s u p p l i e d by A l d r i c h 

and used d i r e c t l y f r o m t h e b o t t l e . 

2.7 Solvents: 
a) Sulphur dioxide, SO2. T h i s was s u p p l i e d by B.D.H. and d i s t i l l e d 

o f f P4O10 and s t o r e d o v e r CaH2. 

b) Acetonitrile, CII3CN. T h i s was s u p p l i e d by A l d r i c h as HPLC grade 
and d r i e d by d i s t i l l a t i o n o f f CaH2. The d r y a c e t o n i t r i l e was s t o r e d 
under n i t r o g e n i n a p y r e x b u l b f i t t e d w i t h a J. Young t a p . 

c) Solvents dried with sodium wire. These were benzene, pentane, 

t o l u e n e and 1,4 di o x a n e . 

d) Tetrahydrofuran, C4n80. T h i s was i n i t i a l l y d i s t i l l e d o f f KOH 

and f i n a l l y d i s t i l l e d o f f CaHo. 

e) Absolute ethanol, C2 lis Oil. T h i s was d r i e d by d i s t i l l a t i o n o f f 
magnesium c h i p p i n g s and a s m a l l q u a n t i t y o f CCI4 c a t a l y s t . 

f ) Thionyl chloride, SOCI2. T h i s was d i s t i l l e d o f f 
t r i p h e n y l p h o s p h i t e (107. by w e i g h t ) i n an a p p a r a t u s f i t t e d w i t h T e f l o n 
s l e e v e s and s t o r e d i n t h e d a r k under d r y n i t r o g e n i n a pyrex b u l b f i t t e d 
w i t h a J. Youngs t a p . 



-30-

g) Methylene chloride, Cn2Cl2 . T h i s was d i s t i l l e d o f f l i t h i u m 
a l u m i n i u m h y d r i d e and s t o r e d under d r y n i t r o g e n i n a p y r e x b u l b f i t t e d 
w i t h a J. Young t a p . 
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CHAPTER 3 

Some Reductions of [SsNsjCl in an Attempt 
to Prepare Powdered (SN)x. 

3.1 INTRODUCTION 

P o l y ( s u l p h u r n i t r i d e ) , (SN)x, i s t h e f i r s t example o f a p o l y m e r i c 
m e t a l . I t was f i r s t p r e p a r e d i n 1910 by B u r t as a t h i n b l u e f i l m by 
vacuum s u b l i m a t i o n o f S4N4 t h r o u g h h o t s i l v e r gauze. I t was n o t u n t i l 

2 
1953 t h a t S2N2, t h e i n t e r m e d i a t e i n t h e f o r m a t i o n o f (SN)x, was 
i s o l a t e d by Becke-Goehring and co-workers. Cleavage o f S4N4 vapour on 

3 

h e a t e d s i l v e r wool i s t h o u g h t t o occ u r i n two s t a g e s . F i r s t l y , S4N4 

r e a c t s w i t h t h e s i l v e r i n a n e a r l y complete d e c o m p o s i t i o n : 

S4N4 + 8Ag > 4Ag2S + 2N2 

Secondly, t h e Ag2S c a t a l y s e s t h e t h e r m a l s p l i t t i n g p r o d u c i n g S2N2: 

AsoS S4N4 "ft- > 2S2N 

3 
S2N2 i s a w h i t e v o l a t i l e s o l i d which i s i n d e f i n i t e l y s t a b l e a t 

-197°C b u t undergoes s o l i d s t a t e p o l y m e r i s a t i o n above 0°C t o produce 
" c l a s s i c a l " (SN)x; c o m p l e t i o n o f t h i s p r o c e s s n o r m a l l y t a k e s s i x t o 
e i g h t weeks. 

The m a j o r drawback t o t h e " c l a s s i c a l " r o u t e i s t h e e x p l o s i v e n a t u r e 
o f t h e m a t e r i a l s i n v o l v e d . S4N4 i s a h i g h e x p l o s i v e which i s e a s i l y 

4 
d e t o n a t e d when s u b j e c t e d t o p e r c u s s i o n , f r i c t i o n o r sudden h e a t i n g t o 
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above lOC^C. I t s s e n s i t i v i t y to shock and heat increases with puri ty 

making p u r i f i c a t i o n a hazardous task. Unfortunately very pure S4N4 is 

required i n the "c lass ica l" preparation to avoid impuri t ies such as 

S 4 N 2 , which are produced from the reaction between sulphur and S2N2. 

Simi l a r l y S 2 N 2 , when rec rys ta l l i sed from ether, has been known to 

detonate when warmed to 30°C, forming elemental sulphur and nitrogen. 

Such crysta ls are also sensit ive to mechanical shock and detonate 
5-8 

v i o l e n t l y when an attempt is made to grind them. .No explosions have 
3 9 

been reported when S2N2 is completely f r ee from organic solvent. ' 

"Classical" (SN)x has some e.xtraordinary e l e c t r i c a l properties. 

Considerable interest has been shown in i t s "normal state" 
1 0 - 1 2 13 14 

conduct iv i ty , and i t s superconductivity ' below 0.3K. Many 

groups observed t y p i c a l s ingle c rys ta l room temperature conductivit ies 

of between ca. 1000 and 3000Scm with increases at l i q u i d helium 

temperatures by a f ac to r of ca. 200 to 250. 

Much of the in teres t i n (SN)^ has been due to i t s e l ec t r i ca l 

propert ies and the ease of producing t h i n layers which has resulted in a 
15 16 

range of applications such as in l i g h t emit t ing diodes, solar cel ls 
1 7 - 2 3 

and ba t te r ies . These applicat ions, as wel l as the electrochemical 

preparations of (SN)x, are discussed fu r the r in Chapter 4. 

Due to the explosive nature of S 4 N 4 ; which is used in the 

preparation of "c lass ica l" (SN)x, several a l t e rna t ive methods have been 
2 4 - 2 6 

developed. However these methods s t i l l re ly on the intermediate 

S2.^'2 f o r the preparation of (SN)x. [S4N3]C1 has been used as an 
27 

a l t e rna t ive to S4N4 in the preparation of "c lass ical" (S.N)x; by 

heating at 130°C and passing the vapours through s i l v e r wool, which 

gives S2N2 as the major product. Thermolysis of Ph3.\s=!\S3N3 has also 
2 8 

been shown to produce S2N2-
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Other methods of preparing (SN)x include the slow decomposition of 
29 

at -10°C f o r three to four weeks, and by low pressure plasma 
30 31 32 

reactions (of S4N4 vapour or H 2 S / N H 3 or H 2 S / N 2 ) . 

The preparation of powdered polymer from the chemical reduction of 
3 3 

(NSC1)3 by SiMesNa has proved to be the most convenient and safest 

route to gram quant i t ies of (SjN)x. 

Such powders were f i r s t prepared from the reduction of (NSC1)3, 
34 

S3N2CI2 or S3N2CI by excess MeaSiNa at -15°C in a c e t o n i t r i l e . The 

polymer was also prepared from the react ion between (NSC1)3 and excess 

NaN3 i n a c e t o n i t r i l e , or from the reaction between CSN3 and S2N[AsF6] in 

S O 2 . The (SN)x prepared from these routes was p u r i f i e d by tedious 

extract ions wi th C C I 4 , CS2 and formic ac id , but even a f t e r such careful 

cleaning, (SN)x prepared from S3N2CI2 had up to 77o s i l i c o n impurit ies. 

The use of formic acid also caused problems in that extracted (SiN')x 

samples proved to be highly unstable, decomposing a f t e r only one week 

when stored under dry ni t rogen. 
More recently an improved synthesis and p u r i f i c a t i o n of powdered 

33 

(SN)x was reported. Gram quant i t ies were prepared from the reaction 

between (NSC1)3 and MesSiNs (molar r a t i o 1:7.5) in ace ton i t r i l e , 

fo l lowed by l i q u i d SO2 ext ract ion of impur i t ies . S O 2 , unlike formic 

ac id , does not degrade the powdered (SN)x but e f f i c i e n t l y extracts a l l 

the impur i t ies present. Samples were, however, readi ly converted to 

S4N4 in an i n f r a - r e d beam as shown by repeated runs using a sample in a 

KBr d isc . The powders were suitable f o r the preparation of t h i n layers 

of (SN)x by vacuum sublimation onto a glass substrate, producing golden 

layers . 
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3.2 RESULTS AND DISCUSSION 

3.2.1 Chemical Reductions of [SsNsJCl: 

a) Reduction by Fe i n S O 2 . Pr ior to t h i s work reduction of (NSC1)3 
33 

by MesSiNs was the best method f o r producing reasonable qual i ty 

powdered (SN)x. However, the polymer samples were photosensitive and 

contained appreciable amounts of s i l i c o n impuri ty . [SsNsJGl was 

therefore chosen as a po ten t ia l s t a r t ing material f o r production of 

powdered (SN)x (by various reductions) due to i t s highly favourable 

SN:C1 r a t i o (5:1) compared to (NSC1)3 (1 :1) ; hence the product might be 

less contaminated by the reducing agent. 

^SsNsJCl had previously been shown to be a good s ta r t ing material 
35 

f o r the preparation of "good qua l i ty" powdered (SN)x by reduction with 

MesSiNs, although the polymer was never f u l l y characterised. However 
36 

due to the poisonous and explosive nature of azides a wide variety of 

other reducing agents were chosen in the hope of preparing good quali ty 

powdered (SN)x from [SsNsjCl by safe means. 

SsNsJCl was reacted in SO2 with excess iron powder and s t i r r ed f o r 

one day wi th the aim of producing powdered (Si\)x. The soluble products 

were separated from the insolubles and i d e n t i f i e d as mainly S4.N4 with a 

small quanti ty of unreacted 85^5"̂  (equation 3 .1 ) . 
12[S5N5]C1 + 4Fe > AfeCh + 15S4.̂ '4 (equ. 3.1) 

The insoluble products were placed in a sublimer and heated in 

vacuo in order to check i f any powdered (S.\)x was present. No sublimate 

was observed on the cold f i n g e r , demonstrating that (SN)x was not 

present. 
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b) Reduction by Zn i n S O 2 . [S5N5]C1 was treated (24 hours) in SO2 

with an excess of powdered zinc. The product was i d e n t i f i e d as mainly 

S4N4 (equation 3.2) wi th a small amount of unreacted S5N5"*". 

4[S5N5]C1 + 2Zn • 2ZnCl2 + 5S4N4 (equ. 3.2) 

As i n 3.2.1a, attempted vacuum sublimation of the insoluble 

products showed no evidence f o r the presence of powdered (SN)x. 

c) Reduction by Ag i n CIIsCN. [SsNsJCl was reacted with excess 

s i l v e r powder i n a c e t o n i t r i l e and the mixture s t i r r e d f o r 24 hours. The 

i n f r a - r e d spectrum of the products showed that [SsNsJCl was indeed 

reduced by s i l v e r powder producing S4N4 (equation 3 .3) , with no evidence 

f o r powdered (SN)x formation. 

4[S5N5]C1 + 4Ag > 4AgCl + 5S4N4 (equ. 3.3) 

Much of the s t a r t i ng mater ia l , [SsNsJCl, remained unreacted even 

though there was a nearly two f o l d excess of s i l v e r powder, presumably 

due to the very low s o l u b i l i t y of both s t a r t ing materials in 
. 37 

a c e t o n i t r i l e . 

d) Reduction by [Me4N]N3 i n COaCN. ftle^vi] N3 reacted with [SsNoJCl 

producing a mixture of S4N4 , S4N5 and S3N3 with the evolution of 

nitrogen gas. The various l i g h t coloured products and the absence of 

any i n f r a - r e d peaks corresponding to the polymer indicated that (SN)x 

was not a product of the react ion. 
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The reaction of S4N4 with alkali metal or tetraalkylammonium azides 
38 

in ethanol has previously been shown to produce either the 
tetrasulphur pentanitride anion, S4N5 (Li"*", Na"*", K"*"), the trisulphur 
t r i n i t r i d e anion, S3N3' (Gs"̂ , Me4N"̂ , Et4N"̂ , n-Pr4N'̂ , n-Bu4N"^), or a 

mixture of S4N5" and S3N3" (Kb"*"). I t can therefore be concluded that 

the i n i t i a l reaction between Ŝ Ns"̂  and MesSiNs produces S4.N4 

( c / . 2.1a-c) which is subsequently further reduced by the azide to 

produce a mixture of S4N5" and S 3 N 3 ' . 

e) Reduction by (Me3SiC02)2 in CHsCN. [SsNglCl and (Me3SiC02)2 

were reacted together in acetonitrile for 48 hours in an attempt to 
prepare powdered (SN)x by reduction of the S5N5"'" according to equation 
3.4 below. 

2[S5N5]C1 + (Me3SiG02)2 • Me3SiGl + 2CO2 + (SN)x (equ. 3.4) 

No reaction was observed; the infra-red spectrum showed only 

starting materials. 

f ) Reduction by PhaSb in CHaCN. Ph3Sb has previously been used as 
39 

a reducing/dechlorinating agent. I t is particularly useful in 
40 

dechlorination reactions, as the product, Ph3SbCl2, is a yellow 
volatile liquid which is easily separated from non-volatile products by 
pumping. PhsSb did indeed reduce/dechlorinate [SsNsJCl producing 
PhaSbGlo (yellow volatile in the cold trap), S4.N4 and a small quantity 
of powdered (SN)x (3.57. yield). 
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g) Reduction by PhaSb i n S O 2 . As i n the previous reaction, 3 . 2 . I f , 

reduction of [SsNsJCl by PhaSb in ^̂ .̂Ô  produced Ph3SbCl2 (yellow 

v o l a t i l e i n the cold t r a p ) , S4N4 and a small quanti ty of powdered (SN)x 

(5 . 87« y i e l d ) . 

h) Reduction by PlisSb and MeaSiNa i n CIIaCN. [SsNsjCl was reacted 

wi th PhaSb and Me3SiN3, and the reaction mixture s t i r r e d f o r 24 hours at 

0°C. 4.38mg of Me3SiN3 was used in the react ion and t h i s would produce 

only 8.74mg of (SN)x f o r a theore t ica l 1007o y i e l d . The t o t a l mass of 

powdered (SN)x recovered was 36mg, so at least 27.2mg of the (SN)x was 

produced from the reduction of [SsNsjCl by PhsSb. The reduction of 

^SsNsJCl by PhaSb alone would produce only 4.5mg of product (c / . section 

3 . 2 . I f ) suggesting that a s l i g h t l y unusual mechanism has occurred. 

The react ion mechanism f o r the formation of powdered (SN)x from the 
34 

reduction of (NSC1)3 by Me3SiN3 is complex. The f ac t that Si was 

found i n the polymer opens up the p o s s i b i l i t y that chain growth was 

i n i t i a t e d at a Me3Si- s i t e . Once such a chain was i n i t i a t e d , 

propagation could be maintained by the addi t ion of "SN" units produced 

from the reduction of the SsNs"*". Without such a growth s i te the 

propagating "SN" uni ts presumably react to produce S4N4 as in the 

reduction of [SsNsJCl by metals (c / . section 3.2.1a-c) . 

When SsNs"*" i s reduced the S5N5' radica l is produced. This has been 

shown by cyc l i c voltammetry (section 4 .2 .4 ) , to decay with the formation 

of cyc l i c S 3 N 3 ' . S4N4 is always present as a byproduct and is 

presumably formed from the reaction of the remaining S2N2 por t ion. This 

is probably l inear rather than cyc l ic as the known S2.N2 ( cyc l ic ) has not 

been observed in such solut ion reductions. 

In the reduction of [SsNsJCl by Ph3Sb only small yields of (SN)x 
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were observed (<67o) compared wi th ca. 507o when Me3SiN3 is used. This is 

possibly due to the lower Sb-S/N bond energies (Sb-N = <'5lSKJmol ^, 

Sb-S =^l l6KJmol '^) compared to those f o r Si-S/N (Si-N = ' i ' ^KJmol" \ 

Si-S = U^KJmol 'Y 

Therefore i n t h i s react ion, where both Ph3Sb and Me3SiN3 are used 

together, the Me3SiN3 i s act ing as the chain i n i t i a t o r , hence small 

quant i t ies have a major e f f e c t , and the Ph3Sb is producing the 

propagating S3N3' ( i . e y ie lds of (SN)x must be less than 607.) uni t from 

the reduction of the [SsNsJCl. 

i ) Reduction by PhaSb wi th Seed (SN)x. Powdered (SN)x was added to 

the react ion mixture i n the hope that i t would provide i n i t i a t i o n sites 

i n a s imi la r fashion to Me3Si- above (c / . section 3.2.1h). This was 

indeed the case as y ie lds increased from <67« without seed (SN)x up to 

ca. 507. wi th seed (SN)x. 

I n each reaction a t o t a l volume of 15ml of solvent was used, which 

was e i ther pure GH3GN or S O 2 , or a mixture of the two. A l l the seed 

(SN)x was produced i n one batch from the reduction of [SsNsJCl by 

Me3SiN3. 

The reaction numbers are tabulated in three sections (table 3.1) , 

1-11, 12-13, and 14-17. Each section represents a set of reactions 

carr ied out using the same batch of dry a c e t o n i t r i l e . The graphical 

representation of reactions 1-11 ( f igu re 3.1) shows a maximum y ie ld at 

an SO2 volume percentage of ca. 15.57. with a minimum at ca. 63.37.. The 

y ie lds were wi th in experimental error of one another where only one 

solvent was present ( i . e . SO2 volume percentage = 0 or 1007.). 

Many fac tors such as the s o l u b i l i t y of [SsNsJCl and the s t a b i l i t y 

of intermediate species in S O 2 / C H 3 C N , and the homogeneity of the mixture 
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Table 3.1 Reaction yields of (SN)x f o r d i f f e r e n t solvent compositions, 

REACTION 
NUMBER 

VOLUME OF (ml) YIELD OF 
(SN)x 7. 

REACTION 
NUMBER SO2 CH3CN 

YIELD OF 
(SN)x 7. 

1 15 - 35.8 
2 15 - 29.2 
3 10.93 4.07 14.6 
4 7.40 7.60 17.7 
5 5.01 9.99 33.9 
6 3.99 11.01 38.1 
7 3.13 11.87 45.4 
8 2.64 12.36 45.0 
9 2.33 12.67 49.3 
10 1.78 13.22 40.8 
11 1.42 13.58 35.4 
12 2.11 12.89 31.9 
13 2.15 12.85 30.2 
14 2.16 12.84 50.0 
15 2.16 12.84 53.9 
16 - 15 45.0 
17 - 10 46.6 



-41-

Figure 3.1 Yie ld of powdered (SN)x vs. SO2 volume percentage. 
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must be taken in to account when considering possible explanations f o r 

such a r e s u l t . [SsNsJCl i s almost insoluble i n pure ace ton i t r i l e and, 

there fore , much of the reduction by the soluble Ph3Sb w i l l take place on 

the surface of the [SsNsjCl where there are no i n i t i a t i o n sites f o r 

chain growth. This w i l l lead to the production of S4N4 as i n reductions 

by metals ( c / . section 3 . 2 . 1 a - c ) . However as the SO2 volume percentage 

is increased the y i e l d increases because ( i ) more [SsNsJCl w i l l be 

so lub i l i sed ([SsNsJCl i s h ighly soluble in S O 2 ) increasing the chance of 

the react ive propagating un i t reaching the surface of the seed (SN)x and 

( i i ) there w i l l be a lower [SsNsJCl surface area on which the reduction 

can take place wi th production of S4N4. 

At ca. 1 5 . 5 7 o volume of SO2 the d i rec t ion of the curve reverses to a 

downward trend in y i e l d . This i s presumably the point at which the 

concentration of intermediates and SsNs"*" i n solut ion are such that 

i n t e rna l reactions occur producing S4N4, as f o r example i n equations 3 . 5 

and 3 . 6 below. 

SsNs' + SgNg' > 2S4N4 (equ. 3 . 5 ) 

SsNs^ + S3N3' ^ S4N4 + S4N4^ (equ. 3 . 6 ) 

This downward trend continues over an SO2 percentage volume range 

of ca. 1 5 . 5 - 6 3 . 3 7 . due to the increase in s o l u b i l i t y of [SsNsJCl and 

hence an increase in the concentration of the intermediates. 

At ca. 6 3 . 3 7 o volume of SOo the trend again changes to an upward one 
41-44 

in percentage y i e l d terms. SOo is known to s t ab i l i se f ree radicals 

and so the reactive chain propagating un i t s , thought to be S3N3' 

( c / . section 3 . 2 . 1 h ) , are less l i k e l y to react with other species and 
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hence are more l i k e l y to f i n d an (SN)x i n i t i a t i o n s i t e or an already 

established chain to grow on. I t must be stressed that the above 

explanation f o r such a complex set of variables i s highly speculative. 

A f t e r reaction 11 a new batch of a c e t o n i t r i l e from the same 

Winchester was dr ied and d i s t i l l e d . The y ie lds f o r the next two 

react ions, 12 and 13, were ca. 157. below corresponding yields in 

section 1. Suspecting that the a c e t o n i t r i l e might not be dry a new 

batch from the same Winchester was dried and d i s t i l l e d . Reactions 14 

and 15 show a r i se i n y i e l d , increasing to ca. 57. above expectations 

from section 1. 

I t would therefore appear, that since the only variable was the 

a c e t o n i t r i l e , the react ion yields must be sensi t ive to moisture. A 
34 

s imi l a r hypothesis has been reported previously; " I t is possible that 

an impurity i n the a c e t o n i t r i l e (e.g. water) may play a role in (SN)x 

format ion" . Reactions 16 and 17 simply show that the t o t a l volume of 

solvent used appears to have l i t t l e e f f ec t on the y i e l d . 

The powdered (SN)x produced was of good q u a l i t y . A KBr disc of the 

product showed no decomposition to S4N4 i n an i n f r a - r ed beam. Such 
33 

decomposition had previously been observed in our lab f o r (SN)x 

produced from the reduction of (NSG1)3 by MesSiNa. A typ ica l D.S.G. 

trace showed slow decomposition of the product to S4N4 between 90-130°G, 

fol lowed by decomposition of the S4N4 between 150-210°C. 

Analyses of the samples showed no trends and were f a i r l y consistent 

wi th nitrogen being ca. 28.67. (the calculated value is 30.47.). 

Unfortunately sulphur analyses were unrel iable as the rapid combustion 

of the polymer in an oxygen f l a sk caused sp lu t t e r ing of the sample ( i . e . 

i t sprayed out from the crucible) resu l t ing i n uncombusted sulphur and 

hence inaccurate analysis . 
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Powdered (SN)x produced from a t yp i ca l reaction was coated onto a 

glass substrate f o r ESCA analysis, and onto a KRS-5 ATR crystal 

( T l B r - T l I ) f o r FT inf ra - red spectroscopy. Since adhesion and s t a b i l i t y 

of (SN)x are much affected by the qua l i ty of the underlying support, the 

glass sl ides (65 x 16 x Imra) were f resh ly cleaned (using a proprietary 

surfactant , MICRO in an ul trasonic bath, fo l low by rinses with d i lu t e 

HGl and d i s t i l l e d water) and the KRS-5 crys ta l was care fu l ly polished 

(using gamma alumina on a f i n e c lo th with a few drops of absolute 

ethanol, followed by heating in vacuo at 120°C f o r eight hours). 

A wide scan core-level photoelectron spectrum of the vacuum 

deposited (SN)x f i l m ( f igure 3.2) showed f i v e types of atom (0, N, C, S, 

S i ) . A closer look at the area near the oxygen binding energy revealed 

a low in tens i ty peak f o r antimony ( f igure 3 .3) . The rat ios of the atoms 

on the surface were C: N: S: 0: S i : Sb = 100: 134: 167: 24: 17: 1. 

Si l icone o i l invariably contaminates the surface of the sample as i t is 

very mobile in a high vacuum system. This w i l l have affected the Si:0:C 

ra t ios although some s i l i c o n would be present anyway due to the seed 

(SN)x which was prepared from MesSiNa. Most importantly the spectrum 

shows a weak peak f o r antimony, indicat ing that a small amount of the 

PhaSb i s present, presumably at the (SN)x chain ends. 

The S:N r a t i o was 1:1.25 which is s imilar to one previously 
3 3 

reported. However the golden colour of the t h i n f i l m suggests much 

higher qua l i ty (SN)x than such a r a t i o above, as colour is very much 

dependent on qua l i ty . The carbon content is high, some being due to 

s i l i cone o i l discussed ea r l i e r , but presumably the Me groups on Me3Si 

and Ph groups on Ph3Sb contribute as w e l l . 

A s imi la r golden f i l m on a KRS-5 crys ta l produced an excellent FT 

i n f r a - r e d spectrum ( f igure 3.4) which was ident ica l to a previously 
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Figure 3.2 Wide scan core-level photoelectron spectrum of vacuum 

deposited (SN)x on a glass substrate showing the presence of C, N, S, 0, 

and Si environments. 
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Figure 3 .3 A close up around the oxygen binding energy showing the 

presence of an Sb environment in vacuum deposited (SN)x. 
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Figure 3.4 FT i n f r a - r e d spectrum from a t h i n f i l m of (SN)x coated onto a 

KRS-5 c r y s t a l . 
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Figure 3.5 FT i n r f a - r e d spectrum of the same sample from f i gu re 3.4 

a f t e r 70 hours i n a hygrostat , showing p a r t i a l hydrolysis of the layer. 
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45 
reported spectrum. There were no peaks corresponding to S4N4 or other 
impur i t i e s . 

46 

This t h i n f i l m was then placed i n an NH4CI/H2O hygrostat f o r 70 

hours and the i n f r a - r e d spectrum repeated i n order to study the 

s t a b i l i t y of the layer i n damp aerobic condit ions. Figure 3.5 shows the 

change i n the i n f r a - r e d peaks as a resul t of hydrolysis ; The peaks due 

to (SN)x are reduced i n in tens i ty and three new absorptions have 

appeared:-

( i ) 1422cm 

( i i ) 1234cm" 

V2 ( N H 4 ' ) 

( i i i ) 1094cm ^ 

(S=0) 

( S O 4 ' " ) 
47 

Peaks ( i ) and ( i i i ) were assigned to (NH4)2S04 , and the i r 

i n t ens i t y increased as the (SN)x slowly hydrolysed. Peak ( i i ) was 

assigned to an S=:0 absorption but was not due to (NH4)2S04. I t s 

i n t ens i t y was constant throughout the hydrolysis and on completion of 

t h i s process i t disappeared, suggesting that i t was an intermediate in 

the formation of (NH4)2S04, probably associated with hydrolysis at the 

chain ends. The f i l m s were <0.5/zm th ick and so i t is hardly surprising 

that hydrolysis has occurred as even "class ical" (SN)x crystals and th in 
48 

layers have been shown to hydrolyse slowly. The spectra were run, and 

the peaks assigned, by H. Ancelin (Universi ty of Durham, chemistry 

department). 

During one of the vacuum sublimations of powdered ( S N ) x , delicate 

crys ta ls of (SN)x were produced in the powder. They were observed, 

under an op t i ca l microscope, to consist of highly r e f l e c t i v e golden 

f ib rous crys ta ls which were dendr i t ic in appearance. Indeed they were 

s imi l a r to the more compact "class ical" ( S N ) x . A s imi la r resul t has 
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33 
previously been reported although, as i n my experiments, i t was never 
successfully repeated. 

3.2.2 The Vacuum Thermolysis of [SsNsJCl and LiNa: 

When [SsNsjCl and LiaN were placed together i n a sublimer and 
- 6 

heated at ca. 100°C under high vacuum (ca. 2 x 10 t o r r ) a reduction 

occurred which produced nitrogen (as demonstrated by the aer ia l a c t i v i t y 

of the mixture i n the tube and the lowering of the vacumm), S2N2 and an 

u n i d e n t i f i e d compound as shown in equation 3.7. 

;S5N5]C1 + LiNg • LiCl + l i N 2 + S2N2 + 3"SN" (equ. 3.7) 

The u n i d e n t i f i e d orange/yellow compound was thought to be a mixture 

of S4N4, (NSC1)3, and [S4N3]C1, a l l of which have been produced from the 
35 

vacuum thermolysis of [SsNsJCl, previously reported. 

A l l previous so lu t ion reductions of [SsNsJCl have shown no signs of 

S2N2 production but i t is thought that S3N3' i s the main bui lding block 

in the formation of powdered (SN)x (c / . section 4.2.1h) . This is 

produced from the decomposition of the S5N5' with the formation of S4N4 

'from S 2 N 2 ( i i n ) ] as a by-product. However, in vacuo i t is possible that 

the S o N o d i n ) has time to cycl ise and hence i t is seen in the cold trap 

as the white cyc l i c v o l a t i l e s o l i d , S2N2-

3.3 CONCLUSIONS 

A simple, safe ( i . e . non-azide) synthesis f o r the production of 

powdered (SN)x has been devised from the reduction of [SsNoJCl by PhsSb 

with seed (SN)x. Powdered (SN)x was also produced from the reaction 

between [SgNsJCl and PhsSb with a t i n y quanti ty of MesSiNg. In the 
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absence of MeaSiNs y ie lds were great ly reduced, suggesting that MesSi-

behaves as a chain i n i t i a t i o n s i t e . Once such a growth s i t e exists , 

propagation continues by addit ion of "SN" uni ts produced from the 

s t ra ight forward reduction of the [SsNsJCl. 

The need f o r chain growth si tes explains why reduction by metals 

and ionic azides produces only S4N4, and why the y i e l d i s high in the 

presence of seed ( S N ) x . 

The use of mixed solvents increases yie lds from ca. 35% to ca. 547. 

and emphasizes the importance of s o l u b i l i t y of [SsNsJCl, and the 

s t a b i l i t y and concentration of intermediates i n such solvent systems. 

The highest recorded y i e l d so f a r was 547., and so i t i s probable 

that S3N3' i s the intermediate species responsible f o r chain growth. I f 

such a un i t were the major product then yie lds could not expect to 

exceed 607.. 

Further work might involve the t es t ing of d i f f e r e n t reducing agents 

wi th [SsNsjCl i n the presence of varying amounts'^seed ( S N ) x , with the 

aim of opt imising y i e l d and p u r i t y . 

3.4 EXPERIMENTAL 

3.4 .1 Chemical Reductions of [SsNsjCl: 

a) Reduction by Fe i n SO2. [SsNsJCl (O.OSOg, O.lSSmmol) and iron 

powder (0.520g, 9.2Smmol) were placed together, with a t e f l o n s t i r r e r 

bar, in one bulb of a dog (c / . section 2.2a). SO2 (ca. 10ml) was 

condensed onto the react ion mixture at -197°C. The yellow reaction 

mixture slowly turned brown on warming up to room temperature and was 

s t i r r e d continuously f o r 12 hours. The mixture was f i l t e r e d and the 

so l id residue washed wi th back d i s t i l l e d SO2 (3 x 10ml). Removal of the 
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SG2 revealed a grey powder ( insoluble) and a red/orange/brown mixture 

( so lub le ) . 

The grey powder was then placed i n a sublimer, with a cold f inger 
- 5 

at -197°C, and heated at 135°C under high vacuum {ca. 10 t o r r ) . No 

sublimate was observed. 

The solubles were i d e n t i f i e d by i n f r a - r e d spectroscopy as SsNs"*" and 

S4N4, i'max = 1162(w)^, llOO(w)' ' , 928(s )^ 720(m)\ 700(s)^ 551(s)^: a = 

SsNs^, b = S4N4. 

b) Reduction by Zn i n SO2. [SsNsJGl (0.050g, O.lSSmmol) and zinc 

powder (0.600g, 9.23mmol) were placed together, with a t e f l o n s t i r r e r 

bar, i n one bulb of a dog. SO2 (ca. 10ml) was condensed on to the 

react ion mixture at -197°C. The yellow reaction mixture slowly turned 

brown on warming up to room temperature and was s t i r r e d continuously f o r 

12 hours. The mixture was f i l t e r e d and the so l id residue washed with 

back d i s t i l l e d SO2 (3 x 10ml). Removal of the SO2 revealed a grey 

powder ( insoluble) and a red/orange/brown mixture (soluble) . 

The grey powder was then placed in a sublimer, with a cold f inger 

at -197°C, and heated at 135°C under high vacuum (ca. 10 " t o r r ) . No 

sublimate was observed. 

The solubles were i d e n t i f i e d by i n f r a - r ed spectroscopy as SsNs"*" and 

S4N4, î max = 1162(w)\ llOO(w)' ' , 92S( s ) \ 720(m)^ 7 0 0 ( s ) \ 551(s)^ a . 

S5N5^ b = S4N4. 

c) Reduction by Ag i n CHaCN. [SgNglCl (0.150g, 0.565nimol) and 

s i l v e r powder (O.lOOg, 0.926mmol) were placed together, with a te f lon 

s t i r r e r bar, in one bulb of a dog. Ace ton i t r i l e (15ml) was syringed in 

and the reaction mi.xture s t i r r e d f o r 24 hours during which time the 
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so lu t ion turned from very pale pink to orange. The mixture was f i l t e r e d 

and the insoluble product washed with back d i s t i l l e d CH3CN (3 x 15ml). 

Removal of the solvent by pumping revealed an orange compound (soluble) 

and a white/red mixture ( inso lub le ) . 

The red/white product was i d e n t i f i e d by i n f r a - r ed spectroscopy as 

unreacted [S5N5]C1 ( i t also presumably contained Ag and AgCl). 

The orange s o l i d was i d e n t i f i e d by i n f r a - r e d spectroscopy as S4N4, 

z'max = 930(s), 770(w), 730(m), 701(s), 623(w), 552(s), 530(w). 

d) Reduction by [Me4N]N3 i n CH3CN. [SsNsjCl (0.150g, 0.565mmol) 

and [Me4N]N3 (O.lOOg, 0.86mmol) were placed together, with a t e f l o n 

coated magnetic s t i r r e r bar, i n one bulb of a dog. Ace ton i t r i l e (13ml) 

was added and the mixture s t i r r e d . Almost immediately a small amount of 

a colourless gas was evolved (presumably nitrogen) and the reaction 

mixture turned brown. The reaction mixture was s t i r r e d f o r twelve 

hours, the f i n a l so lu t ion being burgundy in colour. The mixture was 

then f i l t e r e d , and the so l i d residue washed with back d i s t i l l e d 

a c e t o n i t r i l e (3 x 13ml) and the solvent removed by pumping. 

Examination of the solids under an op t i ca l microscope (x30) 

revealed that the microcrys ta l l ine soluble products in bulb (a) were 

red, orange and white i n colour while the insoluble products in bulb (b) 

were white and yellow in colour. Diethyl ether (6ml) was added to bulb 

(a) to give a pale yellow so lu t ion , and the mixture was f i l t e r e d . Bulb 

(a) was then washed four times in an iden t i ca l fashion with back 

d i s t i l l e d d i e t h y l ether. 

The compounds in bulb (a) were i d e n t i f i e d by in f r a - r ed spectroscopy 

as [Me4N]S4N5 and [Me4N]S3N3, Ĵ max = 1405(w)^, 1265(m), 1225(m), 

1089(m), 1040(w), 1020(m), 980(m), 9 5 0 ( s ) ^ ' \ 915(s ) ' , 810(w), 772(w), 
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746 ( m ) \ 725 (m)^, 682 ( m ) \ 641(m)^ 604(m)', 547(w sh), 538(m sh), 

527(m)', 500(w)% 460(m)^, 432(w) ' . a = Me4N^, b = S3N3' and c = S 4 N 5 ' . 

The compounds i n bulb (b) were i d e n t i f i e d by i n f r a - r ed spectroscopy 

as mainly S4N4 wi th a small amount of Me4N'^, I'max = 952(m)^, 928(s)'^, 

769(w)^ 760(w) \ 720(m)^ 700(s )^ 5 4 8 ( s ) \ a = Me4N^ and b = S4N4. 

e) Reduction by (Me3SiC02)2 i n GHaCN. [SsNgJCl (O.lOOg, 0.377mmol) 

and t r i m e t h y l s i l y l oxalate, (Me3SiC02)2, (0.060g, 0.256mmol) were placed 

together, wi th a t e f l o n s t i r r e r bar, i n one bulb of a dog. Ace ton i t r i l e 

(15ml) was added and the react ion mixture s t i r r e d f o r 48 hours. During 

t h i s time there was no observable reaction and the in f ra - red spectrum of 

the mixture a f t e r 48 hours showed only s t a r t i ng materials. 

f ) Reduction by PhsSb i n CHaCN. [S^NsJCl (O.lOOg, 0.377mmol) and 

PhsSb (0.067g, 0.190mmol) were placed together, with a t e f l o n coated 

magnetic s t i r r e r bar, i n one bulb of a dog. Ace ton i t r i l e (15ml) was 

added and the reaction mixture s t i r r e d f o r 24 hours, resu l t ing in a 

yellow solu t ion containing a very f i n e black prec ip i ta te which could not 

be separated by f i l t r a t i o n through a No.3 glass s in ter . The solvent was 

removed by pumping (the solvent in the cold trap had a d i s t i n c t yellow 

colourat ion, presumably due to PhaSbClo) and the so l id placed in a 

closed extractor and extracted overnight with SO2. On removal of the 

SO2 a small amount of an insoluble black powder remained on the f r i t 

(presumably (SN)x) and a d i r t y yellow so l id in the bulb. 

The black powder was not i d e n t i f i e d , as the very small quantity 

(ca. 3 mg) was l o s t , due to s t a t i c in the glove box, while t r y i n g to 

t r ans fe r i t in to an agate pestle and mortar in order to take an 

i n f r a - r e d spectrum. However, i t s colour and i t s i n s o l u b i l i t y in CII3CN 
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and SO2 suggested that i t was ( S N ) x . Yie ld of (SN)x = ca. 3mg (4.57.) 

The d i r t y yellow soluble residue was i d e n t i f i e d by in f ra - red 

spectroscopy as a mixture of S4N4 and Ph3Sb, u^ax = 1574(w)^, 1439(m)^, 

1332(w)\ 1305(w)^, 1260(w)\ 1180(w)^, 1100(ra)\ 1063(s) \ 1022(m)\ 

lOOO(s)^, 930(m)'', 735(s)^, 703(m)'', 550(m)^ 459(m)^. a = PhgSb and b 

= S 4^4 

g) Reduction by PhgSb i n SO2. [ S b N s J C I (O.lOOg, 0.377mmol) and 

Ph3Sb (0.067g, 0.190mmol) were placed, together with a t e f l o n coated 

magnetic s t i r r e r bar, i n one bulb of a dog. SO2 (ca. 10ml) was 

condensed onto the reaction mixture at -197°C, warmed to room 

temperature and s t i r r e d f o r 24 hours, r e su l t ing i n a yellow solution 

containing a very f i n e black prec ip i ta te which could not be separated by 

f i l t r a t i o n through a No.3 glass s in te r . The solvent was removed by 

pumping (the solvent i n the cold trap had a d i s t i n c t yellow colouration, 

presumably due to Ph3SbCl2) and the so l i d placed in a closed extractor 

and extracted overnight with SO2. On removal of the SO2 a small amount 

of an insoluble black powder remained on the f r i t (presumably (SN)x) and 

a d i r t y yellow so l i d in the bulb. 

The black powder was i d e n t i f i e d by i n f r a - r e d spectroscopy as mainly 

(SN)x wi th a small amount of S4N4 impuri ty . Yield = ca. 5mg (5.87.), 

i/max = 1300(vw)^, 1165(w b r ) ^ , 1020(w b r ) ^ , 93S(vw)'', 835(w b r ) ^ , 700(m 

b r ) ^ ' \ 635 (w) \ 552(w)^ 505(w b r ) ^ a = (SN),. and b . S4N4. 

The solubles were i d e n t i f i e d by i n f r a - r e d spectroscopy as a mixture 

of S4N4 and PhgSb, u^^^, = 1576(w)\ 1438(m)\ 1330(w)\ 1260(w)^ 

l l S O ( w ) \ 1101(m)% 1065 ( s ) ^ 1021 ( m ) ^ 1000 ( s ) \ 931(m)^ 735 ( s ) \ 

703(m)^, 551(m)^, 459(m)^. a = n^sh and b = S4N4. 
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h) Reduction by PhgSb and MeaSiNa i n CHaCN. [SsNgJCl (O.lSOg, 

0.565mmol) and PhaSb (O.lOOg, 0.29mmol) were placed together, with a 

t e f l o n coated magnetic s t i r r e r bar, in one bulb of a dog. Ace ton i t r i l e 

(15ml) and MegSiNs (0.00438g, 0.038mmol) were syringed i n and the 

react ion mixture s t i r r e d at 0°C f o r 24 hours, during which time the 

so lu t ion changed in colour from colourless brown •̂• deep red yellow 

wi th the formation of a black p rec ip i t a t e . The solvent was removed by 

pumping and the d i r t y black so l id washed by extract ion with SO2 in a 

closed extractor overnight to reveal a black powder on the f r i t and a 

d i r t y brown so l i d i n the extractor bulb. 

The black powder was i d e n t i f i e d by i n f r a - r e d spectroscopy as (SN)x. 

Yie ld = 36mg (277.), i^max = 1222(w b r ) , 1150(w), 1001(m b r ) , 935(w), 

580(w b r ) , 690(s b r ) , 627(w), 500(m b r ) . 

The d i r t y brown so l i d was i d e n t i f i e d by i n f r a - r ed spectroscopy as a 

mixture of S4N4 and PhsSb, i/^ax = 1055 (w b r ) ^ , 1020 (w)^, 996 (m)^, 

928(s)^, 768(w)% 730(s)^, 7 0 0 ( s ) ^ ' ^ 683(s)- , 5 5 0 ( s ) \ 457(s)^ a = 

PhgSb and b = S4N4. 

i ) Reduction by PhaSb i n CnaCN/S02 with Seed (SN)^. In a typ ica l 

react ion [SoNsJGl (0.300g, 1.13mmol) and powdered (SN)x (0.040g prepared 

from the react ion between [SsNsJCl and Me3SiN3 in ace ton i t r i l e at -18°C) 

were placed in one bulb of a dog, together with a t e f l o n coated magnetic 

s t i r r e r bar. PhgSb (0.200g, 0.567mmol) was placed in the other bulb. 

SO2 (y ml, calculated by weight) was condensed on to the PhgSb at -197°C 

and that arm of the dog sealed o f f by the use of the J. Young tap. 

A c e t o n i t r i l e (15 - y ml, calculated by weight; excess was removed by 

pumping) was added to the other arm of the dog and the system frozen and 

evacuated. Both arms were then warmed up to room temperature and the 
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Ph3Sb so lu t ion t ransfer red in to the a c e t o n i t r i l e solut ion and the 

mixture s t i r r e d at -18°C f o r 24 hours. During t h i s time the solution 

changed from very pale pink to yellow and more (SN)x appeared to 

p r e c i p i t a t e . The solvent was removed by pumping (the solvent had a 

d i s t i n c t yellow colourat ion i n the cold trap presumably due to Ph3SbCl2) 

and the s o l i d residue placed in a closed extractor and extracted with 

SO2 f o r 24 hours to reveal a black powder on the glass s inter and a 

d i r t y yellow powder i n the extractor bulb. 

The black powder ( c / . table 3.1 f o r y ie lds) was i d e n t i f i e d by 

i n f r a - r e d spectroscopy as (SN)x, i^max = 1310(w b r ) , 1015(w b r ) , 940(vw), 

690(m b r ) , 630(w), 510(w sh), 500(w). Typical Analysis: found N, 28.67.; 

(SN)x requires 30.47.. D.S.C. showed; peak (vvw) 90-130°C, peak (vs) 

150-210°C. 

The solubles were i d e n t i f i e d by i n f r a - r e d spectroscopy as a mixture 

of PhgSb and S4N4, ẑ max = 1310(w)\ 1160(w)^, 1067(w)^, 1057(w)\ 

1020(w)^, lOOO(m)^, 930(m)^, 770(w)'', 738(s sh)^, 731(s)^, 704(m)^ 

687(m)-, 617 (w) \ 550(m)^ 463(m sh)^ 455(m)\ a = PhgSb and b = S4N4 

3.4.2 The Vacuum Thermolysis of [SsNsjCl and Li3N: 

LisN (O.l lOg, 3.16mmol) was ca re fu l ly ground together with [SsNsjCl 

(0.200g, 0.75mmol) in an agate pestle and mortar, and the mixture placed 

in a sublimer under ni t rogen. The sublimer was evacuated and the 
- 6 

apparatus degassed u n t i l a vacuum of ca . 2 x 10 t o r r was achieved. A 

safety screen was placed in f r o n t of the apparatus and the mixture 

gently heated to 100°C using a thermostated o i l bath. Af t e r only a few 
- 4 

minutes the vacuum decreased to ca. 10 t o r r and the reaction mixture 

became a e r i a l l y agitated ( i . e . the mixture f lew around the tube, 

presumably due to the release of nitrogen gas). Af t e r half an hour a 
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yellow r i n g (above the o i l level ) had formed in the glass tube and the 

cold f i n g e r (ca. -197°C) was red/brown in colour. When a small pad of 

cotton wool soaked in l i q u i d nitrogen was placed on the outside glass of 

the sublimer, a white v o l a t i l e s o l i d , thought to be S2N2, condensed on 

the glass w a l l . On warming back to room temperature the white sol id 

disappeared. 

A f t e r 1^ hours no f u r t h e r reaction appeared to be occurring and the 
- 6 

vacuum had recovered to ca. 10 t o r r . The cold f inge r was slowly 

warmed up to room temperature (the cold f i nge r went black in colour) and 

the v o l a t i l e s t ransferred in to a U-tube, which could be sealed at both 

ends by greased high vacuum taps, at -197°C. The U-tube, which 

contained a small amount of a d i r t y white s o l i d , was then isolated and 

placed i n a f r i d g e at 0°C i n an attempt to grow crystals of S2N2. Af ter 

three days i n the f r i d g e a l l the d i r t y white compound had migrated into 

(or reacted with) the grease, turn ing i t black and leaving a yellow 

residue on the glass w a l l . 

WARNING: When [SsNsJCl (O.OSOg, 0.188mmol) was mixed with LigN 

(0.020g, 0.574mmol) i n a 250ml round bottomed f l a s k with no solvent 

present, and the mi.xture s t i r r e d by accident, i t detonated v i o l e n t l y . 
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CHAPTER 4 

An Electrochemical Study of some Sulphur-Nitrogen Compounds 

4 .1 INTRODUCTION 

Much of the in teres t i n poly(sulphur n i t r i d e ) is due to the 
1 2 

e l e c t r i c a l properties of t h i n l aye rs . ' When (SN)x or (SNBro.4)x f i lms 

are deposited on semiconductor substrates, they have interest ing 
3 

i n t e r f a c i a l propert ies , e.g. f o r improving e f f i c i e n c y of solar cel ls 
4 3 

and l i g h t emit t ing diodes. I n a GaAs/(SN)x solar c e l l , open c i r c u i t 

voltages greater than 0.7 vo l t s were observed; 40% more than in 
4 

conventional GaAs/gold c e l l s . Thin layers of (SN)x deposited on ZnS 

have been used to fabr ica te blue l i g h t emit t ing diodes which have a 

quantum e f f i c i e n c y f o r the blue high energy emission, 100 x that of the 

corresponding devices fabr ica ted with gold . The patenting of new 
5-11 

l i gh twe igh t , high output ba t te r ies , o f ten wi th a wide temperature 

operating range, has been frequent in Japanese work. I n these novel 

ba t te r ies the (SN)x, which is of ten halogenated, is deposited as th in 

layers onto a substrate and used as the cathode. 

T r a d i t i o n a l l y t h i n f i l m s have been produced by vacuum sublimation 

of (SN)x, at temperatures greater than 135°C, onto substrates such as 
12 13 

Mylar, Tef lon , polyethene and quartz. Indeed t h i s was f e l t so 
1 3 

important that the vapour deposition method was patented. 
More recently t h i n f i l m s of (SN)x have been prepared by the 

+ 1 4 

electroreduction of SsNs sa l t s . The f i r s t reported synthesis of 
electrochemical (SN)x was from the reduction of [S5N5JCI in l i q u i d SOo. 

15 

Reduction of the AICI4 and FeCU sal ts also produced comparable 

layers of ( S N ) x . However [S5N5JAICI4 decomposes s l i g h t l y i n CH3CN due 
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to complexation of the A I C I 3 with CH3CN producing a l i t t l e [SsNsJCl, and 

i n [SsNsjFeCU the reduction of the FeCU might contaminate the (SN)x 

produced. I t has also been shown that solutions of [SsNsJCl in SO2 are 
16 

metastable, decomposing to produce a wide var ie ty of products. I t 

was, therefore , f e l t important to f i n d an anion that should be ( i ) 

electrochemically inact ive ( i i ) should contain no metal l ic species and 

( i i i ) be stable and soluble i n a var ie ty of solvents. The BF4 anion 

f u l f i l l e d a l l these c r i t e r i a and was easi ly prepared from the reaction 
16 

between [SsNsJCl and HBF4 so lu t ion . Electroreduction of th i s sal t 

produced good qua l i t y layers of (SN)x which could be vacuum-deposited 

onto a glass substrate. 

There has also been considerable in teres t i n the properties of 

c r y s t a l l i n e (SN)x which have been wel l reviewed. However-, due to the 
18 

nature of the polymerisation process from S2N2, a perfect single 

c rys ta l has never been obtained and therefore physical measurements are 

not e n t i r e l y accurate. Indeed i f a single c rys ta l could be prepared 
19 

many re su l t s , such as Tc, the temperature at which (SN)x becomes a 

superconductor, might be improved upon. 
16 

When [SsNsJCl was electroreduced in SO2 and the (SN)x product 

examined under an eWcVrb.̂  microscope, small c r y s t a l l i t e s of 10//m average 

size (and a very few needles, up to 0.5mm i n length) could be seen 

stacked in zig-zag chains arranged at r i g h t angles to the electrode 

surface. These f ind ings have led to f u r t h e r investigations into the 

mechanism of electrochemical formation of (SN)x in the hope that better 

methods of e l e c t r o c r y s t a l l i s a t i o n could be found. 
16 

Cyclic voltammetry has been the major t o o l used to elucidate the 
+ 

mechanism of (SN)x formation from S5N5 s a l t s . Studies on [SsNsjCl in 

SO2, using [Bu4N]BF4 as supporting e l ec t ro ly t e , show a peak at 
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= -t-0.34Y ( t h i s p o t e n t i a l , and a l l subsequent values are 

converted to the S.C.E. scale) , which was assigned to the reduction of 

S5N5 to SsNs', wi th cathodic breakdown of SO2 occurring at Ep/2'"^'^ = 

-0.16V. A large peak at Ep/2°^'^ = -I-1.32V was assigned to the oxidation 

of CI , wi th anodic breakdown of BF4 occurring at ca. Ep/2°'^*^ = +2.5V, 

presumably wi th formation of BF3 and SO2F2. A small oxidation peak at 

Ep^2°^*^ = -f-l.OSV was assigned unambiguously to the breakdown of (SN)x 

which has previously been reported to occur at -i-l.OV. 

Cyclic voltammetric studies were also carr ied out on a solution of 
16 

S5N5JBF4 i n a c e t o n i t r i l e i n order to study more negative potent ials , 

as both CH3CN and BF4 are recognised to be pa r t i cu l a r l y e lec t ro- iner t . 
15 

As f o r [ S 5 N 5 J C I and [SsNsJFeCU the f i r s t reduction peak was assigned 

to the reduction of the S5N5 ion (Ep-^2'"® = -^0.46V). The second peak 

(Ep^2'^^'^ = -0.08V) was shown to be temperature dependant; at room 

temperature i t i s present only as a weak, broad feature but at lower 

temperatures the peak becomes progressively sharper and more intense 
+ 

u n t i l at -18.5°C i t was the same height as the SsNs reduction peak. 

This second peak was assigned to the reduction of a short l i ved neutral 

species produced by the fragmentation of the SsNs rad ica l ; peaks 

assigned to S4N4 were also present. 

This cyc l i c voltammetry data, together with (SN)x current yields in 

the region of 40-507., suggest that the S5N5' radical ei ther ( i ) r ing-

opens to form (SN)x or ( i i ) cleaves to form cycl ic S3N3' radical and 

l inea r SoNo ( cyc l i c S2N2, which is stable below 0°C, was not seen). 
An extensive study on the electrochemistry of the S3N3 ion has 

20 21 

been carr ied out. ' Polarography showed three successive anodic 

waves at -0.25, +0.S1 and 1.4 v o l t s . I t might, therefore, be thought 

that oxidat ion of the S3N3 ion to the radical resul ts in the formation 
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of (SN)x. However, potentiostatic oxidation at O.OV produced S4N4 in 

ca. 907."with no evidence of (SN)x, although the S3N3 ion has been 
22 

chemically oxidised by COCI2 producing good quality (SN)x in 227. 

y ie ld . 
2 3 

Fr i tz et al have shown by cyclic voltarametry that the oxidation 

of S 3 N 3 ' in C H 2 C I 2 is almost reversible with a recognisable oxidation 

peak at Ep = +0.21V and a reduction peak at Ep = -i-O.lSV. They also 

studied the cyclic voltammetry of [SNjSbCle which clearly showed the 

non-reversible reduction of SN"̂  (Ep''̂ '̂  = -I-0.76V) in tr if luoroacetic acid 

(the only solvent , which (•^o.^i. ck ^\J^e solJcvô  o(j Bf^lS'^^U ) . 
+ 

I f the mechanism of (SN)x growth from S5N5 salts and the 

dissolution of (SN)x could be further elucidated then the possibility 

of growing better layers and single crystals would be greatly increased. 
4.2 RESULTS AM) DISCUSSION 

4.2.1 The Preparation of [Bu4N]AsF6: 

This new supporting electrolyte was required in order to study the 
+ + 

electrochemistry of AsFe salts of S/N cations such as SN and S5N5 . 

I t was prepared by the addition of equimolar quantities of aqueous 

"Bu4N]HS04 and LiAsFe (both are highly soluble in water), the white 

'Bu4N]AsF6 (highly insoluble in water) precipitating out. The crude 

solid was f i l t e r e d o f f , l ibera l ly washed with water and dried in air. 

This was then dissolved in the minimum quantity of acetonitrile, and 

water added to precipitate the product which was dried in vacuo at 60°C. 

A background cyclic voltammogram of the supporting electrolyte in 

SO2 and CH3CN (figures 4.1 and 4.2) showed an almost f l a t trace 

indicating the high purity of the compound. In SO2 the cathodic cut off 
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Figure 4.1 [Bu4N]AsF6 background cyclic voltammogram in SO2 at +20°C. 
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Figure 4.2 [Bu4N]AsF6 background cyclic voltammograni in C H 3 C N at +20°G. 
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2 4 2 5 

point, due to the reduction of SO2 ' producing SO2 , occurred at ca. 

-0.4V and the anodic cut o f f , due to the breakdown of AsFe', was at ca. 

^-3.6V. [Bu4N]AsF6 has a greater, and therefore superior, scanning range 

compared to other supporting electrolytes such as [Bu4N]C104 (-^3.4V) and 

^Bu4N]BF4/PF6 (-(-3.3V - not ca. +A\ as suggested in this papers 

conclusion). 
2 7 

Independently, and unknown to our laboratory, Bard and coworkers 

also synthesised [Bu4N]AsF6 from a similar reaction between [Bu4N]Br and 

LiAsFe in water followed by recrystall isation (x 2) of the crude solid 

from hot ethyl acetate and diethyl ether. In SO2 they reported cathodic 

breakdown at ca. -0.7V and anodic breakdown at ca. -1-4.7V. This greater 

range, compared with our product, can be attributed to i ) a purer 

product (recrystallised twice) and i i ) the use of purer SO2 (passed 

through P4O1O) cone. H2SO4 and a Voelm B-super 1 Alumina (Woelm Phara) 

column packed on glass wool). 

4.2.2 The Preparation of SsNsAsFe: 

S5N5ASF6 was prepared by the addition of a slight excess of fresh 

^SsNsJCl to AgAsFe (1-1:1) in S O 2 , the white AgCl precipitating out 

almost immediately. In order for the reaction to go to completion, the 

reaction mixture was s t i r red for at least 12 hours; this also allowed 

the AgCl to agglomerate, thus enabling an effective f i l t r a t i o n of the 

orange solution containing the S 5 N 5 A S F 6 . On removal of the SO2 an 

orange solid remained which was heated in vacuo to remove the excess 

'S5N5]C1. The f i n a l product was ident if ied by elemental analysis and 

infrared spectroscopy as S 5 N 5 A S F 6 . 
2 8 

S5N5ASF6 had previously been prepared from the reaction between 

equimolar quantities of [SsNsjCl and AgAsFg in SO2 for 2 hours. However 
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our new work has shown that under such reaction conditions silver 

impurities contaminate the S5N5ASF6. Such impurities result from 

incomplete reaction in two hours which is further encouraged by the use 

of equimolar quantities of the starting materials. 

The thermal s t ab i l i t y of SsNsAsFe (D.S.C. shows decomposition 

start ing at ca. 150°C [figure 4.3]) allows the less thermally stable 

"SsNsJCl (D.S.C. shows decomposition starting at ca. 100°C) to be 

removed by heating in vacuo at 100°C, resulting in a very pure product. 
+ 

S5N5ASF6 is the most stable S5N5 salt known. Samples were only 

very s l igh t ly moisture sensitive and could be handled in the atmosphere 

(e.g. to charge a ce l l ) for several minutes with negligible 

decomposition. The acetonitri le solution used for immersion deposition 

of (SN)x (c/. section 4.4.11) was stable (e.g. (SN)x could s t i l l be 

produced) for at least two weeks under conditions in which [S5N5]BF4 

decomposed in two days. This therefore makes S5N5ASF6 a highly suitable 

compound fo r the preparation of (SN)x by electroreduction. 

4.2.3 Cyclic Voltammetric Studies of [SNjAsFe: 
2 9 

a) In liquid S O 2 . Liquid SO2 was seldom used as a solvent for 
3 0 

electrochemical studies u n t i l the 1970's. Early work was hampered by 

the lack of a good supporting electrolyte and a stable reference 
31 

electrode. In 1970 Mil ler and Mayeda reported that the use of 

tetraalklyammonium salts as supporting electrolytes in SO2 gave 

reasonable conductivities and that 9,10-diphenylanthracene could be 

oxidised reversibly to a stable cation radical. More recently 
2 7 

"Bu4.N]AsF6 was reported to have a scanning range from -0.7 to -f4.7V 

(vs. S.C.E.) in S O 2 , thus being the most effective supporting 

electrolyte so fa r fo r work in SOo. 
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Figure 4.3 D.S.C. trace of SsNsAsFe 
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[Bu4N]AsF6, the supporting electrolyte, was chosen for this work as 

the anion is identical to the anion present in the electroactive 
3 2 

compound to be studied, [SNJAsFe. In cyclic voltammetry i t is usual 

to use at least a 100 fo ld molar excess of supporting electrolyte to the 

electroactive material. This is to reduce migration of the 

electroactive species to the electrode, as dif fusion is the mode of mass 

transport required in cyclic voltammetric studies. Since the use of a 
-f 

0.1 molar solution would only require 3.01mg of [SNjAsFe, and SN is 
highly moisture sensitive, i t was decided to add a greater quantity in 

+ 

order that some SN would s t i l l remain after the inevitable hydrolysis. 
+ 

Figure 4.4 shows a typical cyclic voltammogram of SN at -32°C. 

The reduction peak 1 (Ep/2'"^^ = 1-26 volts) and the oxidation peak 3 
+ 

were assigned to the reversible reduction of SN to SN . This 

revers ib i l i ty is highly temperature dependant. At low temperatures 

peak 3 is a weak feature and as the temperature is raised i t weakens 

further u n t i l at 0°C i t is absent. This can be rationalised by looking 

at the highly reactive nature of the SN' radical which is more l ikely to 

be stabilised at lower temperatures. On warming the solution from -32°C 

to room temperature over a period of one hour, peak 1 reduces in 

amplitude u n t i l i t is absent, presumably due to hydrolysis. Reduction 

peak 2 (Ep/2'̂ '̂̂  = -I-0.42V) was temperature independent and could not be 

unambiguously assigned. Cathodic breakdown occurred at ca. 0.04V and 
2 4 2 5 

was assigned to the reduction of SOo. ' Anodic breakdown occurred at 

ca. 3.2 volts and was assigned to the oxidation of AsFe , presumably 

with the formation of AsFs and F". 

+ 

b) In acetoni t r i le . In order to study the electrochemistry of SN 
33 

in an electrochemically inert solvent, and hence be able to look at 
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Figure 4.4 Cyclic voltammogram of [SNJAsFe in SO2 at -32°C. 

V *} 

Figure 4.5 Cyclic voltammogram of [SNjAsFe in C H 3 C N at -30°C. 
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the reduction of species produced from the SN' radical, a cyclic 

voltammetric study of [SNJAsFe in acetonitri le was undertaken. A 

typical cyclic voltammogram is i l lustrated in figure 4.5. 

Peak 1 (Ep/2''^'^ = +0.83 volts) was assigned to the reduction of the 

SN ion ( in SO2 Ep/2'"^ = 1-26 vol ts ) , although in this system no 

corresponding oxidation peak is observed and hence the process is 

irreversible (unlike a) above). From the Ep/2'̂ '̂̂  potentials i t can be 

seen that SN is more easily reduced in SO2 than in acetonitri le. This 

implies that SO2 is a better electron donating solvent that 
+ 

acetoni t r i le , hence making the reduction of SN in SO2 easier. SO2 is 
3 4 - 3 7 

also known to stabilise free radicals thus making the reduction of 
+ + 

SN in SO2 easier. As in S O 2 , the height of the SN reduction peak 

rapidly diminishes as the solution is warmed up, probably due to the 

increased rate of hydrolysis at higher temperatures. 

Peak 2 has not yet been unambiguously assigned but could be the 

reduction of a hydrolysis product. The reduction peak 3 (Ep/2''^'^ = 

-0.68V) and the oxidation peak 4 were assigned to the reversible 
21 

reduction of S4N4 to the radical anion, S4N4 . S4N4 could be 

produced from the "tetramerisation" of SN'. 

4.2.4 Cyclic Voltammetric Study on SsNsAsFe it\ COaCN: 

The electrochemistry of [SsNsjCl and [S5N5]BF4 has previously been 
16 

studied by our group using cyclic voltammetry. Both salts clearly 

show the reduction of the S5N5 ion presumably with the formation of the 
+ 

S 5 N 3 ' radical . When S5N5ASF6 was studied the characteristic S5N5 

reduction peak was again observed. A typical cyclic voltammogram of 

S5N5ASF6 in acetonitr i le at -30°C is i l lustrated in figure 4.6a. 

Peak 1 (Ep/2'"^ - +0.06V) was assigned to the reduction of S5N5 to 
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Figure 4.6 a) Cyclic voltammogram of S5N5ASF6 in CH3CN at -30°C. 

V +2 

b) Cyclic voltaramogram of S5N5ASF6 in CH3CN at -30°C after 

holding at potential P for 3 minutes followed by scanning in the 

positive direction. 

V •? 
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the S 5 N 5 ' radical. This peak is at a more negative potential compared 

to other SsNŝ  salts such as B F 4 ' (Ep/2'" '̂̂  = +0.23V at 0°C in CH3CN) and 

Cl' (Ep/2'^'^ = +0.34V at 3°C in S O 2 ) , due to the harder AsFe" anion 
+ 

donating very l i t t l e charge into the S5N5 r ing. 

Previous cyclic voltammetric studies on [S5N5]BF4 showed the 

presence of a short l ived species which was though to be the S3N3' 

radical (Ep/2''®'^ = -0.19V) produced from the breakdown of the S5N5' 

23 
radical. Shortly afterwards Fr i tz ei al showed the reversible 

reduction of S3N3* to S3N3 in C H 2 C I 2 to occur at ca. Ep'̂ '̂̂  = +0.13\ and 

one can speculate that this is the same short lived species produced 

from the breakdown of the S 5 N 5 ' radical produced above. For SsNsAsFe 
such an S 3 N 3 ' radical reduction peak would be hidden underneath that of 

+ 

the S5N5 reduction peak. 

The reduction peaks 2 and 3 (Ep/2''^'^ = -0.42 and -0.60V 

respectively) and the oxidation peak 4 may a l l be assigned to the 
21 

reversible reduction of S 4 N 4 . Peak 2 corresponds to the pre-wave 

observed by Chivers and Hojo in their polarographic study of S4N4. The 

other oxidation peaks are very poorly defined and are probably 

associated with products produced from the breakdown of the S3N5* 

radical. 

Two new peaks (5 and 6) were observed (figure 4.6b) at ca. +1.25 

and -1-1.50V when the potential was held at +0.08Y fo r 3 minutes and then 

scanned in the positive direction. These may correspond to the anodic 

breakdown of SN oligomers produced from the electroreduction of the 
+ 38 

S5N5 cation. Previous reports have suggested anodic breakdown of 

(SN)x electrodes occurring at ca. -f-l.OV, although our own research has 

shown that under aprotic conditions (SN)x behaves as a precious metal, 

being stable at voltages where the supporting electrolyte (e.g. 



[Bu4N]AsF6) breaks down (figure 4.7). The new oxidation peaks are 

therefore unlikely to be associated with the breakdown of high chain 

length (SN)x but are l i ke ly to be due to lower chain length oligomers. 

4.2.5 Cyclic voltammetric Study of [S4N3]BF4 in CH3CN: 

+ 

The electrochemistry of S5N5 salts has been studied previously, in 

our laboratory and elsewhere, involving both cyclic voltammetry and 
2 7 

bulk electrolysis. A preliminary study on the electroreduction of 

S4N3* produced (SN)x, S 4 N 2 and S 4 N 4 , but i t was thought that small 

traces of silver (an impurity in the [S4N3]BF4 used) could have 

catalysed the reaction, thus accounting for the "somewhat complicated 
2 7 / / 

nature of the products". iji was therefore important (so as to ,-c 

understand the reaction mechanism) to study the cyclic voltammetry of 

pure [S4N3]BF4 in acetoni tr i le . Figure 4.8 shows a typical cyclic 

voltammogram obtained at -20°C. 
Peak 1 (Ep^2''®'^ = •*-0.24V) was assigned to the reduction of the 

S4N3 cation, presumably with the formation of the S 4 N 3 ' radical. There 

is no corresponding oxidation peak and hence the process is 

irreversible. Peak 2 (Ep/2''^'^ = -I-0.04V) is approximately half the 

amplitude of peak 1, independent of the temperature and is probably the 
reduction of a species produced from the fragmentation of the S4N3' 

radical (see next paragraph). Peak 3 was assigned to the reduction of 
21 

S4N4 to S4N4 and is reversible. 
23 

Peak 4 (Ep/2°''^^ = -t-0.07) was assigned to the oxidation of S3N3 

and i t s half wave potential is very close to that of peak 2 (Ep-^2''^'' -

0.04V). I t is therefore probable that peak 2 corresponds to the known 

reversible reduction of the S 3 N 3 ' radical to S3N3 , thus peaks 2 and 4 
are a reversible pair. 
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Fignre 4.7 Background cyclic voltammogram of [Bu4N]AsFe in SO2 at -i-20°C 
using an (SN)x electrode. 
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Figure 4.8 Cyclic voltammogram of [S4N3]BF4 in CH3CN at -20°C. 

Figure 4.9 Cyclic voltammogram of [S4N3]BF4 in .CH3CN at -̂ 20°C. 

V .2 
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Peak 5 was not part of such a pair and could not be unambiguously 

assigned. When a small cycle was carried out, such that the reduction 

potential of the S4N3 was not reached, peak 5 disappeared, i.e. peak 5 

was due to the oxidation of a product from the breakdown of the S4N3" 

radical. The overall set of reactions inferred from the cyclic 

voltammetry data at -20°C is summarised in scheme 4 .1 . 

The S4N3 ion is discharged to form the transient S4N3 radical 

(peak 1). This cleaves to produce S 3 N 3 ' and sulphur, although other 

lower yielding products may be formed. This reactive S3N3 radical may 

either be reduced at the electrode producing the S3N3 anion (peak 2) or 

react further to produce S4N4 which i t s e l f can be reduced reversibly 

(peak 3) . The S3N3 produced, both from the reduction of the S3N3" 

21 

radical and from the reduction of S 4 N 4 , is readily oxidised (peak 4) 

to reform the transient S3N3* radical. 

A typical cyclic voltammogram at -i-20°C (figure 4.9) shows the 

appearance of peaks 6. 7 and 8 (Ep^s'" '̂̂  = +0.18V, Ep/2'^'^ = -1.8 and 

Ep^2°^'^ = -1.8V respectively) which could not be unambiguously assigned. 

I t is quite probable though that at higher temperatures the transient 

S4N3" radical cleaves to produce a greater range of products which could 

account f o r the three extra peaks at -i-20°C (compared with -20°C). These 

new peaks may well be due to S4N2 or S 3 N 2 ^ ' , which have been observed 
* 3 1 + . 

when S4N3 is electrochemically (S4N2) or chemically (S4N2 and S3N2 

cf. section 5.3.5) reduced. 

4.2.6 Cyclic Voltamraetric Study of S2N2 in CBaCN: 

Addition of C H 3 C N to S2N2 at -17°C produced a colourless solution 

over excess S 2 N 2 . On warming to 17°C a l l the S2N2 dissolved and the 

solution remained colourless. I t is well known that in the solid state 
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Scheme 4.1 Reaction mechanisms inferred from the cyclic voltammetry data 

obtained from [S4N3]BF4. 
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39 4 0 

S2N2 polymerises producing "classical" (SN)x although in solution i t 

is described as being more stable. Figure 4.10 shows a typical cyclic 

voltammogram of S 2 N 2 , the peaks being numbered in order of appearance. 

Peak 1 (Ep-'2''®^ = -0.84V) was assigned to the reduction of S2N2 

presumably with the formation of S 2 N 2 ' . Peak 2 is a very weak feature 
21 

and was assigned to the known oxidation of S4N4 to S4N4 . Peak 3 
23 

(Ep^2°^*^ = +0.07 V) was assigned to the oxidation of S3N3 to S 3 N 3 ' , 

and on the second scan peak 4 (Ep̂ 2'̂ *̂̂  = -0.56 V) appears which was 
2 4 

assigned to the reduction of S4N4 . 

This data provides a valuable insight into the solution and 

electrochemistry of S 2 N 2 . A summary of the reactions, t s shown in scheme 

4.2. 
4 1 

Electron rich sulphur/nitrogen aromatics have been shown to have 

low energy TT* molecular orbitals enabling such heterocycles to 

accommodate the additional electron into a w type orbi ta l with ease and 

hence reduction of S2N2 (peak 1) readily occurs at -0.84 V producing 

S 2 N 2 " . 

Peak 2 was assigned to the oxidation of S 4 N 4 ' " . The i n i t i a l cycle 

showed no peak corresponding to the reduction of S4N4 and hence 

dimerisation of S2N2 has not occurred at room temperature. Other 
4 2 

workers have reported that solutions of 82N2 near room temperature 

yellow immediately (S4N4) and dark flakes of (SN}x gradually precipitate 

out in the presence of water. The radical anion (peak 2) must therefore 

have been produced from the reaction between S2N2 and SoNo. S3N3 
21 

which is produced by decay of the radical anion S4N4 is seen as peak 

3, i t s oxidation ultimately producing S4N4 which shows up on the second 

cycle as peak 4. 
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Figure 4.10 Cyclic voltamraogram of S2N2 in CH3CN at +16°C. 
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Scheme 4.2 Reaction mechanisms infe r red from the cyc l ic voltammetry data 

obtained from S2N2. 
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4.2.7 Cycl ic Yoltammetric Study of [PhSsN] [S3N3] i n CHgCN: 

;Ph(;NSSN] [S3N3] ( c / . section 5.4.7 and f i g u r e 5.12) is p rac t i ca l ly 

insoluble i n a c e t o n i t r i l e making reduction or oxidation f o r 

electrochemical synthesis impossible, although large enough quantit ies 

could be dissolved i n order to study i t s electrochemistry using cycl ic 

voltammetry. A t y p i c a l cyc l i c voltammogram is shown i n f igu re 4 .11. 

The reduction peak 1 = +0.58) and the o.xidation peak 8 
43 

(Ep/2°'^'^ = +0.56V) were assigned to the reversible reduction of 

'Ph^NSSN] . This revers ible pa i r of peaks, corresponding to the 

reduction of rPhSsSNl' to [PhSisSNV and i t s reoxidation back to 

[PhiiNSSN] , has previously been shown to occur reversibly at ca. +0.6V 

f o r [PhSsNJCl.'^^ The reduction peak 4 (Ep^s'^^ = -0.84V) and the 

corresponding oxidat ion peak 5 (Ep--2°^^ = -0.87V) were assigned to the 

revers ib le reduction of the [PhlSssS]' r ad ica l producing the [PhiNSSN]' 

anion. The oxidat ion peak corresponds to the oxidation of the anion 

back to the neutral r a d i c a l , [PhSsSN]'. 
The reduction peak2 (Ep/2'"^^ = +0.04V) and the oxidation peak 7 

2 3 

{tp'-2°^^ = O.OOV) were assigned to the reversible reduction of S3N3'. 
A previous study by F r i t z ei al on an S3N3" sa l t i n CH2CI2 shows a 

s imi l a r reversible pa i r ; the oxidat ion peak (E^"^*^" = +0.21V) was 

assigned by them to the oxidat ion of S3N3 to S 3 N 3 ' and the reduction 

peak (El"^^*^ = +0.13V) was assigned to the reduction of 8 3 ^ 3 ' back to 

S3N3'. 
The reduction peak 3 (Ep/o'"^'^ = -0.62V) and the oxidation peak 6 

21 

were assigned to the reversible reduction of S4N4. This produces 

S 4 N 4 " which is subsequently oxidised to S4N4 as previously observed by 

Chivers and Ho j o . The S4.N'4 i s probably produced from the breakdown of 

the S3N3' r ad i ca l . The overa l l reaction scheme is shown in scheme 4.3. 
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Figure 4.11 Cyclic voltammogram of [Ph(SsSN][S3N3] i n CH3CN at +20°C. 
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Scheme 4.3 Reaction mechanisms in fe r red from the cyc l ic voltammetry data 

obtained from [PhSsN] [S3N3; . 

[PhSsN]' + e" .g^^j^ I ' [Ph(SsSN] • 

[Pli(SsS?(]' + e' .^l^^ I ' [PhfissS; ' 
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4.2.8 Poten t ios ta t ic E lec t ro lys i s of [SNjAsFe i n S O 2 : 
+ 

SN is easi ly reduced as shown by cyc l i c voltammetry, producing the 

smallest possible SN" rad ica l bui ld ing block (c / . section 4 .2 .3 ) . When 
+ + 27 

other SN cations such as S5N5 and S4N3 are electroreduced, (SN)x is 
produced in an amorphous state although some c r y s t a l l i n i t y on the micro 

16 + 
scale has been reported. Electroreduction of SN was therefore chosen 

as a po t en t i a l method of growing c r y s t a l l i n e (SN)x as the chain would 

hopeful ly be b u i l t up from the smallest possible u n i t , the SN' rad ica l . 

A two compartment c e l l without background supporting e lec t ro lyte 
+ 

was chosen to tes t the v i a b i l i t y of SN electroreduction as a synthetic 

route to (SN)x. Electroreduction on shiny platinum of a 0.12molar 

so lu t ion of [SNjAsFe i n SO2 produced a loosely adhering black/bronze 

s o l i d on the electrode. The product was then thoroughly washed with SO2 

i n a closed extractor f o r one day and approximately i d e n t i f i e d by 

chemical analysis as (SsNsAsFeV- A wel l mulled sample (at normal 

concentration) d id not give an in f ra red spectrum suggesting that the 

product was polymeric. 

The product from the reduction of [SNJAsFe can be described as 

" ion ic" (SN)x, wi th one i n every f i v e SN uni ts i n the chain having a 

pos i t ive charge and being associated with an AsFe anion. The product 

from the reduction of S5N5ASF6 ( c / . section 4.2.9) is less " ionic" than 

the above, having only one pos i t ive s i t e on the chain per 50 un i t s . 

D.S.C. measurements ( f igu re 4.12) on the ( S 5 N 5 A s F 6)x polymer showed 

i n i t i a l decomposition between 97-143°C followed by two sharper 

decompositions at 152-182°C and 182-210°C. When the measurements were 

in ter rupted at 143°C and the aluminium capsule cracked open, an orange 

powder was present which was i d e n t i f i e d by in f ra red spectroscopy as 

S5N5ASF6 ( c / . section 4 .4 .2 ) . The two f u r t h e r peaks were assigned to 
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Figure 4.12 D.S.C. trace of (S5N5AsF6)x produced from the e lec t ro lys is 

of [SNJAsFe in SO2 • 

I — — — - I 1 1 1 1 1 - - I 1 r -

220 200 ISO 160 UO 120 too 80 



the decomposition of S5N5ASF6 ( c / . section 4 .4 .2 ) , producing S4N4 

fol lowed by decomposition of the S 4 N 4 i t s e l f . 

Examination of the p u r i f i e d product under the op t i ca l microscope 

(x40) showed that the s tructure was not microcrys ta l l ine , but consisted 

of many "caul i f lower" shapes, although there were a very few t i n y facets 

which were lustrous and golden. 

When compressed under lOkbar pressure, a coppery metal l ic tablet 
-3 44 -3 

was produced wi th a density of 2.23gcm , compared with 2.30gcm fo r 

c lass ica l /?-phase (SN)x. The table t had a conductivi ty of ca. 
- 2 -1 45 -1 

6 X 10 Scm compared to the much higher conductivi ty of ca. 600Scm 

f o r a t y p i c a l c rys t a l of c lass ica l (SN)x. Electrochemically prepared 

samples of (SN)x from [S5N5]BF4 and S5N5ASF6 ( c / . section 4.2.9) had 

conduct iv i t ies of ca. O.SScm and ca. 0.15Scm respectively. From 

these data i t can be seen that the more " ionic" the (SN)x, the lower the 

conduct iv i ty . 
46 

I t has been shown i n organic polymers such as polyacetylene that 

the more simple the polymeric backbone s t ructure , the higher the 

e l e c t r i c a l conduct ivi ty that can be obtained. Chain branching, 

subs t i tu t ion and c ross - l ink ing a l l seen to decrease the e l ec t r i ca l 

conduct ivi ty that can be obtained. This also appears true fo r 

electrochemical (SN)x; the more AsFe associated with the chain, the 

lower the conduct iv i ty . 
47 + 

A s imi la r compound was produced in 1976 by Mews when an SN unit 

was inserted in to S4N4 in SOo • This black insoluble product was 

characterised as (S5N5AsF6)x- The inf rared spectrum contained two 

strong bands at 700cm {uz AsFe ) and SSOcm (br) which suggested to 

Mews a polymeric material and the (S.'V):AsF6 r a t i o could be varied by 

changing the stochiometry of the reactants. I t was not noted that the 
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product was conducting. 

The react ion mechanism involved in the electrochemical formation of 

-our (S5N5AsF6)x polymer i s probably s imi la r to that i n the chemical 
47 

preparation by Mews, i n tha t , u l t ima te ly , i t i s the reaction between 

S4N4 and [SNJAsFe. The S4N4 i s produced from the oligomerisation of the 
+ 

SN' radicals produced from the reduction of SN . S4N4 can be clearly 
+ 

seen as a reduction product from SN in the cyc l ic voltammogram of 

[SN]AsF6 ( c / . section 4 .2 .3b) . 

4.2.9 Potent ios ta t ic E lec t ro lys i s of S5N5ASF6 i n CH3CN: 
The low moisture and oxygen s e n s i t i v i t y of SsNsAsFe (c / . section 

4.2 .2) made t h i s material an ideal candidate f o r the easy formation of 

(SN)x ( i on ic or otherwise) by electroreduction. Cells could be charged 

by weighing the SsNsAsFe in an open atmosphere. 

I n order to tes t the v i a b i l i t y of S5N5ASF6 electroreduction to 

produce (SN)x a three electrode, two compartment c e l l was used. 

E lec t ro lys i s on shiny platinum of a 0.07 molar a c e t o n i t r i l e solution in 

t h i s c e l l yielded a bronzy polymer which loosely adhered to the platinum 

cathode. S4N4, which was the major co-product, was recovered by 

sublimation from the residue a f t e r solvent removal. 

A f t e r exhaustive extract ion wi th SO2 the bronzy product was 

characterised by elemental analysis as (SN)x with a small amount of 

inherent AsFe , amounting to one AsFe per f i f t y SN un i t s . However, 

t h i s small amount of " impuri ty" did not a l t e r the X-ray powder 
44 

photograph which showed a conventional /?-phase (SN)x spectrum. The 

X-ray l ines were few and broad suggesting at best a s l i g h t l y 

microcrys ta l l ine mater ia l . Conductivit ies are discussed above in 

section 4.2.8. 
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4.2.10 Potentiostatic electrolysis of [S5N5]BF4 in SOj, : 
16 

Potent ios ta t ic e lec t ro lys i s of [S5N5JBF4 has previously been 
carr ied out using a 0.1 molar LiC104/MeCN solut ion which on reduction at 
0.0 v o l t s produced a bronze coloured compact layer of (SN)x. When a 
0.077 molar so lu t ion of [S5N5]BF4 i n SO2 was exhaustively reduced at 0.0 
v o l t s , (SN)x was s i m i l a r l y produced. The e lec t ro lys i s was allowed to 
proceed u n t i l 268 coulombs had passed through the system in order to 
completely exhaust the [S5N5]BF4 such that the y i e l d of (SN)x could be 
calculated ( theore t i ca l f o r l.Olmmol = 97 coulombs). When the SO2 was 
removed and the vapours passed through a U-tube at 0°C a colourless 
diamond-like c r y s t a l l i n e so l id condensed out which, i n a sealed tube, 
was easi ly sublimed at 35°C to give wel l formed crysta ls . These were 

48 

i d e n t i f i e d by mass spectroscopy and NMR as the known adduct 

CH3CN-BF3.*^ 

At f i r s t i t might seem highly surpris ing that a reaction carried 

out i n l i q u i d SO2 might produce an a c e t o n i t r i l e adduct but i t was 

evident that over such a r e l a t i v e l y long time period the reference 
+ + 

electrode (Ag/Ag in C H 3 C N ) had leaked. I t also fol lows that Ag must 

also have leaked out wi th the a c e t o n i t r i l e and th i s would have been 

reduced to Ag metal at 0.0 v o l t s , mildly contaminating the (SN)x. 

The BF3 produced from the anodic breakdown of BF4' ( c / . scheme 
16 

4.4), which i s known to occur at ca. +2.6 v o l t s , reacted with the 

a c e t o n i t r i l e from the reference electrode producing CHsCN-BFs. Excess 
50 

BF3 can be c l ea r ly seen in the gas phase spectrum ( f igure 4.13). The 

h igh ly react ive f r e e f l u o r i n e produced from the anodic breakdown of BF4 

quick ly reacted wi th SO2 producing S O 2 F 2 , and with C H 3 C N producing IIF 

which w i l l f u r t h e r react with glass producing S i F 4 ; both SO2F2 and S i F 4 
50 51 

can be c l ea r ly seen in the gas phase spectrum ( f igu re 4.13). ' 
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Scheme 4.4 A summary of reactions that occurred when [S5N5]BF4 was 

exhaustively electroreduced. 

B F 4 ' - e' -t2^6V_^ B F 3 + [F'J 

B F 3 + C H 3 C N > B F 3 - C H 3 C N 

SO2 + 2[F'] > SO2F2 

C H 3 C N + 2[F'] . F C H 2 C N + HF 

Si02 + 4 H F • SiF4 + 2H2O 
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Figure 4.13 Gas phase spectrum of the products from the exhaustive 

reduction of [S5N5]BF4 in liquid SO2. 

1200 100 
WAVENUHBER 

( C M " ' ) 
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52 
Crystals of S4N4-S03 were i so la ted , a f t e r removal of the S O 2 , by 

washing the residue wi th hexane and ethanol. These red crystals were 
found on the surface of the working electrode and i d e n t i f i e d by single 
c rys t a l X-ray analysis . Such crystals are probably produced from the 
react ion between S4N4 and S O 3 . 

27 

S4N4 has previously been produced from the reaction between 

^SsNsjCl and B F 3 , v i a the [SsNsjCl-BFs intermediate. A similar 

intermediate i s un l i ke ly to occur from the reaction between [S5N5]BF4 

and BF3 and so S4N4 i s probably produced from the breakdown of the S5N5' 

r a d i c a l . 
2S 

K n i t t e l studied the products from the electrochemical reduction 

of SO2 by UV-Vis spectroscopy. His proposed reactions are summarised in 

scheme 4.5, and show how SO3 might be produced. 

The i n i t i a l reduction produces the S O 2 " " r ad ica l anion which reacts 

wi th SO2 producing the blue intermediate, S 2 O 4 " . This fu r the r reacts 
2-

with SO2 i n an equi l ibr ium to produce red S3O6 which can decay 
2- 2-

y i e l d i n g SO3 and SO. SO3 is then oxidised at the anode in a two 
electron t r ans fe r to produce SO3 which reacts wi th S4N4 , produced as a 

+ 

product from the electroreduction of S5N5 , forming the adduct S4N4-S03. 

4.2.11 Immersion deposition of (SN)x from S5N5ASF6 i n CII3CN: 
In the past, t h i n layers of (SN)x have been produced from 

+ + 2 7 
electrochemical reduction of S/N cations such as S5N5 and S4N3 , or 

12 13 

from the vacuum deposition of good qua l i ty (SN)x vapour. ' However 

when a clean s t r i p of zinc or cadmium was immersed into a solution of 
+ 

0.1 molar S5N5ASF6 in a c e t o n i t r i l e , which is the most stable S5N5 sal t 

to moisture and oxygen (c / . section 4 . 2 . 2 ) , a t h i n patchy deposit of 

blue (SN)x grew on the surface of the metal. 
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Scheme 4.5 A proposed mechanism f o r the formation of SO3 from the 

e l ec t ro lys i s of SO2. 

SO2 + e' > [ S O s ' l 

; S 0 2 " ] + SO2 • SaOl' 

S2O4" + [ S 0 2 ' " ] ^ SgOê " 

8305^" > ̂ 2^/' + SO2 

8204^ ' y 803^" + 80 

803^' - 2e' * SO3 
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53 
Such e f f ec t s are wel l known. For example, i f zinc is placed in a 

copper sulphate bath, copper is deposited rap id ly on the zinc, because 
the zinc po ten t i a l i s so negative that zinc t ransfers electrons to the 

2 + 
copper ions, converting them to metal, while zinc dissolves (Zn -i- Cu 

2 + 

—> Zn + Cu). These immersion or displacement deposits are usually 

spongy and black wi th a lack of adhesion. 

A s imi la r e f f e c t occurred when Zn was dipped in to a solution of 

85N5 i n a c e t o n i t r i l e . The zinc po ten t ia l (E*̂  = -0.763V in aqueous 

so lu t ion vs. the standard hydrogen electrode) i s more negative than the 

85N5 po ten t i a l (E° = -^0.3V vs. the standard hydrogen electrode) and so 
+ 

electrons from the zinc are t ransferred to the 85 N5 , reducing i t and 

producing (8N)x as shown i n equation 4.1 below. 

Zn + 285N5^ > Zn^^ + 285N5' > (8N)x (equ. 4.1) 

However zinc ions are continuously leaving the surface of the 

electrode and d is rupt ing the growing (SN)x layer, causing a patchy, poor 

q u a l i t y porous surface. S imi la r ly the po ten t ia l of Cd/Cd^ (E° = 

-0.403V in aqueous solu t ion vs. the standard hydrogen electrode) is more 
+ 

negative than that of S5N5 and so the same poor qua l i ty (SN)x layer is 
+ 

produced from the reduction of the 85N5 ion. 

I n an attempt to grow a th icker and more uniform layer of (SN)x an 

e l e c t r i c a l l y connected Zn/Au couple was dipped in to a s imi lar solution 

of SoNsAsFg. Almost immediately a uniform bronzy layer of (SN)x, which 

appeared to be pin-hole f r ee and well adhered, grew on the surface of 

the g o l d . As described above, the zinc metal l o o s e s e l e c t r o n s i n t o the ^ 

so lu t ion causing an electron def ic iency, not only at the surface of the 

zinc but at the surface of the e l e c t r i c a l l y connected gold as wel l . 
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S5N5 i s then reduced at the surface of the gold, but unlike the zinc, 

no atoms are los t in to the solut ion and hence the coating i s pin-hole 

f r e e and of much higher q u a l i t y . 

4.3 CONCLUSIONS 

Electrochemical reduction of [SNjAsFe proved to be a new method f o r 

synthesising (S5N5AsFe)x which has now been shown to be conductive. 

Similar electroreduction of SsNsAsFe also produced a conducting form of 

(SN)x wi th a molecular formula ([S50N50]AsFe) . These new forms of 

" ion ic" (SN)x are less conductive than metal l ic (SN)x previously 

prepared by the electroreduction of [S5N5]BF4 and [SsNsJCl. 

The preparation of [Bu4N]AsFe has made cyc l ic voltammetry of AsFe 

sal ts more p rac t i ca l wi th a greater scanning window compared with other 

supporting e l ec t ro ly tes . Cyclic voltammetric studies on [SNjAsFe have 

c l a r i f i e d the mechanism f o r the formation of (S5N5AsF6)x from the 

electroreduction of SN . Similar studies on [PhSsN] [ S 3 N 3 j , [ S 4 N 3 j B F 4 

and [ S 5 N 5 j B F 4 have c lea r ly shown the formation of the known S3N3' 

r a d i c a l . The l a t t e r two compounds produced (SN)x when electroreduced, 

suggesting that S 3 N 3 ' i s the basic bui ld ing block in the formation of 

meta l l i c (SN)x. As yet the oxidation of S3N3 has produced only S4N4, 

but i f S 3 N 3 ' is responsible f o r the growth of (SN)x chains then fu r the r 

studies on the oxidat ion of other S3N3 sal ts should be carried out in a 

var ie ty of solvents. 

Las t ly , and most importantly, the development of the new anion, 
+ 

AsFe , f o r S5N5 has led to an almost moisture and oxygen stable 

compound. Quantities of SsNsAsFe can be handled in a normal atmosphere 

f o r periods of up to a few minutes with negl ig ib le decomposition. 

Samples i n a desiccator are stable f o r a much greater length of time, 
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possibly as long as a year or two. Good qua l i t y immersion deposits of 

(SN)x can be formed o n ' t h e surface of gold (and po ten t i a l ly other 

precious metals), e l e c t r i c a l l y connected to zinc, when such a couple is 

dipped in to a so lu t ion of S5N5ASF6 i n a c e t o n i t r i l e . This new 

"electrodeless" development, complimented by the highly stable S5N5ASF6 

so lu t ion , could have f a r reaching consequences f o r the electronics 

industry i n devices such as solar ce l l s and l i g h t emit t ing diodes. 

4.4 EXPERIMENTAL SECTION 

A general descr ipt ion of electrochemical ce l l s and electrodes is 

given i n Chapter 2. 

4 .4 .1 The Preparation of [Bu4N]AsF6: 

A so lu t ion of [Bu4N]HS04 (3.46g, 10.21mmol, 100ml H 2 O ) was added, 

wi th vigorous s t i r r i n g , to LiAsFe (2.00g, 10.21 mmol) dissolved in 100ml 

of d i s t i l l e d water. On mixing a white p rec ip i t a te immediately formed, 

which was f i l t e r e d and washed l i b e r a l l y wi th water (2 l i t r e s ) . The 

product was roughly dried i n a i r , dissolved i n the minimum quantity of 

a c e t o n i t r i l e and prec ip i ta ted out by addi t ion of water (1 l i t r e ) . Af ter 

f i l t r a t i o n the white c r y s t a l l i n e product was dried f o r three hours in 

vacuo at 60°C. 

Yie ld of [Bu4N]AsF6 = 3.58g (817.), i^max = 1049(w), 1361 (w), 

1350(w), 1322(w), 1276(w), 1245(w), 1184(w sh), 1166(w), 1131(w), 

1113(w), 1071(w), 103S(w), 1015(w), 993(w), 932(w), 8S5(m), 81S(w sh), 

810(w sh), 795(w sh), 743(ni sh), 700(vs), 600(w), 575(w), 537(w), 

495(w), 469(w), 405(vs). Analysis found C, 44.32; H, 8.39; N, 3.44; As, 

17.87; F, 25.92; [Bu4N]AsF6 requires C, 44.55; I I , 8.35; N, 3.25; As, 

17.40; F, 26.457.. 
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4.4.2 The Preparation of SsNgAsFe: 

;S5N5]C1 (0.500g, 1.88mmol) and AgAsFe (0.520g, 1.75mmol) were 

placed, together wi th a Teflon coated magnetic s t i r r e r bar, in one bulb 

of a dog (c / . section 2.2a). S O 2 {ca. 10ml) was condensed in to the bulb 

at -78°C, using an acetone/dry ice bath, and the mixture warmed to room 

temperature wi th s t i r r i n g . Almost immediately a white prec ip i ta te and 

an orange solut ion were formed. A f t e r 24 hours the mixture was f i l t e r e d 

and the white p rec ip i t a t e washed wi th back d i s t i l l e d S O 2 (3 x 10ml). 

Removal of the solvent revealed an orange so l i d and a white powder 

(AgCl), which darkened on exposure to l i g h t . The orange so l id was then 
- 3 

heated i n vacuo (<10 t o r r ) at 100°C f o r three hours with a small 

amount of another orange c r y s t a l l i n e compound subliming out and being 

i d e n t i f i e d as S4N4 by in f r a red spectroscopy. The f i n a l product was 

i d e n t i f i e d by in f r a red spectroscopy (nu jo l mull using Csl plates) and 

elemental analysis as S 5 N 5 A S F 6 . 

Yield = 0.652g (897.), i^m^x = 1262(w), 1176(s b r ) , 1140(s b r ) , 

1600(w), 1020(w), 970(w), 815(w), 800(w sh), 700(vs), 681(s sh), 620(w), 

578(m), 540(m), 405(vs), 327(m). Analysis found As, 18.18; S, 38.17; N, 

16.55; F, 27.36; SsNgAsFe requires As, 17.87; S, 38.24; N, 16.70; F, 

27.207.. D.S.C. showed, peak(s) 140-183°C, peak(m) 183-210°C. X-ray 

powder photograph (CuKa) showed, 3.13(w), 3.33(w), 3.72(m b r ) , 4.05(w), 

4.35(w )A. 

4.4.3 Cyclic Voltammetric Study of [SNjAsFe: 

a) i n S O 2 . [Bu4N]AsF6 (0.560g, 1.30mmol) was placed, together with 

[SN]AsF6 (0.0076g, 0.0032mmol) in a three limbed undivided c e l l (c / . 

f i g u r e 2.5) equipped wi th modified Swagelock compression f i t t i n g s (c / . 

f i g u r e 2 .6 ) . A platinum disc microelectrode and a coi led platinum wire 
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counter-electrode were introduced through two of the limbs and the t h i r d 

was sealed wi th a { inch O.D. glass plug. S G 2 (cc, 13ml) was condensed 

in to the c e l l ( r e su l t ing i n a pale yellow solut ion) at -78°C, using an 

acetone/dry ice bath, warmed up to 0°C, and against a counter flow of 
+ 

dry n i t rogen, the Ag/Ag reference electrode was inserted i n place of 

the glass plug. Cyclic voltammograms were then obtained using the 

cont ro l box and an x-y recorder. 

b) i n CH3CN. [Bu4N]AsF6 (0.560g, 1.30mmol) was placed, together 

wi th [SNjAsFe (O.OOOlg, 0.039mmol) in a three limbed undivided c e l l 

equipped wi th modified Swagelock compression f i t t i n g s . A platinum disc 

microelectrode and a coi led platinum wire counter-electrode were 

introduced through two of the limbs. A c e t o n i t r i l e (13ml) was syringed 
+ 

in to the c e l l ( resu l t ing i n a pale yellow solut ion) and the Ag/Ag 

reference electrode inserted in to the t h i r d l imb, against a counter flow 

of dry n i t rogen. Cyclic voltammograms were then obtained using the 

cont ro l box and an x-y recorder. 

4 .4 .4 Cycl ic Voltammetric Study of SsNgAsFg i n CBgCN: 

"Bu4N]AsF6 (0.560g, 1.30mmol) was placed, together with S5N5ASF6 

(0.0055g, 0.013mmol) in a three limbed undivided c e l l equipped with 

modified Swagelock compression f i t t i n g s . A platinum disc microelectrode 

and a co i led platinum wire counter-electrode were introduced through two 

of the l imbs. A c e t o n i t r i l e (13ml) was syringed in to the c e l l ( resul t ing 
+ 

i n a yellow solut ion) and the Ag/Ag reference electrode inserted into 

the t h i r d limb against a counter f low of dry ni trogen. Cyclic 

voltammograms were then obtained using the control box and an x-y 

recorder. 
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4.4.5 Cycl ic Voltammetric Study of [S4N3]BF4 i n GH3CN: 

; B U 4 N ] B F 4 (0.430g, 1.36mmol) was placed, together with [S4N3]BF4 

(0.0058g, 0.023mmol) i n a three limbed undivided c e l l equipped with 

modified Swagelock compression f i t t i n g s . A platinum disc microelectrode 

and a co i led platinum wire counter-electrode were introduced through two 

of the l imbs. A c e t o n i t r i l e (13ml) was syringed in to the c e l l ( resul t ing 
+ 

in. a yellow solut ion) and the Ag/Ag reference electrode inserted into 

the t h i r d l imb, against a counter f low of dry nitrogen. Cyclic 

voltammograms were then obtained using the control box and an x-y 

recorder. 

4 .4.6 Cycl ic Voltammetric Study of S 2 N 2 i n C H 3 C N : 

; B U 4 N ] B F 4 (0.410g, 1.30mmol) was placed, together with S 2 N 2 {ca. 

0.005g - f r e s h l y prepared by cracking S4N4 through hot s i l v e r wool) in a 

three limbed undivided c e l l equipped with modified Swagelock compression 

f i t t i n g s . A platinum disc microelectrode and a coiled platinum wire 

counter electrode were introduced through two of the limbs. 

A c e t o n i t r i l e (13ml) was syringed in to the c e l l ( resu l t ing in a 
+ 

colourless so lu t ion containing a few (SN)x husks) and the Ag/Ag 

reference electrode inserted in to the t h i r d l imb, against a counter flow 

of dry ni t rogen. Cyclic voltammograms were then obtained using the 

cont ro l box and an x-y recorder. 

4 .4 .7 Cycl ic Voltammetric Study of [Ph(5sSN] [S3N3] i n CII3CN: 

" B U 4 N ] A S F 6 (0.560g, l.SOmmol) was placed, together with 

;Ph(5ssis'] [S3N3] (0.0041g, 0.013mmol) in a three limbed undivided c e l l 

equipped wi th modified Swagelock compression f i t t i n g s . A platinum disc 

microelectrode and a coi led platinum wire counter-electrode were 
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introduced through two of the limbs. A c e t o n i t r i l e (13ml) was syringed 
+ 

in to the c e l l ( r e su l t ing i n a green solut ion) and the Ag/Ag reference 

electrode inserted in to the t h i r d l imb, against a counter f low of dry 

n i t rogen. Cyclic voltammograms were then obtained using the control box 

and an x-y recorder. 

4.4.8 Potent los ta t ic E lec t ro lys i s of [SNJAsFe i n S O 2 : 

A three-electrode, two compartment c e l l equipped with modified 
+ 

Swagelock compression f i t t i n g s was used. The Ag/Ag reference electrode 
2 

and working electrode (Pt sheet, area = 0.9mm ) were separated from the 

counter electrode (Pt c o i l ) by a porous glass f r i t . [SNJAsFe (0.140g, 

0.595mmol i n the two electrode compartment; 0.120g, O.Slmmol in the 

other) was placed i n the c e l l and S O 2 {ca. 9ml) was condensed in at 

-78°C using an acetone/dry ice bath. The c e l l was warmed up and 

maintained at 0°C. The electrodes were connected to a potent iostat ic 

current source and a po ten t i a l of -I-0.469Y (vs. S.C.E.) was maintained at 

the working electrode f o r 2 hours 45 minutes passing a t o t a l charge of 

38.48 coulombs. 

The i n i t i a l pale yellow solut ion turned black a f t e r passing current 

f o r only a few minutes and a f t e r 2 hours 45 minutes removal of the 

working electrode revealed a black powdery layer on the surface of the 

platinum which was continuously extracted with S O 2 in a closed extractor 

f o r one day. The black layer pealed o f f on removal of the S O 2 revealing 

a compact bronzy layer . The product was characterised by elemental 

analysis , mass spectroscopy, D.S.C., X-ray powder photo and inf ra- red 

spectroscopy and shown to be ( S 4 . 3 N 4 . 8 ) A s F 6 . 1 2 • 

Bronzy layer of (SN)x. Analysis found S, 34.51; N, 16.97; F, 29.1; 

As, 19.16; (S5N5AsF6)x requires S, 38.24; N, 16.70; F, 27.20; 
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As, 17.877.. Mass spectroscopy showed, m/e 184 (7.25) S4^i\ 138 (16.15) 

S3N3\ 132 (10.94) AsFs', 113 (42.63) AsFg", 94 (5.90) A S F \ 92 (30.59) 

S2^2^ . D.S.C. showed, peak(w br) 97-143°C, peak(m) 152-182°C, peak(s) 

182-210°C. X-ray powder photograph (CuKa) showed, 3.13(w), 3.33(w), 

3.72(m b r ) , 4.05(w), 4 .35(w )A. 

4.4.9 Potent ios ta t ic E lec t ro lys i s of SsNsAsFe i n CHaCN: 

A three-electrode, two compartment c e l l equipped with modified 
+ 

Swagelock compression f i t t i n g s was used. The Ag/Ag reference electrode 
2 

and working electrode (Pt sheet, area = 0.9mm ) were separated from the 

counter electrode (Pt c o i l ) by a porous glass f r i t . S5N5ASF6 (O.lSog, 

0.322mmol i n the two electrode compartment; 0.116g, 0.277mmol in the 

other) was placed i n the c e l l and a c e t o n i t r i l e {ca. 9ml) syringed i n . 

The electrodes were connected to a poten t ios ta t ic current source and a 

po t en t i a l of -I-0.055V (vs. S.C.E.) was maintained at the working 

electrode f o r 1 hour 50 minutes passing a t o t a l charge of 57.02 

coulombs. 

Removal of the working electrode revealed a black powdery layer on 

the surface of the platinum which was continuously extracted with S O 2 in 

a closed extractor f o r one day. On removal of the SGo the black layer 

pealed o f f the electrode, revealing a compact bronzy layer. This was 

characterised as /?-phase (SN)x by elemental analysis and X-ray powder 

photography. When the d i r t y orange residue i n the c e l l was heated in 

vacuo (<10 t o r r ) at a f t e r removal of the solvent an orange so l id , 

i d e n t i f i e d as S4N4, sublimed out. 

Bronzy (SN)x. Analysis found N, 28.93; S, 63.19; As, 2.99; F, 

4.89; (SN)x requires N, 30.40; S, 69.607,. D.S.C. showed, peak(w br) 

94-143°C, peak(s) 155-210°C. X-ray powder photograph showed, 2.88(m), 
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3.25(s b r ) , 3 .42(w )A. 

4.4.10 Poten t ios ta t ic E lec t ro lys i s of [S5N5]BF4 i n Cn3CN: 

^S5N5]BF4 (0.320g, l.OOmmol) was placed i n a three limbed undivided 

c e l l equipped wi th modified Swagelock compression f i t t i n g s . A platinum 

sheet working electrode and a coi led platinum wire counter-electrode 

were introduced through two of the limbs and the t h i r d was sealed with a 

| i n c h O.D. glass plug. SO2 {ca. 13ml) was condensed into the c e l l at 

-78°C, using an acetone/dry ice bath, warmed up to 0°C, and against a 
+ 

counter f low of dry ni t rogen, the Ag/Ag reference electrode was 

inserted i n place of the glass plug. [S5N5]BF4 was po ten t ios ta t ica l ly 

reduced at 0 v o l t s (vs. S.C.E.) electrode f o r 15^ hours wi th a t o t a l 

current of 268 coulombs passing through the system, the colour of the 

so lu t ion changing from orange brown red over t h i s period. The 

reference electrode was removed, replaced by a { inch glass plug and the 

802 allowed to evaporate through the J.Young tap. The c e l l was then 

pumped on f o r 10 minutes and v o l a t i l e diamond-like crystals collected in 

a scalable cold t rap at 0°C. These were shown by mass spectroscopy and 

19F/11B NMR to be CH3CN-BF3. Removal of the working electrode and crude 

washing wi th ethanol showed a golden/black powdery layer of (SN)x 

interspersed by a few red crystals which were shown by X-ray 

crystallography to be S4N4-S03. 

ClbCN-BFa: Mass spectroscopy; m/e 49.96 (2.03) H B F 2 ' , 41.00 (9.04) 

QWsC/. NMR; ^^F s ingle t -139.27ppm, ^ B s inglet 0.764ppm. Gas phase 

spectrum î niax = 1510(m)^, 1500(m)'', 1200(s)^ 1025(s ) \ 721(m)^, 4.32(in)^ 

a = B F 3 , b = SO2F2, c = S i F 4 . 
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4.4.11 Immersion Deposition of (SN)x from S5N5ASF6 i n CHsCN: 

When Zn or Cd was dipped in to a 0.1 molar a c e t o n i t r i l e solution of 

S 5 N 5 A S F 6 , a t h i n blue patchy/porous layer of ( S N ) x formed on the surface 

of the metal (Zn or Cd) wi th in a few minutes. When an e l e c t r i c a l l y 

connected Zn/Au couple was dipped in to a s imi la r solution a uniform 

bronzy layer of ( S N ) x formed on the precious metal wi th in 30 seconds. 



•105-

REFERENCES 

1. F. de l a Cruz and H.J. Stolz, Solid State Commun., 1976, 20, 241. 

2. R.J. Soulen and D.B. Ut ton , Solid State Commun., 1977, 21, 105. 

3. J.S. Harr i s , M.J. Cohen, H.M. Manasevit, and S.W. Zehr, Energy Res. 
Abstr., 1984, 9(3) ; no. 4534 ca: 100; 203814. 

4. A.E. Thomas, J. Woods, and Z.V. Hauptman, J. Phys. D: Appl. Phys, 
1983, 16, 1123. 

5. Hi tachi Maxell l t d . , J.P. 58,46,574/1983. 

6. Asahi Chemical Industry Co., J.P. 58,93,177/1983. 

7. Asahi Chemical Industry Co., J.P. 58,93,164/1983. 

8. J . Badoz, M. Bardin, C. Bernard, M. Herlem, G. Robert, and 
A. Thiebault , E.P. Appl. 97,078/1983. 

9. Asahi Chemical Industry Co., J.P. 58,197,677/1983. 

10. .Asahi Chemical Industry Co., J.P. 58,204,478/1983. 

11. A l l i e d Corp., J.P. 59,49,155,1982. 

12. A.A. Br igh t , M.J. Cohen, A.F. Garito, A.J . Heeger, CM. Mikulsk i , 
and A.G. MacDiarmid, Appl. Phys. Lett., 1975, 26, 612. 

13. R.J. Nowak, Ph.D. Thesis, Universi ty of Cincinnat i , 1977. 

14. A . J . Banister, Z.V. Hauptman, and A.G. Kendrick, / . Chem. Soc, 
Chem Commun., 1983, 1016. 

15. H.P. F r i t z , and R. Bruchhaus, Z. Naiurforsch, 1983, 38b, 1375. 

16. A.J . Banister, Z.V. Hauptman, A.G. Kendrick, R.V.H. Small, / . Chem. 
Soc. Dal ton Trans., 1982, 915. 

17. M.M. Labes, P. Love, and L.F. Nichols, Chemical Reviews, 1979, 79. 

18. R.H. Baughman and R.R. Chance, / . Polymer Science, Polymer Phy. 
Ed., 1976, 14, 2019. 

19. R.L. Greene, G.B. Street , L . J . Suter, Phys. Rev. Lett., 1975, 34, 
577. 



•106-

20. J . Bojes, T. Chivers, I . Drummond, and G. MacLean, Inorg. Chem., 
1978, 17, 3668. 

21. T. Chivers, M. Hojo, Inorg. Chem., 1984, 23, 1526. 

22. T. Chivers and M.N.S. Rao, Can. J. Ghent., 1983, 61, 1957. 

23. H.P. F r i t z , R. Bruchhaus, R. Mews, H.V. Hofs, Z. Anorg. Allg. 
Chem., 1985, 525, 214. 

24. P. Castellonese and P.C. Lacaze, G.R. Acad. Sci., 1972, 274, 2050. 

25. D. K n i t t e l , J. Electoanal. Chem., 1985, 195, 345. 

26. J.G. Gauiel lo, P.R. Sharp, and A.J . Bard, / . Am. Chem. Soc, 1982, 
104. 6373. 

27. E. Garcia, J. Kwak, and A.J . Bard, Inorg. Chem., 1988, 27, 4377. 

28. A.G. Kendrick, Ph.D. Thesis, Univers i ty of Durham, 1986. 

29. D.F. Burrow, "Chem. of Non-Aqueous Solvents", Langowski, New York, 
3, 137, ( H a l . 

30. P.J. E lv ing , J.M. Markowitz, I . Rosenthal, / . Phys. Chem., 1961, 
65, 680. 

31 . L . L . M i l l e r , E.A. Mayeda, I. Am. Chem. Soc, 1970, 92, 5818. 

32. J.T. Maloy, / . Chemical Education, 1983, 60, 285. 

33. M.M. Beizer, "Organic Electrochemistry", Dekker, New York, 1973. 

34. L .F . Audrieth and J. Kleinberg, "Non-Aqueous Solvents", John Wiley 
and Sons, New York, N.Y. , 1953. 

35. G. Jander, "Die Chemie in Wasserahnlichen Losungsmitteln", 
Springer-Verlag, B e r l i n , 1949. 

36. J.M. Markowitz, Ph.D. Thesis, Universi ty of Michigan, 1985. 

37. K. Cruse, 2.Electrchem., 1940, 46, 571. 

38. R.J. Nowak, C.J. Loyal, and D.C. Weber, / . Electoanal. Chem., 1983. 
143, 413. 

39. CM. M i k u l s k i , P.J. Russo, M.S. Saran, A.G. MacDiarmid, A.F. 
Gar i to , A.J . lleeger, J. Am. Chem. Soc, 1975, 97, 6358. 

40. M. Becke-Goehring, Progr. Inorg. Chem., 1959, 1, 207. 

41 . T. Chivers, Acc. Chem. Res., 1984, H , 166. 

42. J . Bragin, M.V. Evans, I. Chem. Phys., 1969, 51, 268. 

43. M. Hansford, personal communication. 



•107-

44. T. Chivers, A.W. Cordes, R.T. Oakley, Inorg. Chem., 1981, 20, 2376. 

45. R.L. Greene, P.M. Grant, G.B. Street, Phys. Rev. Lett., 1975, 34, 
89. 

46. T.A. Skotheim, "Handbook of Conducting Polymers", 1986, 1, 494 

47. R. Mews, Angew. Chem. Int. Ed. Engl., 1976, 15, 691. 

48. Yu.A. Buslaev, V.V. Evsikov, and Yu.V. Kokunov, Koord. Khim.,im, 
5, 639. 

49. A.W. Laubengayer and D.S. Sears, / . Am. Chem. Soc, 1945, 67, 164. 

50. G. Herzberg, " In f ra red and Raman Spectra of Polyatomic Molecules", 
D. Van Nostrand Company, I n c . , Volume I I , 1962, New York. 

51 . K. Nakamoto, " In f ra red and Raman Spectra of Inorganic and 
Coordination Compounds", John Wiley and Sons, fou r th Ed., New York. 

52. A. Gieren, B. Dedever, H.W. Roesky, N. Amin, 0. Peterson, Z. Anorg. 
Allg. Chem., 1978, 440, 119. 

53. F.A. Lowenheim, "Modern Elec t ropla t ing" , John Wiley and Sons, t h i r d 
Ed. , 1974, 6. 



•108-

CHAPTER 5 

The Preparation and Crystal Structures of some 

Novel Dithiadiazol ium Salts 

5.1 INTRODUCTION 

The d i th iadiazol ium r i n g system was f i r s t prepared i n 1977^ from 

the react ion of (NSC1)3 w i th various n i t r i l e s , RCN (R = C C I 3 , But, ph) ^ 

to give 1 ,2 ,3 ,5-di th iadiazol ium chlorides ( I ) . Later, in 1981, the 
2 

1,3,2,4 isomer ( I I ) was prepared from the react ion between S4N4, B r 2 , 

and CS2 at room temperature. 

( I ) (11) 

Most of the e a r l i e r work centred around the chemistry of the 

1,2,3,5 cat ion wi th the substituents at pos i t ion 4 and the associated 

anions varying enormously (see table 5 .1) . (NSC1)3 has been the most 

commonly used s t a r t i n g material in the preparation of t h i s isomer, 
1 3 - 0 6 

read i ly react ing with n i t r i l e s ' , azines , and tetrachloroethene to 

produce a series of b r i g h t l y coloured cations in a wide range of yields 

(12 -> 927.). However, SCI2 is a more accessible s t a r t i n g material than 
(NSC1)3, react ing with ammonium sal ts and n i t r i l e s , or d i r e c t l y with 

5 

amidinium sa l t s to produce a more convenient synthesis of the 1.2,3.5 

ca t ion . .More esoteric preparations include the reaction of SClo with 
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Table 5.1 A l i s t of 4-R-l ,2,3,5-CN2S2^X' compounds and the i r 

references. 

R X" REFERENCE No. 

CI Cl ,AsF6,SbCl6 , iSnCl6 '",S03F ,Br 7,4 

Br B r , C l 7,4 

CF3,CCl3,Me,CMe3 CI 1,3,5,13,14,18 

Ph Cl,SbCl6,CF3S03,N(S02F),PF6,BF4 14,6,20,5,15,1 

Ph FeCl4 ,Br ,NCS 20 

But AsF6,Cl 6,5 

Jt?-C1C6H4 CI 20 

CF3 CI 4,3 

F Cl ,AsF6 ,Br 14 
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NCNSF2 (N-cyanosulpKu^f d i f l u o r i d e imide) and Me3SiNCNSiMe3 

( b i s ( t r i m e t h y l s i l y l ) c a r b o d i i m i d e ) and the react ion of sodium azide with 

RCN(NSC1)2^ to produce CICN2S2CI and Et2N-CN2S2Cl respect ively. 

Very few examples of the 1,3,2,4 isomer were reported u n t i l the 

advent of the l i nea r sulpur nitrogen synthon, SoN"*̂ , which was f i r s t 
9 

reported i n 1978 as the SbCle sa l t , but l a t e r prepared in much higher 
10 11 

y i e l d as the AsFe sa l t . [SoNJAsFe was f i r s t reacted with 

a c e t o n i t r i l e to give colourless 5-methyl- l ,3 ,2 ,4-di th iadiazol ium 

hexafluoroarsenate(v) v ia a symmetry allowed cycloaddi t ion. The 

react ion of S2N[AsF6] wi th other n i t r i l e s has been reported, resu l t ing 
12 13 

i n varying subst i tuents at pos i t ion 5 (R = C F 3 , I , B u t ) ' 

Much of the in te res t i n the di th iadiazol ium system is due to the 

easy reduct ion , of both isomers, to form di th iadiazoles ( I I I and I V ) , 

/ 
R C 

\ 

N — S S 

R C 

N S ^ S — N 

( H I ) (IV) 

IN o 
many of which ex i s t as stable f ree radica ls . The reduction of 

hC-NSSNJCl by sodium thiocyanate gave the 4-phenyl-l ,2,3:5-

d i t h i ad i azo l e dimer, (PhiNSSN)^ (V). which was the f i r s t example of such 

compounds. The s t ruc ture of the dimcr shows two iden t i ca l Ph(!';\SSN units 

bonded together through two weak S...S bonds in a cis conf igurat ion. 

The short (mean) C.N'iSj r i ng distances and t h e i r coplanarity suggest 

that the r ings are aromatic with one electron pai r delocalised at the 

four sulphur atoms, althougli much of the charge is on the more 

electronegative ni trogen atoms. I t was la te r shown by esr that 
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13 
so lu t ions of the phenyl dimer contained "persistent f r ee radicals" 

The so lu t ion spectrum of (PhiNSSN)2 showed a simple 1:2:3:2:1 quintet^^ 

due t o the in t e rac t ion of an unpaired electron wi th two equivalent 

n i t rogen n u c l e i , and i n solutions above 250K almost no dimer was 

present. Appreciable amounts of radicals are also present i n the sol id 

due to the revers ible d issoc ia t ion of the dimer, and the powder esr 

shows an intense but i l l resolved spectrum. 

N -

>vj 5 

(V) 

A va r i e ty of der iva t ives of ( I I I ) (R = CH3, C F 3 , I , But) and (IV) 

(R"= CH3, I , Ph, F, CI , Br, C F 3 , B u ' ) ' ' ^ ^ " ^ ^ have been reported, a l l of 

which show high esr a c t i v i t y in so lu t ion . Of the two isomers, the 

1,3,2,4 compounds are the less thermodynamically stable, having a 
12 13 

tendency to rearrange thermally or photochemically to the 1,2.3,5 

isomer. As a consequence the known but thermally unstable compounds 

CFsiiN'SN^ and I^NSN^ have never been isolated but t h e i r rearrangement 

has been fol lowed by esr spectroscopy showing the i n i t i a l three l ine 

s ignal decaying in to a f i v e l i ne pat tern. Tlie major i ty of the 

d i th iad iazo les are diamagiiotic sol ids but a feu- are deepl\' coloured 

paramagnetic l iqu ids [ ( I I I ) (R = Bu'-. CII;,) and (IV) (II = IJu'-. CF:!); 

f u r t h e r e:<empl i fy ing the existence of stable f ree monomers in the pure 

s ta te . 
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There are very few reports of the d i th iadiazole r i ng system i t s e l f 
1 7 - 1 9 

tak ing part i n reactions but one p a r t i c u l a r l y novel reaction occurs 

when the 4-phenyl- l ,2 ,3 ,5-di th iadiazole dimer, (Ph(5NSSN)2, reacts with 

"act ive ni t rogen" in a low pressure nitrogen plasma at 45'^C. Each 

d i th iad iazo le r i n g undergoes a r ing expansion incorporating one nitrogen 

atom in to each disulphide bond producing the s ix membered r ing "plasma 

product", (PhCN3S2)2-^^ 

+ 

Dithiadiazoliums and di thiadiazoles , RCN2S2 and RCN2S2 , are 
2-f . + 20 

i soelec t ronic wi th S3N2 and S3N2 respectively . The neutral 

compound S3N2 has been shown by a Hiickel MO scheme and Hund's rules to 
21 

have a t r i p l e t ground state, thus being unstable , and hence there is 
22 

very l i t t l e evidence f o r i t s existence . 

The rad ica l cation S3N2'^ exists almost en t i r e ly as the dimer 
2+ 2 3 - 2 5 

S3N2J2 i n sal ts wi th various anions . The dimer, (S3N2C1)2 (VI ) , 

has a novel structure consisting of two i d e n t i c a l , planar S3N2"^ 
2 6 

cations l inked to each other i n a pronounced chair conformation by two 
long bonds between pairs of sulphur atoms. S3N2 [AsFe] i s the only 

21 

reported compound to exist as a stable monomeric en t i ty . 

Esr measurements have shown that the so l id dimer, ( S 3 N 2 C 1 ) 2 ; 

contains "appreciable amounts" of the rad ica l monomer and a well 
15 

resolved spectrum was obtained by examining a frozen solut ion of N 
16 

l abe l led (S3N2C1)2 in D2SO4 . (S3N2C1)2 is conveniently prepared from 
27 * -

S 3 N 2 C I 2 by control led slow dechlorination with SOo . S 3 N 2 C I CI 

i t s e l f can be prepared by the reaction of granular N H 4 C I , S 2 C I 2 and Ss 
28 + 

i n a 3:2:1 r a t i o . Many anions associated with S 3 N 2 C I , other than 
2 9 - 3 0 

CI , are known including sulphonic acid derivatives and 
3 0 - 3 2 

chlorometallates 
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P r i o r t o my own work t h e r e had been no examples o f CN2S2 compounds 
a s s o c i a t e d w i t h o t h e r S/N anio n s such as i n [ P h S s s i ] [S3 N3]. A wide 

33-34 
v a r i e t y o f o t h e r S3N3 compounds a r e known; t h e a l k a l i m e t a l and 

35 

t e t r a a l k y l a m m o n i u m s a l t s among t h e most common. These b r i g h t l y 
c o l o u r e d s a l t s a r e p r e p a r e d f r o m t h e r e a c t i o n o f t h e metal o r 
t e t r a a l k y l a m m o n i u m a z i d e w i t h S4N4 i n e t h a n o l . 

36 
X-ray d i f f r a c t i o n o f (n-C4H9)4N[S3N3] shows t h a t t h e SaiN's anion 

i s a s i x membered, e s s e n t i a l l y p l a n a r r i n g . Ab initio Hartree-Fock-
36 

S l a t e r SCF c a l c u l a t i o n s show t h a t ( i ) t h e p l a n a r c o n f i g u r a t i o n i s o f 
lo w e r energy t h a n a l t e r n a t i v e c h a i r o r boat c o n f o r m a t i o n s and t h a t ( i i ) 

37 

as p r e d i c t e d by B a n i s t e r t h e g r o u n d - s t a t e e l e c t r o n i c s t r u c t u r e i s a 
lOt system w i t h a n e t o f 1 i f eWcVraA? d i s t r i b u t e d o v e r t h e s i x S-N bonds 
o f t h e r i n g . 

The f o l l o w i n g r e s u l t s d e s c r i b e t h e f o r m a t i o n and r e a c t i o n s o f some 
n o v e l d i t h i a d i a z o l i u m compounds. 

5.2 RESULTS AW) DISCUSSION 

5.2.1 Crystal growth and structure of [[Ph/lNSSN]2CI] [S3N3]: 

D e c h l o r i n a t i o n and r e d u c t i o n o f [SgNoJCl by (Ph(SNSS?f)2 produced an 
i n s o l u b l e , n o n - c o n d u c t i v e , green r e f l e c t i v e , m i c r o c r y s t a l l i n e s o l i d . The 
s o l u b l e p r o d u c t s were shown by i n f r a - r e d s p e c t r o s c o p y t o be 841^4, 

01 and t h e t h e n unknown compound r p h S s N i 2CI ( c / . s e c t i o n 
5.2.11). A t t e m p t s a t p u r i f y i n g t h e r e s i d u a l g r e e n s o l i d by e x t r a c t i o n 
w i t h v a r i o u s s o l v e n t s (CeHe, CH3CN and SO2) f a i l e d as t h e compound 
decomposed p r o d u c i n g a wide range o f p r o d u c t s . The impure s o l i d a l s o 
decomposed s l o w l y i n t h e g l o v e box; a f t e r one month, p r e v i o u s l y 
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u n d e t e c t a b l e amounts o f S4N4 c o u l d be c l e a r l y seen i n t h e i n f r a - r e d 
s p e c t r u m . 

Due t o t h e a p p a r e n t i n s t a b i l i t y o f t h e unknown compound, X-ray 
d i f f r a c t i o n on a s i n g l e c r y s t a l was chosen as t h e b e s t p o s s i b l e method 
o f i d e n t i f i c a t i o n . C r y s t a l s o f a s u i t a b l e s i z e were grown by a l l o w i n g a 
s a t u r a t e d s o l u t i o n o f (Ph(SsSN ) 2 , i n a c e t o n i t r i l e , t o s l o w l y d i f f u s e 
t h r o u g h a No. 3 g l a s s s i n t e r i n t o a s a t u r a t e d s o l u t i o n o f [SsNsJCl above 
excess [SsNsJCl. I n t h i s way t h e number o f n u c l e a t i o n s i t e s would be 
reduced and t h e s i z e o f t h e c r y s t a l l i t e s would i n c r e a s e . These 
c o n d i t i o n s were a c h i e v e d by t h e use o f a i n v e r t e d "dog" (cf. s e c t i o n 
2 .2a). A f t e r one week l a r g e g o l d e n c r y s t a l s up t o 10mm lo n g were 
g r o w i n g o u t o f t h e s o l i d [SsNsJCl, and many b l a c k n eedle c l u s t e r s o f 
[ P h S s N ] 2CI c o u l d be seen i n t h e o t h e r compartment. The golden 
c r y s t a l s were d i s c o v e r e d t o be r e l a t i v e l y a i r s t a b l e , o n l y t a r n i s h i n g 
a f t e r a p p r o x i m a t e l y one hour i n a i r . They were p i c k e d and mounted ( i n 
0.5 and 0.7mm g l a s s Lindemann c a p i l l a r i e s ) i n a i r . The f i r s t c r y s t a l 
p i c k e d (0.2 x 0.4 x 0.7mm) was shown by an X-ray o s c i l l a t i o n photograph 
t o be a s i n g l e c r y s t a l and was s u b m i t t e d f o r f u l l X-ray s t r u c t u r e 
d e t e r m i n a t i o n ; t h e r e s u l t s o f t h i s a n a l y s i s a r e shown i n t a b l e s 5.2-5 
and i n f i g u r e s 5.1-3. 

The a n a l y s i s shows t h e new p l a n a r c a t i o n [[PhCNSSN]2CI] and t h e 
33-35 

known S3N3 a n i o n . The asymmetric u n i t ( f i g u r e 5.1) shows t h e 
al m o s t p l a n a r S3N3 sandwiched between two CNoSo r i n g s i n a p a r a l l e l 
a rrangement. There a r e s i g n i f i c a n t S...S i n t e r a c t i o n s ( t a b l e 5.2) 
between t h e CN2S2 and S3N3 r i n g s , t h e mean l e n g t h b e i n g 3.056A compared 
w i t h 3.IO9A between r i n g s i n (Ph(5s?N)2. 

+ 

The bond l e n g t h s and a n g l e s f o r t h e CN2S2 and S3N3 r i n g s i n 
[[Phi'NSSNjoCl] [S3N3] a r e comparable, w i t h i n e x p e r i m e n t a l e r r o r , t o those 
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Table 5.2 Crystal data, bond lengths and angles f o r 

[ [ P h S s N J a C l ] [S3N3] 

Crystal data: C14H10N7S7CI, Mr = 536.2 
T r i c l i n i c , Space Group Pi 
a = 9.509(2), b - 10.641(2), c = 12.187(3)A^ a = 98.29(1), 
^ = 107.61(1), 7 = 112.081(1)°, V = 1041.7A^ Z = 2, 
R = 0.083 f o r 2836 r e f l e c t i o n s w i t h F > 4(7c(F) and 29 < 50°, 

Bond lengths (A) and bond angles(°) 

S(ll)-S(12) 2.340(1) 
S(12)-N(12) 1.611 3 
N(12)-C(ll) 1.329(3 
C(12)-C(13) 1.391(7 
C 13)-C(14) 1.396 6) 
C(15)-C(16 1.380(11) 
S(21)-S(22) 2.047(1; 
S(22)-N 22) 1.606 3 
N(22)-C(21 1.344(3 
C(22)-C(23) 1.384(5 
C(23)-C(24) 1.380(7 
C(25)-C(26) 1.375(7 
S(31)-N(31) 1.587(4 
S(32)-N(32) 1.615(3 
S(33)-N(31) 1.603 3 
S(21')-G1 3.082(2 
S(11)-C1 2.964(2: 
S(31)-S(22) 3.002 
S(33)-S(12) 3.263 
S(12)-S(ll)-N(ll) 95.7(1) S(ll)-S(12)-N(12) 94.6(r 
S(ll)-N(ll)-C(ll) 114.7(2) S(12)-N(12)-C(11) 115.6(3) 
Nfll -C(ll)-N 12 119.4(3 N(11)-C(11)-C(12) 120.2(2 
N(12)-C(ll)-C(12) 120.4(3) C(ll)-C(12)-C(13) 119.9(31 
C(ll)-C(12)-C(13) 119.8(4) C(13)-C(12)-C(17) 120.2(3 
C(12)-G(13)-C(14) 118.6(4) C(13)-C(14)-0(15) 120.4(7 
C(14)-C(15)-C(16) 121.3(5) C(15)-0(16)-C(17) 119.2(4 
C 12)-C(17)-0 16) 120.3 5) S 22)-S 21 -N 21 94.8 T 
S(21 -S(22 -N(22 95.1(1) 8(21 -N(21 -0(21 115.1(21 
S(22)-N(22)-0(21 114.8 3 .N 21 -0 21 -N(22 120.1 3 
N(21)-C(21)-C(22) 120.4(2) N 22)-C(21)-C 22) 119.4 3 
0(21)-0(22)-C(23) 119.5(2) 0(21)-0(22)-0(27 121.1 3 

1.597 
1.359 
1.469 
1.389(5 
1.362 
1.377 
1.607 
1.340 
1.482 
1.399 
1.369 
384 6 
597 
590 

1.593 
2.897 
2.903(2 
2.929 
3.0.32 

0(23)-C 22)-0(27) 119.4(3 0(22)-0(23)-0 24) 120.4 3 
C(23)-C(24)-0(25 120.3(4 0(24)-0(25)-0(26) 119.9(5 
C(25)-C(26 -0(27 121.0(3 0 22 -0(27)-C 26) 119.0 4 
N(31)-S(31)-N(32 116.2(2) N 32 -S 32 -N(33 116.1(2 
N(31)-S(33)-N(33) 114.8(2) 8(31)-N(31)-S(33) 124.9(3 
S(31)-N(32)-S(32) 122.9(2) S(32)-N(33)-S(33) 124.9(2) 
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Table 5.3 Anisotropic thermal parameters (A x lO^) f o r 
[[PhCNSSN]2Cll [S3N3J. The anisotropic temperature factor exponent takes 
the form -2f27h2a*21 

Atom U, 

2 h k a * b * U i 2 ) 

U 2 i 
i r 
12^ 

N i r 
N(12^ 

11( 
'12: 
1̂3 
1̂4 

45 
"16 
"17 
2̂1 
22; 
2̂1 

;22] 
21 

^22) 
23 
24 
2̂5 
2̂6 
27 
31 
32 
33 
31 

N 32; 
N(33l 
C I 

C( 
C( 
C( 
C( 
C( 
C( 
C( 
S i 
S( 

C( 
C( 
C( 
C( 
C( 
C( 
C( 
S( 
S( 
S( 

48(1 
38(1 
47 
45 

4 9 f r 

71 
49 
47 
38 
67 

40(1 
40 
54 
82 
47 
45 
49 
53 
36 
47 
40(1 
43(2 
46 
59 
77 

721 
831 

2 
2̂ i 

'2) 

78(1 

37 1 
50 1 

44 ( 
411 
42 ( 
35 ( 
33 ( 
6I1 
80 ( 
49 2; 
41(21 
44 ( 
47( 
511 

^ < 

3 

41 

58 
63 
66 
69 
42 
67 

;2) 

"1̂  
"1̂  

47(1 
39(1' 
37(1 
55(2 
69 
57 
48 
46 
46 

2 

5 2 ( r 
48(1 
44(1: 
44(1 
43(2 
61 
82 

144 

2 
3 

175(6 
1251 

72 ( 
551 
601 

52 
46 
53 
49 
62 
93 
76 
57 
881 
93 
51 

103 
48 
91 
94 

50 2 

25(1 
20(1 
15 
22 

1] 

23 
48' 
22 
59 
23 
7i 

16 1 
2I1 
421 
741 
401 

9< 
9( 

22(1 
25(1' 
17(1 
23(1 
19 
19 
20 
32 
36 
18 
20 

31 
14(1 
21(1 
21 
19 
22(1 
39 
80 
47 
13 
15 
32(1 
19(1 
24(1; 
16(1 

33(1 

20 
26 
25 
41 
53 
27 
23 
10 
55 
22(1 
64(2 
20 
13 
40 

27( 
16( 
221 

23 ( 
26 ( 
25( 

31i 
311 
191 
241 

50 ( 
501 
201 

19(1 
2I1 
21 
321 
52i 
19( 
14( 
201 
26( 
22i 
22(1 

23(2 

15 1 
37 1 
47(1' 

17 1 

Table 5.4 The atomic coordinates (xlO^) and isotropic thermal 
parameters (A^ x lO^) f o r the hydrogen atoms 

Atom X 1 z U 

H(13) 3828 6620 589 69 
H(14) 6408 8463 920 100 
H 15) 8388 9627 2850 106 
H(16) 7881 9025 4508 94 
H(17) 5318 7238 4213 70 
H(23) 2720 -1087 4814 64 
H 24) 865 -2603 5474 78 
H(25) -1729 -4292 4099 78 
H(26) -2478 -4485 2054 69 
H(27 -664 -2962 1362 57 
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Table 5.5 Atomic Coordinates (xlC^) f o r [[PhSsSN]2Cl] [S3N3] 

Atom X y z 

S ( l l ) 5 79(1) 4150(1) 2 8 4 2 ( i ; 
S(12) -122(1) 3734 1) 1027 1 
N 11) 2386(3) 5364 3 3169(2 
N 12) 1597 3 4916 3 1099 2 
C ( l l 2732 4) 5648(3) 2203(3 
C(12 4 3 3 9 ( 4 ) 6766(3 2379(3 
C(13) 4648(5) 7115 4 1391(4 
C(14 6167(6 8200(5 1590(6 
C(15) 7342(6) 8886(5 2728(7 
C(16 7046(5) 8538(4) 3711(5 
C(17) 5539(4) 7481 4) 3534 4 
S(21 3563(1) -43(1) 1150(1 
S(22) 5110(1) 1017(1) 2911(1 
N(21 2102 3) -1093(3) 1455(2 
4 ( 2 1 ) 2420(4) -912(3) 2630(3 
C(22) 1218(4) -1872(3) 3032(3 
C(23 1651(5) -1780(4) 4242(3 
C 24) 555 ( 5 ) -2677(5) 4632(4 
C(25) -970(5) -3672(4) 3824(4 
C(26) -1411(5) -3789(4) 2618(4 
C(27) -341(4) -2887 4) 2204 3 
S(31) 4392(1) 3538(1) 3046(1 
S(32 1251(1) 1684(1) 2887(1 
S(33 1853(1 1850(1) 7 7 1 ( 1 
N(31) 3665(4) 3063(4) 1618(3 
N(32 3137(4) 2849 4) 3656(3 
N(33 710(3 1206(3) 1467(3 
CI -2922(1) 2050(1) 1 5 3 8 ( l 
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Figure 5.1 [ rPhSsSN] 2OI] [S3N3] - t h e asymmetric u n i t , 
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5(12) 

CI14) 
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sni) 
N(11) CI17I C(16) 

5(33) 
N(31) 

S(31) 

N(32) 
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Figure 5.2 The new p l a n a r c a t i o n , rph(SssNi2 0 i ' 
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F i g u r e 5.3 The u n i t c e l l f o r [[PhONSS.N]2Cl] [S3.^'3] showing t h e p a r a l l e l 
r i n g s . 
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f o u n d i n [Ph(SsSN]01^^ and [tBu4N ] S 3 N 3 ^ ^ The new [Ph(5sSN]2Cl' c a t i o n 
( f i g u r e 5.2) i s p l a n a r and s l i g h t l y b e n t w i t h t h e c h l o r i d e weakly bonded 
t o t h e f o u r s u l p h u r s i n t h e two CN282 r i n g s . The mean S-01 d i s t a n c e i n 
t h e c a t i o n i s 2.962A compared w i t h t h e s l i g h t l y s h o r t e r d i s t a n c e of 
2.906A i n [PhSsSNJOl. These s l i g h t l y weaker S-01 "bonds" i n t h e 
[Ph(']NSSN]2Cl c a t i o n a r e n o t s u r p r i s i n g , as t h e c h l o r i d e i s i n t e r a c t i n g 
w i t h f o u r s u l p h u r s compared w i t h j u s t two i n [Ph^NSSN]01. A l l t h e r i n g s 
a r e p a r a l l e l t o each o t h e r i n t h e c r y s t a l l a t t i c e and t h i s can be 
c l e a r l y seen i n f i g u r e 5.3. which shows t h e u n i t c e l l c o n t a i n i n g two 
as y m m e t r i c u n i t s . 

A w e l l f o r m e d s i n g l e c r y s t a l was s t u d i e d i n an o p t i c a l goniometer 
and t h e a n g l e s between f a c e t s measured. By s t u d y i n g t h e c r y s t a l d a t a on 
a computer, u s i n g t h e "PLUTO" program, t h e e x a c t a n g l e between planes 
c o u l d be c a l c u l a t e d and matched up w i t h t h e observed a n g l e s ; hence t h e 
p r e d o m i n a n t c r y s t a l h a b i t o f [ [ P h & S N ] 2 01] [S3N3] c o u l d be fo u n d . The 
c a l c u l a t e d and observed a n g l e s , and t h e c o r r e s p o n d i n g p l a n e s are shown 
i n t a b l e 5.6. 

The p r e d o m i n a n t c r y s t a l h a b i t and t h e p r o j e c t i o n s p e r p e n d i c u l a r t o 
t h e (OOT), (230) and (054) p l a n e s a r e i l l u s t r a t e d i n f i g u r e s 5.4-7. 
From t h e p r e d o m i n a n t c r y s t a l h a b i t ( f i g u r e 5.4) i t can be seen t h a t t h e 
s m a l l e s t f a c e t was on t h e (230) p l a n e , w h i c h i s a l s o t h e most densely 
p o p u l a t e d p l a n e ( f i g u r e 5 . 6 ) . T h i s i s e xpected as c r y s t a l s t e n d t o grow 
f a s t e s t on t h e most d e n s e l y p o p u l a t e d p l a n e . 

The proposed mechanism f o r t h e f o r m a t i o n o f [ [ P h t e 8 N ] 2 01][S3N3] 

(scheme 5.1) i n v o l v e s a two s t e p r e d u c t i o n w i t h a r i n g c o n t r a c t i o n a f t e r 
t h e f i r s t s t e p . A d i t h i a d i a z o l e monomer reduces t h e S5N5 r i n g , i n a 
one e l e c t r o n t r a n s f e r , t o t h e c y c l i c S5N5' r a d i c a l , t h e [Phl^NSSN]' b e i n g 
o x i d i s e d t o [Ph ( 5 s S N]Cl. [Ph6NSSN]01 w i l l f u r t h e r r e a c t w i t h t h e excess 
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Table 5.6 C a l c u l a t e d and obs e r v e d a n g l e s f o r t h e p l a n e s i n a c r y s t a l o f 
[[Ph(5sSN]2Cl] [S3N3] . 

C r y s t a l 

P l a n es 
Angles (°) C r y s t a l 

P l a n es C a l c u l a t e d Observed 
( 0 0 1 ) / ( 0 5 4 ) 68.02 6 7 . 2 ( 2 ) 
( 0 0 1 ) / ( 2 3 0 ) 90.67 9 0 . 0 ( 5 ) 
( 0 5 4 ) / ( 2 3 0 ) 132.3 132.5(5) 
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Figure 5.4 The predominant h a b i t o f t h e [[Ph(5NSSN ] 2 C l ] [ S 3 N 3 ] c r y s t a l . 

( O S , ) 

' o 
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a 
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Figure 5.5 Perpendicular projection of the (001) plane in 

;[Ph(5isSN ] 2 C l ] [S3N3]. 
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Figure 5.6 P e r p e n d i c u l a r p r o j e c t i o n o f t h e (230) plane i n 

[[Ph(SsSN]2Cl] [S3N3]. 
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F i g u r e 5.7 P e r p e n d i c u l a r p r o j e c t i o n o f t h e (054) p l a n e i n 

[[PhlSsSNJaCl] [S3N3]. 
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Scheme 5.1 Some p o s s i b l e r e a c t i o n mechanisms f o r t h e f o r m a t i o n of 
1. [[Ph(SsSN]2Cl] [83 N3] 

[SsNsJCl + KPh(SsSN)2 ^ [SsNs"] + [Ph(SsSN]Cl 

[PhfesNJCl + i(PhSsN)2 . [Ph5isSN]2Cl 

;S5N5"] > [ S 3 N 3 ' ] ( c y c l ) + [ S 2 N 2 ] ( l i n ) 

[ S 2 N 2 ] ( l i n ) ^ iS4N4 

[ S 3 N 3 " ] , c y c i ) + [PhlSsSNJaCl ^ [[PhlSsSNJaCl] [S3N3] 
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(Ph(SsS?f)2 i n an e q u i l i b r i u m t o f o r m [Ph(SsS?f]2CI ( c / . s e c t i o n 5.2.12). 
39 

A p r e v i o u s e l e c t r o c h e m i c a l s t u d y on t h e r e d u c t i o n o f [S5N5]C1 

p o s t u l a t e d t h a t t h e S5N5' r a d i c a l i s prod u c e d , c l e a v i n g t o fo r m l i n e a r 

S2N2 and c y c l i c S 3 N 3 ' . T h i s i s c o n s i s t e n t w i t h my p r o d u c t s , l i n e a r S2N2 

d i m e r i s i n g t o produce S 4 N 4 , and c y c l i c S 3 N 3 ' b e i n g f u r t h e r reduced by 

rPhSssJii 2 0 1 , i n a one e l e c t r o n t r a n s f e r , p r o d u c i n g 

;[Ph(5NSSN]2Cl] [S3N3] . 

5.2.2 Preparation of [[PhSsSNlzCl] [ S 3 N 3 ] : 

The r e a c t i o n o f [SgNsJCl w i t h excess (1:1.2) (PhCNSSN)2 i n 
a c e t o n i t r i l e p r o d u c e d a g o l d e n m i c r o c r y s t a l l i n e s o l i d which was 
s p a r i n g l y s o l u b l e i n a c e t o n i t r i l e . The volume o f s o l v e n t used i n t h e 
r e a c t i o n was v e r y i m p o r t a n t as ( i ) t h e use o f t o o much reduced t h e y i e l d 
and ( i i ) t h e use o f t o o l i t t l e a l l o w e d S 4 N 4 , which c o u l d n o t be 
se p a r a t e d f r o m t h e p r o d u c t , t o c r y s t a l l i s e o u t . The s l i g h t excess o f 
(Ph5isSN )2 was needed t o ensure t h a t no u n r e a c t e d [SsNsjOl remained, 
w h i c h , l i k e S 4 N 4 , was i m p o s s i b l e t o s e p a r a t e f r o m t h e f i n a l p r o d u c t . 
E l e m e n t a l a n a l y s i s , i n f r a - r e d and mass s p e c t r o s c o p y d a t a were a l l 
c o n s i s t e n t w i t h t h e f o r m u l a [[Ph(']NSSN]2Cl] [ 8 3 N 3 ]. D.S.C. measurements 
showed a m i n o r d e c o m p o s i t i o n a t 138°C f o l l o w e d by a major d e c o m p o s i t i o n 
a t 148°0; s m a l l e r , b r o a d e r d e c o m p o s i t i o n peaks o c c u r r e d a t 161°C and 
177°0. 

5.2.3 E x t r a c t i o n of [[Ph(SsSN]2Cl] [ S 3 N 3 ] : 

E x t r a c t i o n o f p u r e [[Ph(!lNS8N]oOl] [S3N3] w i t h a c e t o n i t r i l e produced 
many g o l d e n c r y s t a l s o f [[Ph(Sssis']oCl] [S3N3] (up t o 0.7mm l o n g ) and a 
s m a l l amount o f a d i r t y brown s o l i d . The i n f r a - r e d spectrum o f t h i s 
m i x t u r e showed [[PhSsSN]oCl] [S3N3] t o be t h e major p r o d u c t . However, 
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some new weak i n t e n s i t y peaks showed t h a t m i n o r d e c o m p o s i t i o n o f t h e 
s t a r t i n g m a t e r i a l had o c c u r r e d p r o d u c i n g [Ph(5sSN]2Cl, [PhSsNjCl and 
S4N4 a l t h o u g h t h e i r low i n t e n s i t y made exa c t i d e n t i f i c a t i o n i m p o s s i b l e . 

5.2.4 Vacuum t h e r m o l y s i s o f [[Ph(SsSN]2Cl] [ S 3 N 3 ] : 

When [[Ph(SsSN]2Cl] [S3N3] was hea t e d a t 60°C i n a simple 
s u b l i m a t i o n a p p a r a t u s w i t h a c o l d f i n g e r a t -20°C under h i g h vacuum (ca. 
10"^ t o r r ) , [Fh(SsSN]Cl and [PhiiNSSN] [S3N3] were produced as i n e q u a t i o n 
5 . 1 below. 

[[Ph(SsSN]2Cl] [S3N3] ^ ^ Y 0 # f ~ ^ [PhSsNJCl + [PhSsN] [S3N3] 

(equ. 5.1) 

[S3N3] was e a s i l y s u b l i m e d a t 60°C and c o l l e c t e d on a c o l d 
f i n g e r . [Ph(SsSN]Cl i s much l e s s v o l a t i l e t h a n [PhSsN'] [S3N3] and so 
remained as t h e r e s i d u e a l l o w i n g complete s e p a r a t i o n . 

I t i s u n s u r p r i s i n g t h a t under t h e s t r e n u o u s c o n d i t i o n o f heat and 
h i g h vacuum t h e o r i g i n a l compound, [[Ph^NSSN]2 C I ] [ S 3 N 3 ], decomposed 
p r o d u c i n g [PhSsNjCl and [PhlSsSN] [S3N3]. The mean S...C1 d i s t a n c e i n 
t h e new p l a n a r c a t i o n , [[PhiNSSN ] 2 C l ] , i s 2.960A showing o n l y weak 
b o n d i n g , w h i l s t t h e asymmetric u n i t ( f i g u r e 5.1) shows t h a t t h e s p a t i a l 
arrangement o f t h e CN2S2 and S3N3 r i n g s i s v e r y s i m i l a r t o t h a t i n t h e 
compound [Ph^NSSN][S3N3] ( f i g u r e 5.12). Hence t h e s t a r t i n g m a t e r i a l 
r e a d i l y decomposed i n t o i t s two " p o t e n t i a l " h a l v e s . 

5.2.5 C r y s t a l g r o w t h and s t r u c t u r e o f [PhCNSSN][S3N2]C1: 
Slow d i f f u s i o n o f (PhiNSSN)2 o n t o [S4N3 ]C1 i n a c e t o n i t r i l e , i n a 

t y p i c a l c r y s t a l g r o w t h e x p e r i m e n t ( c / . s e c t i o n 5.2.1), produced a few 
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s m a l l h i g h l y r e f l e c t i v e g r e e n p l a t e l e t s o f r p h i N s s N i rsa N 2]C1, which grew 

on t h e s o l i d [S4N3]C1, and many l a r g e b l a c k n e e d l e c l u s t e r s o f 

;Ph(SsSN]2Cl. 

C r y s t a l s o f b o t h [PhlSsSN] [S3N2]CI and [Ph(SsS?}]2Cl were 
s u r p r i s i n g l y a i r s t a b l e . A s m a l l p l a t e l e t o f [PhCNSSN][S3N2]CI immersed 
i n a d r o p l e t o f t a p w a t e r k e p t i t s m i r r o r appearance f o r 15 minutes and 
a n e e d l e o f [PhiNSSN ] 2 C l was s t a b l e i n a i r f o r a t l e a s t a day. C r y s t a l s 
o f b o t h were t h e r e f o r e p i c k e d i n a i r and mounted i n g l a s s Lindemann 
c a p i l l a r i e s . The f i r s t g r e e n c r y s t a l p i c k e d ( 0 . 3 7 x 0.48 x 0.04mm) was 
shown by an X-ray o s c i l l a t i o n p h o t o g r a p h t o be a s i n g l e c r y s t a l and was 
s u b m i t t e d f o r a f u l l X-ray s t r u c t u r e d e t e r m i n a t i o n . The r e s u l t s o f t h e 
a n a l y s i s a r e shown i n t a b l e s 5 . 7-10 and f i g u r e s 5.8-11. 

A s i n g l e c r y s t a l o f [Ph(SsSN; 2CI was n o t f o u n d as a l l t h e c r y s t a l s 
were s p l i t o r t o o l o n g . Due t o f r a g i l i t y , when a l o n g c r y s t a l was c u t 
i t r e s u l t e d i n s p l i t t i n g . 

The asymmetric u n i t o f [PhSsN] [S3N2]C1 ( f i g u r e 5.8) shows t h e 
CN2S2 r i n g bonded t o t h e S3N2 r i n g by t h e f o u r d i s u l p h i d e s u l p h u r s i n a 
cis arrangement. The two r i n g s a r e n o t p a r a l l e l b u t a r e i n c l i n e d a t 
2 6 . 2 ° t o each o t h e r . The c h l o r i d e i o n i s weakly bonded t o a l l f o u r 
d i s u l p h i d e s u l p h u r s b u t i s s l i g h t l y c l o s e r t o t h o s e i n t h e S3N2 I'ing 
t h a n t h e CN2S2 r i n g ( c / . t a b l e 5 . 7 ) s u g g e s t i n g a g r e a t e r p o s i t i v e charge 
on t h e S3N2 r i n g . The f u l l c h l o r i d e e n v i r o n m e n t i s shown i n f i g u r e 5.9, 
t h e o t h e r S...C1 d i s t a n c e s b e i n g >3.4A. 

F i g u r e 5.10 shows t h e weaker secondary i n t e r a c t i o n s between two 
a d j a c e n t [Ph^NSSN][SsNojCl m o l e c u l e s , which a r e v e r y weakly "bonded" 
t h r o u g h t h e d i s u l p h i d e s u l p h u r s o f t h e a d j a c e n t S3N2 r i n g s (ds...s = 
3 . 5 2 2 A ) . The s u l p h u r b o n d i n g between t h e C.NOST and S3N2 r i n g s i s , 
however, much more s i g n i f i c a n t , t h e mean S...S bond l e n g t h b e i n g 
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T a b l e 5 . 7 C r y s t a l d a t a , bond l e n g t h s and a n g l e s f o r [Ph^NSSN] [S3N2]C1 

C r y s t a l d a t a : G7H5N4S5CI, Mr = 340.9 
M o n o c l i n i c , Space Group P2|c 
a = 9.452(2^, b = 1 4 . 9 9 5 ( 3 ) , c = 9.716(2)A, /? = 114.07(1) 
V = 1257.3A , Z = 4, 
R = 0.0493 f o r 2566 r e f l e c t i o n s w i t h F > 4(7c(F) and 26 < 25° 

Bond l e n g t h s (A) and a n g l e s (^) 

C( 
Cl 
S I 
S I 
S I 
S I 
S I 
S I 
S I 

12^ 
' 12 ; 
*12 

N ( 1 2 ) - C ( l l 
C ( 1 2 ) - C ( 1 3 l 

S( 
S( 

13 
15 
21 
22 
23 
12 

•C( 
•C( 

14 
16 

-S(22 
-N(21 
-N(22 
-S (22 

22a ) - S ( 2 1 ) 
12)-C1 
22 -Cl 

2.0551 
1.613(5) 
1.340(6 
1.369(7] 
1.399( 
1.391(8 
2.1521 
1.6321 
1.5561 
2.8121 
3.5221 
3.1001 
2.9541 

12 
^ 1 1 ' 
' l l ) - C l 

N(12)-C( 
' l l ) - C ( 
*12 -C( 
*14^ 

Cl 
Cl 
C( 
C( 
S I 
S I 

- N ( i r 
. -c 1 1 ; 

12 
-C 12 
-C 17 

11 

11 
1 1 ; 12 
13)-C(14) 
15)-C 16 
17 -C(16; 
22 -N(21 

12 -C' 
21 -S 
22 -N(21)-S(23) 

95.1 
114.5 
120.6 
119.2 
118.7 
119.7 
120.9 
119.7 
96.8 

'2) 

'i 
i 

C( 
C( 
Cl 
C( 
Si 
S I 
Si 
S I 
S I 
S I 

16 
21 
23 
i r 

l l ) - N ( l l ) 
11) -c 11^ 

c 1 
12) -C 17) 
14)-C 15 

C 17 
N(22 
N (21 
s 2 1 ! 

21a )-S (22 ) 
1 1 ) - C 1 
2 1 ) - C 1 

S( 
S( 

i r 
12^ 

N ( l l 
C 11^ 

118.9 3 
N 21 
s 2 1 : 

1.618( 
1.339(6) 
1.490(8 
1.385(7] 
1.373( 
1.388 10) 
1.632( • 
1.570( 
2.864( 
3.5221 
3.134( 
2.907( 

13 
13 
1 ^ 22^ 

-SI 
•Nl 
-Cl 
-Cl 
-C( 
-Cl 
-C( 
- S I 
- S I 

12 
12 
11 
12 
12 
14 
16 
21 
23 
22)-S(23 

12; 
i r 
12; 

1? 

1?̂  -N 22 
-N(22 

9 4 . 6 ( 1 : 
115.1(3 
120.1 (4 
120.3 (4 
121.0 6 
119.5 5 
119.2(5 
96.6(2 

108.2(3 
119 . 4(3 

T a b l e 5 . 8 The Atomic c o - o r d i n a t e s (xlO'^) and i s o t r o p i c t h e r m a l 

Atom X 
2662 
3895 
6249 
7436 
6173 

y z U 

5891 3721 48 
6883 2677 54 
7457 4266 53 
7032 6882 53 
6069 7925 46 
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Table 5.9 Atomic Coordinates (xlO") for [ P h S s J l ] [S3N2]C1 
Atom X X z 
S( l l ) 1613(1) 4161(1) 6519(i; 
S(12) 3473(1) 4211(1) 8592(1 
N(ll) 2250(5) 4877(3) 5655(5 
N(12) 4370(5) 4917 3) 7995(5 
C(ll) 3611(6) 5209(3) 6542(5 
C(12) 4331(5) 5876(3) 5890(6 
C(13) 3639(6) 6123(3) 4365(6 
C(14) 4366(7) 6712(3) 3746(6 
C(15) 5755(7) 7048(4) 4687 7 
C(16) 6456(7) 6804(4) 6239(7 
C(17) 5720(6) 6226 3 6847(7 
S(21) -17 1) 5247 1 7803(1 
S(22) 1988(1) 5324 1 9918(1 
S(23) 1456(2) 6854 1) 8154(2 
N(21) 2479(5) 6330 3) 9655(6 
N(22) 103(5) 6246 3) 7179(6] 
CI 778(2) 3493(1) 9211 

Table 5.10 Anisotropic thermal parameters (A x 10^) for [PhiNSSNl [S3N3. 
The anisotropic temperature factor exponent takes the form -2i^ [h a* Un 
+ ... 2hka*b*Ui2) 
Atom Uu. I k i M M UiA M 
S(l l ) 38(1) 45(1) 34(1) -3(1) 16(1) - l l ( i ; 
S 12 35 1 42 1 34 1 6 1 17 1 0 1 
N 11 36 3) 42 3 30 2 -3(2 13 2 -4 2, 
N(12 27(2 40(2 33 2 5(2 9 2 0 2 
C 11 33 3 27 2 35 2 0 2 20 2 0 2 
C 12 31 3 35 2 38 3 -2 2 21 2 6 2 
C 13 36 3 44 3 36 3 -2 2 16 2 -2 2 
C 14 66 4 37 3 37 3 0 2 27 3 -3 3 
C 15 60 4) 35 3 54 3 1 2 39 3 -3 3 
C(16 38 3 39 3 64 4 -5 3 28 3 -6 2 
C 17 38 3) 37 3 41 3 0 2 17 2) 4 2) 
S 21 29 1 45 1 38 1 1 1 15 1 - ^ 1 , 
S(22) 33(1) 48(1 29(1) 1(1) 14(1 0(1 
S 23 51 1 46 1 61 2 9 1 1 1 -9 1 
N 21 39 3 50 3 50 3 -2 2 11 2 -8 2 
N 22 32 3 49 3 49 3 4 2 5 2 -7 2̂  
CI 44(1) 41(1) 54(1) 2(1) 28(1) -3(1, 
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Figure 5.8 [PhSsSN] [S3N2]CI - t h e asymmetric u n i t , 

CI 

S(21) 
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F i g u r e 5.9 The f o u r n e a r e s t s u l p h u r atoms t o t h e c h l o r i d e i o n i n 

[Ph(5sSN] [S3N2]C1. 

N(22a) 

SI23a: 

SI22a) 

N(21a) 

N(22b) /^|SI23b) 

N{21b) 

SI21b) 

S(22b) 
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F i g u r e 5.10 The weaker secondary i n t e r a c t i o n s between two a d j a c e n t 

•ph(SsSN] [S3N2]C1 m o l e c u l e s . 

S ( 2 2 ) \ V 
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[ 1 1 4 

2.838(2)A ( c / . 3.109(5)A i n (Ph(JNSSN)2) • A p r o j e c t i o n a l o n g t h e z 
a x i s ( f i g u r e 5.11) shows f o u r molecules p e r u n i t c e l l . 

S-S bonds l e n g t h s i n b o t h [Phl^NSSN]" and S3N2'^ a r e p a r t i c u l a r l y 
s e n s i t i v e t o t h e removal o f charge s i n c e t h e HOMO i s a n t i b o n d i n g w . r . t . 
t h e S-S bond. T h e r e f o r e t o c o n s t r u c t a c l e a r e r p i c t u r e o f t h e r e l a t i v e 
c h a r g e d i s t r i b u t i o n between t h e two r i n g s o f [Ph^NSSN]' and 831X2 '"^, 

c o m p a r i s o n s o f t h e S-S bond l e n g t h s were made w i t h [Ph(5NSSN]Cl,^^ 
(PhfisSN)2^^ and (S3N2C1)2.^^ 

The S3N2 S-S bond l e n g t h i n [Ph(SsSN] [S3N2]C1 i s s l i g h t l y l o n g e r 
t h a n i n (S3N2C1)2, s u g g e s t i n g t h a t more e l e c t r o n d o n a t i o n i n t o t h e r i n g 
HOMO has o c c u r r e d ( a n t i b o n d i n g w . r . t . S-S). I n response t o t h e s l i g h t l y 
l o w e r p o s i t i v e charge on t h e S3N2'^ r i n g , t h e C l i o n moves f u r t h e r away 
( d s . . . c i = 2.931(3)A compared w i t h 2.850(2)A i n (S3N2C1)2) and towards 
t h e v e r y s l i g h t l y p o s i t i v e [Ph(']NSSN] ' r i n g . The i d e a o f a s l i g h t 
p o s i t i v e c h a r g e on t h e [PhlSsSN]' r i n g i s f u r t h e r r e i n f o r c e d by t h e 
i n t e r m e d i a t e S-S d i s t a n c e i n t h e CN2S2 r i n g [2.055(2)A] compared w i t h 
[PhSsSN]' (I.991A) and (Ph(SsSN)2 [2.089(5 ) A ] . 

C o n s e q u e n t l y t h e m o l e c u l e can be t h o u g h t o f as [Phl^NSSN]' r a d i c a l 
bonded t h r o u g h t h e d i s u l p h i d e s u l p h u r s t o an S3N2'^1'^^-' r a d i c a l c a t i o n 
w i t h an a s s o c i a t e d C l " a n i o n , i . e [PhSsSN'[S3N2' ̂ 1" * ^ ^ ^ ] C l " where A 
i s p r o b a b l y l e s s t h a n 0.5. 

However, t h e two " r a d i c a l s " a r e a s s o c i a t e d by e l e c t r o n charge 
a p p r o x i m a t e l y d e l o c a l i s e d a t t h e f o u r s u l p h u r atoms, a bon d i n g p i c t u r e 
r e i n f o r c e d by t h e absence o f an e s r s i g n a l . The f a c t t h a t t h e m a j o r i t y 
o f t h e p o s i t i v e charge e x i s t s on t h e S3N2 r i n g , can be e x p l a i n e d by ( i ) 

r 1 -10 
t h e l o w e r r e d u c t i o n p o t e n t i a l o f [PhCNSSN] [AsFe] (0.61 V o l t s ) compared 

40 21 
w i t h [S3N2][AsFe] (1.52 V o l t s ) and ( i i ) t h e known i n s t a b i l i t y o f t h e 
n e u t r a l 83.̂ 2 s p e c i e s . 
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Figure 5.11 The u n i t c e l l o f [Ph(SsSN] [SgNalCl 

— \ 6q o 
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The r e a c t i o n mechanism f o r t h e f o r m a t i o n o f [Ph(SsSN] [S3N2ICI i s 

v e r y d i f f i c u l t t o p r e d i c t as i t p r o b a b l y i n v o l v e s s h o r t l i v e d , low 

c o n c e n t r a t i o n r a d i c a l s (hence t h e wide range o f p r o d u c t s ) . Exact y i e l d s 
o f each p r o d u c t c o u l d n o t be o b t a i n e d b u t [Ph(SsSN] 2 C I , [Ph(5sSN]Cl, Ss 
and S4N4 were t h e major p r o d u c t s , t h e minor p r o d u c t s b e i n g 
Th(SsSN] [S3N2]C1 and S4N2. The wide range o f p r o d u c t s a r e p r o b a b l y 
o b t a i n e d f r o m t h e breakdown o f t h e [S4N3 ' ] r a d i c a l which was formed from 
t h e r e d u c t i o n o f [S4.N3]C1 by (Ph(^NSSN)2, w i t h c o - f o r m a t i o n of 
Thi N S S N j C l . T h i s h i g h l y r e a c t i v e r a d i c a l i n i t i a l l y decomposes by r i n g 
o p e n i n g o f t h e weak S-S bond; MNDO c a l c u l a t i o n s ( c a r r i e d o u t by our 

+ 

l a b o r a t o r y ) have shown t h a t t h e LIJIIO i n S4N3 i s a n t i b o n d i n g w . r . t . S-S. 

Scheme 5.2 shows some p o s s i b l e r e a c t i o n s i n t h e mechanism o f f o r m a t i o n 

o f t h e s e p r o d u c t s . 
+ 

C y c l i c v o l t a m m e t r y on an S4N3 s a l t a t room t e m p e r a t u r e ( c / . 
s e c t i o n 4.2.5) showed t h a t [S4N3'] s p l i t s m a i n l y i n t o [S3N3"], 

presumably w i t h t h e f o r m a t i o n o f s u l p h u r . Other s m a l l e r peaks c o u l d be 
seen w h i c h may w e l l have corresponded t o S3N2'"'" and S4N2 observed above. 

4 1 42 

S i m i l a r r e d u c t i o n s o f [S4N3]C1 and o t h e r S/N/Cl s p e c i e s have a l s o 

been shown t o produce S4N2 a l t h o u g h m e c h a n i s t i c i n t e r p r e t a t i o n s were not 

pu t f o r w a r d . 
The mechanism f o r t h e f o r m a t i o n o f [PhSsN] [SgN.jCl i s h i g h l y 

s p e c u l a t i v e b u t i t i s p o s s i b l e t h a t t h e c y c l i c [S3N2'] r a d i c a l was 
produced f r o m t h e breakdown o f [ S 4 N 3 ' ] , f u r t h e r r e a c t i n g w i t h 
;Ph(SsS?.']CI t o produce [Ph(5s?N] [SsNaJCl. Both [SN'] and [S3N3'] are 
u n s t a b l e and w i l l r e a c t t o produce S4N4 which was a major p r o d u c t . 

;Phii\SSi \ ] 2C l was produced f r o m t h e r e a c t i o n between [Ph(SsSiN]CI and 

(Ph(5sSN )2 {cf. s e c t i o n 5.2.11). 
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Scheme 5.2 Some p o s s i b l e r e a c t i o n mechanisms f o r t h e f o r m a t i o n of 

[PhSsS?f] [S3N2]C1. 

;S4N3]C1 + i(Ph(SsSN ) 2 

[S4N3'] 

[S4N3'] 

I 
[ S 3 N 2 ] ( c y c l ) + [PhCNSSN]Cl 

;S3N2](cyci) + s u l p h u r 

.S3N3 ] ( c y c l 

SN' 

[S4N3 ] + [PhCNSSN]Cl 

; S 3 N 3 ' ] ( c y c i ) + s u l p h u r 

;S3N2] ( c y c l ) + SN' 

[PhCNSSN] [S3N2]C1 

S4N2 

IS4N4 

iS4N4 

[Ph(5sSN]Cl + KPhSsN): [ P h ( S s N ] 2 C l 
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The m a j o r q u e s t i o n r e m a i n i n g i s why, i f S3N3' and [PhljNSSN]2Cl are 

p r o d u c e d , i s [[Ph(5NSSN]2Cl] [S3N3] n o t ( c / . s e c t i o n 5.2.1)? 

5.2.6 Preparation of [PhlSsSN] [SgNajCl: 
43 44 + 

P r e v i o u s r e p o r t s ' have shown t h a t t h e S3N2CI i o n i s e a s i l y 

r e d u c e d t o S3N2CI . Consequently when [S3N2CI] [FeCU] was reduced by an 

e q u i m o l a r q u a n t i t y o f (Ph(SsSN )2 ( e q u a t i o n s 5.2-5.4 below) 

;Ph(SsSN] [S3N2]C1 was produced i n 567o y i e l d . 

S3N2C1^ +e" • S3N2'^Cr (equ. 5.2) 

;Ph(SsSN]' -e' y [PhiSsSN]^ (equ. 5.3) 

(Ph(SsSN )2 + [S3N2Cl]FeCl4 ^ [Ph(SsSN]FeCl4 + [ P h S s N ] [S3N2]Cl 

(equ. 5.4) 

5.2.7 Extraction of [Ph(SsSN] [SsNaJCl: 
The p r o d u c t [PhSsSN] [S3N2]C1, which i s r e a d i l y p r e c i p i t a t e d i n 

a c e t o n i t r i l e f r o m t h e e q u i m o l a r r e a c t i o n between (Ph(5sSi\)2 and 
:S3N2Cl]FeCl4 ( c f . s e c t i o n 5.2.6), was p u r i f i e d by c o n t i n u o u s e x t r a c t i o n 
w i t h a c e t o n i t r i l e . E x t r a c t i o n o f o n l y 0.040g o f pure [PhSsJ'] [S3N2]Cl 

t o o k 3 days t o co m p l e t e , t h e o r i g i n a l compound decomposing t o 
[PhSsiNl C l , S4N4 and s u l p h u r . Such a d e c o m p o s i t i o n i s not e a s i l y 
e x p l a i n e d b u t i t can be seen i n e q u a t i o n s 5.5-7, below and o v e r l e a f , 
t h a t i n s o l u t i o n rphSsis'i [S3N2]C1 a c t s as a redox system. 

nuNSSNl' -e > [PhCNSS.N] (equ. 5.5) 
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S3N2'+ +e' > S3N2 (equ. 5.6) 

S3N2 • iS4N4 + S (equ. 5.7) 

One must t h e r e f o r e c o n c l u d e t h a t i n s o l u t i o n t h e [Ph(SsSN]'S3N2""' 

i o n i s t h e r m o d y n a m i c a l l y u n s t a b l e , decomposing as above, and t h a t i t i s 

o n l y due t o i t s low s o l u b i l i t y ( i . e . a k i n e t i c e f f e c t ) t h a t 

[Ph(5sSN] [S3N2]C1 i s produced. 

5.2.8 Crystal growth and structure of [PhiSsSN][S3N3]: 

Green p l a t e l e t s o f [PhCNSSN][S3N3] were f o r m e d , w h i l e a t t e m p t i n g t o 
grow l a r g e g o l d e n c r y s t a l s o f [[Ph(JNSSN ]2Cl] [S3N3], by t h e r e a c t i o n o f 
[SsNsJCl and (Ph(SsSN)2 i n pentane i n a t y p i c a l c r y s t a l growth 
e x p e r i m e n t . A f t e r one month a v e r y few g o l d c r y s t a l s c o u l d be seen on 
t h e s u r f a c e o f t h e [SsNsJCl, s p a r i n g l y i n t e r s p e r s e d by green p l a t e l e t s . 
The g r e e n p l a t e l e t s were s t a b l e i n an open atmosphere f o r many hours, 
and c r y s t a l s f o r X-ray e x a m i n a t i o n were t h e r e f o r e p i c k e d i n a i r . The 
f i r s t c r y s t a l p i c k e d (0.04 x 0.15 x 0.40mm) was shown by an X-ray 
o s c i l l a t i o n p h o t o g r a p h t o be a s i n g l e c r y s t a l and was s u b m i t t e d f o r a 
f u l l X-ray s t r u c t u r e d e t e r m i n a t i o n . The r e s u l t s o f t h i s a n a l y s i s a r e 
shown i n t a b l e s 5.11-14 and f i g u r e s 5 . 12-16. 

The a symmetric u n i t ( f i g u r e 5.12) shows t h e S3N3 r i n g d i r e c t l y 
below t h e CN2S2 r i n g , t h e two p l a n a r h a l v e s b e i n g almost p a r a l l e l a t an 
an g l e o f o n l y 6.8° t o one a n o t h e r . There i s s i g n i f i c a n t bonding between 
t h e s u l p h u r s i n t h e CN2S2 r i n g and t h e s u l p h u r s (5 k. 3) i n t h e S3N3 

r i n g , t h e S...S bond l e n g t h b e i n g 2.90o5(3)A {cf. 3.109(5 )1 i n 
(Ph (5sSN')2)-'^ I " c o n t r a s t , t h e r e i s v e r y l i t t l e S...S i n t e r a c t i o n 
between a d j a c e n t CN2S2 r i n g s (ds..-s > 3 . 5 A ) as seen f r o m t h e s i d e i n an 
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Table 5.11 Crystal data, bond lengths and angles for [Ph(SsSN] [S3N3] 

Crystal data: C7H5N5S5, Mr = 319.45 
T r i c l i n i c , Space Group Pi 
a = 6 . 1 1 3 ( 1 ) , b = 8 . 6 6 1 ( 1 ) , c = 12.124(2 )A, a = 86.29(1) 
/? = 7 6 . 5 0 ( 1 ) , 7 = 70.18(1)°, V = 587.12A3, Z = 2, 
R = 0.0340 f o r 2881 r e f l e c t i o n s w i t h F > 4(7c(F) and 29 > 50°. 

Bond Lengths (A) and angles (°) 

Cl 
Cl 
C( 
C( 
Cl 
Nl 
N 
S 
S 
Cl 
Nl 
Cl 
Cl 
Cl 
Cl 
Cl 
N 
N 
N' 
N 

-C l 
•Nl 
•C 
-C' 
-c 
-s 
-s 

-Cl 
-Cl 
-Cl 
-Cl 
-Cl 
-Cl 
-N 
-s 
-s 
-s 
-s 

1.471 
1.338 
1.394 
1.370(7 
1.373(6 
1.619 
1.623 
1.574 
1.636 

'7\ 

6̂ I 
119.4 
120.8 
121.3 
120.2 
119.4 
119.9 
114.8 
9 4 . 8 ( 1 

116.1(2 
113.4 
116.7 

Cl 
C( 
C( 
Cl 
Nl 
Si 
Nl 

•Nl 
-Cl 
-C( 
•C( 
-Si 
-SI 
- S i 
- S i 
- S i 

C( 
C( 
C( 
C( 
Cl 
Cl 
N. 
S 
S 
S 

6 

-Cl 
-Cl 
-Cl 
-C( 
-C( 
-N 
-S 
-N 
- N ' 
- N ' 

1.349( 
1.392( 
1.376( 
1.386(7) 
1.611(3; 

064 ( 
616( 
630 ( 
564 ( 

^2^ 

2) i 
5̂ 

^7 
"1 
'2 

119.9(4 
119.7(4 
119.0(4 
120.7 
120.7 
114.8 
94.9(2 

122.6 2 
125.5(3 
125.2(3] 

Table 5.12 The atomic co-ordinates (x 10'̂ ) and isotropic thermal 
parameters (A^ x 10^) for the hydrogen atoms 
Atom 
H .3 
11(4) 
H 5) 
H(6 
'7 

7902 
6709 
3698 
1759 
2843 

y z U 

6640 2260 48 
8390 809 58 
8206 3 57 
6308 705 57 
4594 2187 51 
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Table 5.13 The atomic co-ordinates ( x l O * ) for [Ph(SsSN][S3N3; 

Atom X X z 

C ( l ) 6264(6) 4343(4) 3285(3) 
C 2) 5490(6) 5443(4) 2370(3 
C 3) 6629(7) 6574(5) 1948(3 
C 4) 5935(7) 7599 5) 1085 4) 
C(5 4153 7 7501 5) 614 3 
C(6 3012 7 6377(5 1030(4 
C(7) 3656(7) 5360(5 1901(3 
N ( l ) 8168(6) 4373(4 3652 3 
N(2) 5076(5 3328(4) 3743 3) 
S ( l ) 8850(2) 3108(1) 4652 1) 
S(2) 6117(2) 2183(1) 47.39(1) 
N(3) 11035(5) -536(4) 3609 3) 
S(3) 8779(2) -571(1) 3134 1) 
N 4) 8343(6) 4 5 7 ( 4 ) 20-39 3) 
S(4) 9829(2) 1641(1) 1417 1) 
N(5) 11962(6) 1639(4) 2019 3) 
S 5) 12520(2) 684(1) 3 1 1 6 ( l ) 

Table 5.14 Anisotropic thermal parameters (A x 10^) for [Ph(5sSN] [S3N3] 
The a n i s o t r o p i c t e m p e r a t u r e f a c t o r exponent t a k e s t n e f o r m -2j(h2a*2Ui 1 
+ ... 2hka*b*Ui2) 

Atom Ui 1 U09 I k i I k i U L I IL2. 

C ( l ) 3 1 ( 2 ) 2 7 ( 2 ) 3 9 ( 2 ) - 2 ( 2 ) - 5 ( 2 ) -6(2) 
C(2) 32 2) 31(2 35 2) - 2 ( 2 ) -3 2) -7 2 
C(3) 3 9 ( 2 ) 4 0 ( 2 ) 4 4 ( 2 ) 5 ( 2 ) -10(2) -14 2 
C(4) 53 3) 4 0 ( 2 ) 53 3 4 ( 2 ) - 2 ( 2 ) -22 2 
C(5) 4 8 ( 2 ) 41 2) 4 4 ( 2 ) 10 2) -13 2) -4 2 
C(6 4 1 ( 2 5 2 ( 3 ) 56 3) 12(2) -24 2 -15 2 
C(7) 3 7 ( 2 ) 4 3 ( 2 ) 5 1 ( 3 ) 14(2) -16(2) -16(2 
N ( l ) 46 2) 32 2 4 7 ( 2 ) 3 2) -20 2) -15(2 
N(2) 3 2 (2 37 2) 4 7 ( 2 ) 9 2 -10 1 -9 1 
S I 5 2 ( 1 ) 3 9 ( 1 ) 45 1) 2 1) -23(1 -12 1 
S(2) 3 9 ( 1 4 2 ( 1 3 9 ( 1 ) 8 ( 1 - 4 ( 1 - 9 ( i ; 
N(3) 3 7 ( 2 ) 3 5 ( 2 ) 4 1 ( 2 ) 10(2) -13(1) -12(1 
S(3) 4 0 ( 1 ) 4 2 ( 1 ) 5 4 ( 1 ) 0 ( 1 ) -11(1) -21(1 
N(4 4 0 ( 2 ) 59 2) 53 2) - 6 ( 2 ) -20 2) -18(2^ 
S(4 4 8 ( 1 5 9 ( 1 ) 3 8 ( 1 8 ( 1 -13(1) -12 1 
N(5) 4 2 ( 2 ) 5 4 ( 2 ) 5 0 ( 2 ) 12(2) - 3 ( 2 ) -21(2) 
S ( 5 j 2 9 ( 1 ) 4 7 ( 1 ) 5 3 ( 1 ) 5 ( 1 ) -15(1) -14(1) 
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Figure 5.12 [Phf isSN][S3N3] - the asymmetric unit. 

C(7) C(6) C(5) 

SO) N(4) 

N(3 ) S(4) 
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Figure 5.13 The ABBA stacking arrangement in [PhSsSN] [S3N3] 
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Figure 5.14 A projection down the S3N3 plane of [PhSsN] [S3N3; 
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Figure 5.15 The close proximity of the S(5 k 3) atoms in the S3N3 ring 

to the sulphurs in the CN2S2 r ing. 

N(3) 
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Figure 5.16 The unit ce l l of [PhiNSSN][S3N3] showing the parallel rings. 
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ABBA stacking arrangement (figure 5.13). The same arrangement of 

molecules can be seen, projected down the S3N3 plane in figure 5.14. 

Figure 5.15 shows the close proximity of the sulphur atoms in the CN2S2 

ring to those relevant in the S3N3 r ing. As in [[PhSfSSNlaCl] [S3N3] 

(c/. section 5.2.1), the unit cel l shows the molecules packed in a 

paral lel arrangement containing two molecules per unit cell 

(figure 5.16). 

The differences in the S3N3 anion parameters for [But4N]S3N3 (R = 

0.097)^^ and [PhSsSN] [S3N3] (R = 0.034) are within X-ray 
+ 

crystallographic errors. The bonding in the CN2S2 ring is also similar 
3 8 

to other known CN2S2 rings; the S-S bond length of 2.064(2)A, which is 

intermediate between (Ph(5sSN)2 (2.089(5)1) and in [Ph(SsS?f]Cl (1.99lA), 

suggests that there is substantial electron donation from the S3N3 ring 
+ 

into the CN2S2 r ing . 

The earlier reaction between [S5N5ICI and (Ph(5sSN)2 in CH3CN (c/. 

section 5.2.1) produced [[Ph(SsSN]2Cl] [S3N3] with no evidence of 

rphSssNi rs. N3]. However, when the solvent was changed to pentane both 

compounds were produced. Although the solubi l i ty of these compounds has 

not yet been studied, i t could be clearly seen from the almost 

colourless solution, that both were almost insoluble in pentane. Hence, 

the kinetic factor of so lubi l i ty must be competing with the product that 

is the most thermodynamically stable; in this case balancing to produce 

both [PhSssi'] [S3N3] and [[PhlSsNjoCl] [S3N3; . 

5.2.9 Preparation of [PhiNSSN][S3N3]: 

a) Reaction of [PhSsN] [AsFe] with [Pr4N] [S3N3] in ChOH. 

ThiiNSSN] [S3N3] is relat ively insoluble in acetonitrile and was 

therefore easily prepared by precipitation from the stochiometric 
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metathesis of [PhCNSSN]AsFe and [Pr4N][S3N3] ; the other product 

'Pr4N]AsF6, which is readily soluble in acetonitr i le , remained in 

solution. After crude cleaning with acetonitr i le , the green product was 
- 6 

sublimed at 70°C under high vacuum {ca. 10 tor r ) and collected on a 

cold finger at -20°C. There was a small amount of a grey residue, 

ident i f ied by infra-red spectroscopy as [Pr4N]AsF6. The green sublimate 

was ident i f ied by infra-red spectroscopy, elemental analysis and mass 

spectroscopy as [PhSsSN] [S3 N3]. D.S.C. measurements showed melting at 

130°C followed by slow decomposition at 148°C. 

b) Reaction of [SsNgjCl with (Ph(5sSN)2 in SO2. The reaction 

between [SgNsJCl and (Ph(SsSN)2 produced [ [Ph(SsSN]2Cl] [S3N3] in 

acetonitr i le and both [[Ph(5sSN]2Cl] [S3N3] and [PhfesN] [S3N3] in 
1. 

pentane. In SO2 only rPĥ NSSNl [S3N3] was produced in ca. 567. yield (a 

small amount of an unidentified yellow impurity was also present). I t 

has been shown previously that [SsNsjCl is soluble in SO2 due to the 

interaction of the solvent with the chloride ion producing the 
45 

chlorosulphite, SO2CI , ion. Hence we are really looking at the 

reaction between (Ph(5sSN)2 and [S5N5]S02C1. The i n i t i a l product, 

;Ph(5sSN]S02Cl, w i l l not react with (Ph(5NSSN)2 producing [PhSsN'JoSOoCl 

(c/ . [ P h t e S N j o C l section 5.2.11) as the larger SOoCl" ion w i l l be less 

able to coordinate to both [Pĥ NSSN] ions thus avoiding precipitation 

of [[Ph(Ss?N]2S02Cl] [ S 3 N 3 ] . 

c) Reaction of [S5N5] [ A I C I 4 ] with (Ph(5sSN)2 in CIIaCN. [SgNgJAlC^ 

was reacted with (Ph (5sSN)2 in acetonitri le, in a typical crystal growth 

experiment, in an attempt to f ind new routes to synthesise crystals of 

[S3N3]. After one week the products were isolated and 
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ident i f ied by infra-red spectroscopy as [PhSsiV] [S3N3], S4N4 and 

;Ph(SsSN]AlCl4. As fo r the reaction between [S5N5]S02C1 and (Ph(Sssi\')2 

(c/.section 5.2.9b), the AICI4 is too large to coordinate with two 

;Ph(SsSN]' ions thus avoiding precipitation of [[Ph(5NSSN]2AlCl4] [S3N3; . 

The [PhSsNl [S3N3] crystals produced were large (up to 2mm in 

length) and well formed. Although [PhiiNSSN] and S3N3 are electron 

pair species (61 and lOi respectively), samples of [Phfesiv] [S3N3] 

showed a strong powder esr signal (figure 5.17) typical for that of 

(Ph(SsSN)2 ( i . e . i l l resolved). This does not appear to be due to 

contamination as single crystal measurements show the spectra to be 

orientation dependent. The presence of such a signal is more l ikely to 

originate from crystal defects which could produce small amounts of 

monomeric [Ph^NSSN]'. A detailedy(single crystal study is in progress 

and the results w i l l be reported later. 

d) Mixing vapours of (SN)x and (PhCNSSN)2 . There has been much 

interest in the vapour species volati l ised from (SN)x, with earlier 
22 

workers suggesting linear (SN)4 as the predominant species. 

Irrespective of more recent studies, doubts s t i l l remain as to which 
46 

species hold the key role in the polymer formation. Lau et al showed 

by Hel photoelectron spectroscopy and in sHu mass spectrometry, that 

the vapour above (SN)x in- vacuo at 130-150°C is comprised mainly of 

S 3 N 3 ' radicals Ab i n i t i o calculation further showed that this S 3 N 3 ' 

radical is most l ike ly to be in the configuration of a planar ring. 
47 

Besenyei et al suggest a different mechanism in which (SN)2 and SN 

species assume the role 'of the main building blocks in (SN)x- formation. 

On this basis i t was thought that (SN)x vapour might react with 

(Ph(SsSiN')2 vapour producing [PhSsN'] [S3N3] as shown in equation 5.8 
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Figure 5.17 a) The e.s.r spectrum from a single crystal of 

[PhSsN] [S3N3] . 

ImT 

b) The e.s.r. spectrum taken at 90° to a) showing the 

orrentation dependence of the crystal. 

ImT 
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below. 

S3N3' + (Ph(SsSN)* > [PhSsSN] [S3N3] (equ. 5.8) 

Indeed when the vapours of (SN)x (heated at 160°C) and (Ph(5ssi\')2 

(heated at 50°C) were mi.xed together at 160°C through quartz wool in 
- 6 

vacuo (3 X 10 t o r r ) , and the products collected on a cold finger at 

-196°C, rPh(5sSNl [S3N3] and S4N4 (often produced when (SN)x is vacuum 

sublimed) were produced with some unreacted (Ph(5NSSN)2 and (S!^)x- The 

source temperatures for (PhuNSSN)2 and (SN)x were chosen so as to obtain 

a favourable ra t io of the mass flow of both components; the purpose of 

the quartz wool was to enhance mixing and frequency of collisions. Only 

small amounts of [Ph^NSSN][S3N3] were produced in the absence of quartz 

wool, the other materials on the cold finger being starting materials. 

Although this result adds much weight towards the existence of 

cyclic S3N3' in the vapour phase, i t is not entirely conclusive as SN 

monomer and (SN)2 could be the vapour species which react with one 

another to produce S3N3', hence the higher yield when the mean path 

length is increased by the incorporation of the quartz wool. I t is less 

l ike ly however that linear (SN)4 could cyclise and eject an Si\ unit 

producing cyclic S3N3'. 

5.2.10 Reaction of [PhiNSSNjAsFe with [Pr4N]S3N3 in COaCh: 

The reaction between [PhiiN'SSN]AsFe and [Pr4N]S3N3 in acetonitrile 

(c/ . section 5.2.9a) produced a green precipitate of [PhCNSSN][S3N3] i " 

567o yie ld; in a typical crystal growth experiment using ClIoClo as the 

solvent, S4N4, (Ph(SsSN')2 and [Pr4.N]AsF6 were produced. Clearly in 

CII2CI2 a redox reaction is occurring as shown in equations 5.9-11 
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below. 

;Ph(SsS?f]' + e" ^ [PhfesN]' (equ. 5.9) 

S3N3' - e' .SsNg' (equ. 5.10) 

S3N3' ••̂ 4S4N4 (equ. 5.11) 

The reversible reduction of [PhSsSN]^ to [PhSfSsJf]"has been shown 
40 

to occur at ca. -t-0.6V ( w . r . t . S.C.E.) in acetonitr i le . Fri tz ei al 
48 

showed the reversible reduction of S3N3 to S3N3 to occur at ca. 

-1-0.17V. Looking at the half ce l l equations (equation 5.12-14 below) i t 

can be seen that the overall emf of reaction is cfl.-i-0.43V. 

[PhSsN]^ +e" ^Q-^^ > [PhSsSN']' (equ. 5.12) 

S3N3- - e" - i M I I . S3N3- (equ. 5.13) 

Overall: [PhSsN]^ + S3N3" -tM3V, [Ph(5sSN]" + Ssh' (equ. 5.14) 

Since AG = - n F E r x n and the emf is positive (-I-0.43V), AG w i l l be 

negative showing thermodynamically that the reaction w i l l be 

spontaneous. Presumably in acetonitrile the low solubi l i ty of 

"PhiiNSSN] [S31N3] is such that this kinetic effect overrides the 

thermodynamic effect suggesting that [PhiiNSSN] [S3N3] is more soluble in 

CH2CI2 than in acetonitr i le . 
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5.2.11 Preparation of [PhSsSNjaCl: 

When (Ph(5NSSN)2 and [Ph(5sSN]Cl were thoroughly ground together in 

a 1:2 molar ra t io , and heated at 156°C under a blanket of nitrogen, a 

brown solid was formed which was shown by elemental analysis, infra-red 

spectroscopy and mass spectroscopy to be [Ph(SsSN]2Cl (equation 5.15). 

(Ph(SsSN)2 + 2[Ph(SsSN]Cl • 2[Ph(5sSN]2Cl (equ. 5.15) 

The reaction occurs in a quantitative yield as shown by the absence of 

starting material peaks in the infra-red spectrum of the product. A 
4 

similar compound, (CF3CN2S2)3C1, was reported by Mews which consisted 

of a central CI surrounded by three CF3CN2S2 units. 

The solid esr spectrum (figure 5.18) showed a single intense broad 

peak, which was not orientation dependant in a single crystal, 

indicating the presence of a relat ively mobile radical. This new 

compound can be thought of as a mixture of [PhSsNj^Cl' and (PhSsN)', 

the electron probably swapping between CN2S2 rings in each molecule 

giving a resonance structure of [PhCNSSN̂  ^'JoCl . Similarly the 
4 

compound produced by Mews gave an esr spectrum. 

5.2.12 Extraction of [PhiNSSNjsCl: 

When [PhiNSSN]2Cl was extracted for one hour with acetonitri le, and 

the solvent removed, a d i r ty yellow solid remained on the f r i t and a 

brown compound in the bulb. The dir ty yellow compound was shown by 

infra-red spectroscopy to be [Ph^NSSNjCl. In solution there would 

appear to be an equilibrium (equation 5.16 overleaf) between 

;Ph(Ssis']2Cl and the two starting materials, [Ph(5sSN']Cl and (Ph(5s?\)a; 

indeed in many crystal growth reactions between (PhCNSSN)2 and S/N/ 
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Figure 5.18 The e.s.r. spectrum of crystall ine [Ph(5sSN]2Cl, 

ImT 
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chlorides a l l three compounds could be seen individually. 

[Ph(SsSN]2Cl . i(Ph(SsSN)2 + [Ph(SsSN]Cl (equ. 5.16) 

In the solid state this equilibrium is well over to the l e f t hand 

side, as shown by the lack of infra-red absorptions corresponding to the 

species on the r ight hand side. In solution, however, the lower 

so lub i l i ty of [PhCNSSNJCl, compared with (PhCNSSN)2, allows the more 

soluble (Ph(5sSN)2 to be extracted creating an excess of relatively 

insoluble [PhSsNl CI which renains on the f r i t . 

5.2.13 Reaction in a DC nitrogen plasma of: 

a) [PhSsN] [S3N3]. The unique insertion of atomic nitrogen, 

generated in a DC plasma, into the disulphide l ink of a f i ve membered 

1,2,3,5-dithiadiazole, RCN2S2 ( R = Ph, p-ClPh), has previously been 

reported. More recently i t has been shown that some dithiadiazoliums, 

;RCN2S2]^x" (R = Ph, p-ClPh, X = l " , B r ' ) , w i l l also react^^ with the 

formation of (Ar (Ssnsn)2 and the release of the corresponding neutral 

halogen. The mechanism of the nitrogen insertion reactions involving 

dithiadiazolium salts is uncertain, although i t has been shown that 

larger more polarisable anions, such as I and Br , promote the 
1 s 

reaction. I t has also been shown that large holes running through the 

l a t t i ce in (Ph(5NSSN)2 (3.5A in diameter) allow the atomic nitrogen to 

approach the reaction sites. Such channels, although only 2.6A in 

diameter, are also present in [Pĥ NSSN][S3N3] adjacent to the S-S bonds 

of the CN2S2 ring and run approximately along the crystallographic a 

axis (figure 5.19). I t is hardly surprising therefore that reaction 

occurs, producing (PhCN3So)2, since the S3.N3 anion is large and 
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Figure 5.19 A projection along the crystallographic a axis showing the 

tunnels (2.6A diameter) through the [PhSsN] [S3N3] l a t t i ce . 
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polarisable and that large channels can be seen running through the 

crystal l a t t i ce . No other S/N material was detected and so i t must be 

assumed that the S3N3 was incorporated in the brown polymer also 

produced. 

b) [[Ph(5sSN]2Cl][S3N3]. Similarly [ [PhSsN]2CI] [S3N3] produced 

(PhCN3S2)2 and [PhSsNjCl in the plasma. Structurally 

;[Ph(5NSSN]2Cl] [S3N3] consists of a [Ph(SsSN]Cl portion weakly bonded, 

through S...C1 bonds, to a [Pĥ NSSN][S3N3] uni t . Under the strenuous 

conditions of heat and vacuum the molecule decomposes to produce 

;Ph(SsSN]Cl and [Ph(5sSN] [S3N3] (c/. section 5.2.4). The conditions in 

a nitrogen plasma are also quite strenuous so i t is l ikely that 

[[Ph(S}SSN]2Cl] [S3N3] decomposed in the same fashion as above; 

[PhSsSNl rss N3] producing (PhCN3S2)2 and a brown polymer, and 

rphSssNi CI remaining unreacted. 

1 r — 1 c) [PhCNSSN][83N2]CI. [PhCNSSN][S3N2]CI reacted producing 

(PhCN3S2)2 and a dark brown polymer which presumably originated from the 

S3N2CI portion which was otherwise not seen. The CN2S2 ring in 

[PhSsN] [S3N2]C1 is radical in character and the whole molecule is 

similar in configuration to (Ph(SsSN)2 (which reacts readily in a 

nitrogen plasma), so i t is unsurprising that the reaction occurs. 

d) [Ph(SsSN]2Cl. [Ph(5s?N]2Cl also reacted, but at 100°C (the 

other three a l l reacting at ca. 35°C) producing [Ph(Sssis'] CI and a brown 

polymer. [PhCNSSN]2 CI was shown to decompose at 100°C in vacuo 

producing (PhCNSSN)2 and [Ph(5sSN] CI. At such high temperature in a 

nitrogen plasma (Ph^NSSN)2 produces only polymer and [PhiNSSN]Cl w i l l 
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remain unreacted. 

5.3 CONCLUSIONS 

The reactions of the dithiadiazole dimer (PhSsN)2 with the two 

known SN cations SsNŝ  and S4N3^ have produced three new dithiadiazolium 

salts by novel ring contractions. These are [[Ph(!;NSSN]2Cl] [S3N3] ( I ) , 

[Ph(SsSN][S3N2]Cl ( I I ) and [Ph(Ss?N] [S3N3] ( I I I ) . S5N5' (to produce I 

andl l l ) and S4N3 (to produce I I ) were ring contracted to produce S3N3 

and S3N2'̂  respectively. Higher yield routes to a l l three compounds 

have now been devised, yielding analytically pure products. 

The crystal structures of a l l three compounds have been solved. In 

each structure there are considerable S...S secondary interactions 

between the CN2S2 rings and the other SN rings. These interactions 

af fec t the bond lengths in the individual rings to such an extent that 

the dis tr ibut ion of charge between each ring can be roughly assessed, 

e.g. whether i t is -1-, radical, S+ etc. 

Compound ( I ) easily crystallises as large (up to 1cm) golden 

elongated prisms. Although they appear to be highly metallic no 

conduction has been observed. Perhaps the use of a different R group 

and/or a dif ferent halogen might give rise to conduction in the crystal. 

Crystals of compound ^ I ) have been shown to be esr active with an 

orientation dependency. The levels of free radical are such that i t is 

a perfect compound in which to study the [PhCNSSN]' radical in a single 

crystal . This is being followed up in Canada (by Dr.K. Preston) and 

should lead to some exciting results. 

Another new dithiadiazolium, [PhĈ NSSN] 2 C I , was also prepared 

although a good single crystal could not be found. This compound is 

interesting in that i t was prepared by the mechanical grinding of 
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i(PhANSSN)2 wi th [Ph(SsSN]Cl, producing a grey powder which was highly 

esr ac t ive . Perhaps i f the R group on the di th iadiazole (RCN2S2)2, and 

the Ri group on the di thiadiazol ium [RiCN2S2]Cl were d i f f e r e n t , and the 

product reduced, a mixed dinier could be produced (RCN2S2") (Ri CN2S2') • 

The next, and most obvious, step is to prepare a whole range of 

der ivat ives by using a var ie ty of R groups. This could lead to changes 

i n the c rys t a l s tructure and hence the properties of such new compounds. 

5.4 EXPERIMENTAL 

5.4.1 Crystal Growth of [[Ph(5sSN]2Cl] [S3N3] : 

^SsNsJCl (0.200g, 0.75mraol) was placed in one bulb of a dog with 

(Ph(SsSN)2 (0.150g, 0.41nimol) i n the other bulb. Ace ton i t r i l e (8ml) was 

added to each side. Inversion of the reaction vessel allowed the 

solut ions to mix by slow d i f f u s i o n through a medium porosity glass 

s in t e r . Removal of the brown solut ion (by syringe and pumping) yielded 

many large golden c rys ta l s , a few orange crystals of [Phl̂ NSSNjCl and 

S4N4, and some black needles of [PhSsN]2CI. 

The golden crysta ls were i d e n t i f i e d by X-ray single crystal 

analysis and i n f r a - r e d spectroscopy as [[PhCNSSN]2Cl] [S3N3], t̂ max -

1595(w), 1400(m), 1181(m), 1173(w), 1137(m), 1022(m), 946(m b r ) , 

92.5(sh), 905 ( s ) , 875(m), 811 (vs) , 769(m), 682(s), 662(m), 543(m), 

495(sh), 482(m). Esr inac t ive . 

5.4.2 Preparation of [[PhCNSSNjaCl][S3N3] 

;S5N5]C1 (0.375g, 1.41mmol) and (Ph(5s?N)2 (0.625g, 1.73mmol) were 

placed together, with a t e f l o n coated s t i r r e r bar, in a 250ml round 

bottomed f l a s k . A c e t o n i t r i l e (55ml) was added and the reaction mixture 
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s t i r r e d . A f t e r 24 hours the solution was red and there was a golden 

p rec ip i t a t e . The mixture was f i l t e r e d , the golden so l id washed with 

a c e t o n i t r i l e (3 x 10ml) and the solvent removed by pumping. 

The golden s o l i d was i d e n t i f i e d by i n f r a - r e d spectroscopy as 

;[Ph(5sSN]2Cl] [S3N3]. Yie ld = 0.441g (56Z), I'max = 1596(w), 1405(w sh), 

1184(w), 1175(w), 1140(m), 1027(w), 945(m b r ) , 925(w sh), 906(m), 891(w 

sh), 878(w), 871(w sh), 813(s), 770(w), 720(w), 693(w), 682(m), 675(w 

sh), 666(m), 541(m), 495(w), 483(w), 470(w sh). Analysis: found C, 

31.32; H, 1.91; N, 17.96; S, 40.06; CI , 7.307.; [[PhSsNJaCl] [S3N3] 

requires C, 31.31; H, 1.86; N, 18.26; S, 41.75; CI , 6.627.. Mass 

spectroscopy (EI) showed m/e; 181 (1007.) [PhSsN]' , 138 (9.87.) S3N3'. 

D.S.C. showed; peak(w) 138-145°C, trough(w) 145-148°C, peak(s) 

148-160°C, peak(m) 160-175°C, peak(m) 175-250°C. 

5.4.3 Extract ion of [[PhfisSNjsCl][S3N3]: 

;[Ph(SsSN]2Cl][S3N3] (0.040g,0.117mmol) was placed i n a closed 

extractor and extracted to completion by a c e t o n i t r i l e . Removal of the 

solvent revealed many golden crystals and a small amount of a d i r t y 

brown s o l i d . The i n f r a - r e d spectrum showed [[Ph(SsSN]2Cl] [S3N3] to be 

the major product wi th traces of S4N4, [PhSsSN] CI and/or [Ph(5NSSi\]2Cl. 

i/max = 1595(w)^, 1400(w)^, 1175(w)^, 1137(m)^, 1023(m)^, 948(m)^, 

925(m s\x)\ 875(m)\ 840(w)^ S12(s)% 7S0(w)^ 770(w) \ 720(w)\ 

698(w s h ) ^ 692(w s h ) ^ 683(m)\ 663(m)\ 550(w)^ 542(m)\ 495(w s h f , 

482(w)% 478(w)^ 46S(w)\ 455(vw)\ a = [[PhfNSSN]oCl] [S3N3] , ^ = S4N4 

and 1/or [Ph(5s3]Cl/[PhiNSsi\']2Cl. 
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5.4.4 Vacuum Thermolysis of [[Ph(SsSN]2CI][S3N3]: 

;[PhSisSN]2Cl] [S3N3] (O.lOOg, 0.186mmol) was heated at 60°C under 
- 5 

high vacuum (>10 t o r r ) and the v o l a t i l e product collected on a cold 

f i n g e r at 0°C. A f t e r 8 hours the cold f i nge r was dark green and an 

orange residue remained at the bottom of the sublimer. The residue and 

the product on the cold f i n g e r were i d e n t i f i e d by in f ra - red spectroscopy 

as [PhSsN]Cl and [Ph(5sSN] [S3N3] respect ively. 

Yie ld of [Ph(SsSN]Cl = 0.038g (937.), i/n,ax = 1601(m), 1439(s), 

1295(w), 1150(m), 1029(w), 923(m), 895(m), 849(s), 797(w), 784(m), 

700(s), 550(s). Yie ld of [PhSsN] [S3N3] = O.OSlg (867.), î ^ax = 

1594(w), 1241(w), 1184(m), 1148(m), 1078(w b r ) , 1029(m), 990(m b r ) , 

926(w), 908(m), 854(m), 844(w sh), 806(s), 776(s), 726(w), 700(m), 

687(m), 664(m), 648(s), 603(m), 550(w), 536(w), 458(w). 

5.4.5 Crystal Growth of [PhiNSSN][SsNajCl: 

S4N3CI (O.lOOg, 0.4S7mmol) was placed i n one bulb of a dog with 

(Ph(SsSiS')2 (0.088g, 0.243mmol) i n the other bulb. Acetoni t r i le (Sml) 

was added to each side. Inversion of the reaction vessel allowed the 

solutions to mix by slow d i f f u s i o n , over a period of one week, through a 

medium porosi ty glass s in te r . Removal of the brown solution (by syringe 

and pumping) revealed many orange (S4N4 and [Phi.NSSN]CI) and black 

crys ta ls ( [PhSsi'] oCl) interspersed by a very small number of shiny 

green p l a t e l e t s , and a f a i n t white haze on the glass (sulphur). A small 

amount of a deep red compound was collected in the cold trap and 

i d e n t i f i e d by i t s t y p i c a l colour and iodine l i k e smell as S41N2 • The 

green p la te le t s were i d e n t i f i e d by X-ray single crystal analysis and 

i n f r a - r e d spectroscopy as [Ph^NSSN][S3N2]C1. 
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I n f r a - r e d spectrum of [Ph(SsS?f] [S3N2]C1 showed ẑ max = 1250(w), 

1167(w), 1142(w), 1025(w), 987(w), 941(m), 910(ni), 862(m), 8 l8 ( s ) , 

810(sh), 790(m), 722(w), 705(s), 697(s), 578(w), 538(m). Esr inact ive. 

I n f r a - r e d spectrum of [Ph(5sSN]2Cl showed ^̂ max = 1667(w b r ) , 

1595(w), 1214(w), 1175(w), 1169(w), 1158(w), 1144(m), 1025(m), 1018(w), 

lOOO(w), 935(w), 923(w), 909(m), 901(m), 895(w), 876(w), 855(w), S32(m), 

803(s) , 781 (m), 773(m), 720(w), 694(m), 688(m), 675(w), 665(m), 536(iii), 

521(w), 486(w), 468(s). Esr act ive . 

5.4.6 Preparation of [PhfisSN][S3N2]G1: 

;S3N2C1] [FeCl4] (0.300g, 0.84mmol) and (Ph(SsSN)2 (0.300g, 

0.83mmol) were placed together, wi th a t e f l o n coated s t i r r e r bar, i n one 

bulb of a dog. A c e t o n i t r i l e (10ml) was added and immediately a dark 

green p rec ip i t a t e was formed. The mixture was s t i r r e d f o r one day, the 

brown so lu t ion f i l t e r e d and the green prec ip i ta te washed with back 

d i s t i l l e d CH3CN (3 x 10ml). The solvent was removed by pumping to give 

a brown s t i cky t a r and a crude green so l id which was extracted in a 

closed extractor wi th a c e t o n i t r i l e f o r one day. 

Yie ld of [PhSsN] [S3N2]C1 = 158mg. (567.), Ĵ n̂ ax = 1250(w), 1167(w), 

1142(w), 1025(w), 987(w), 941(m), 910(m), 862(m), 818(s), 810(sh), 

790(m), 722(w), 705(s), 697(s), 57S(w), 53S(m). Analysis: found C, 

24.00; N, 16.47; 11, 1.36; S, 46.40; CI , 11.337.; [Ph(SsSN] [S3N2]CI 

requires C, 24.67; N, 16.45; 11, 1.47; S, 46.98; CI , 10.477.. D.S.C. 

showed; peak(s) 138-154°C, peak(w) 154-173°C, peak(m) 173-220°C. Mass 

spectroscopy (EI) showed m/e; 181 (987.) [Ph(Ss?N]% 149 (147.) PhCN2S^ 

135 (377.) PhCNS"", 124 (67.) S3^'2^ 92 (97.) S2^2^ 
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5.4.7 Extrac t ion of [PhSsSN] [SaNaJCl: 

"Ph(SsSN][S3N2]C1 (0.040g,0.117mmol) was placed in a closed 

extractor and extracted f o r three days to completion by C H 3 C N . A d i r t y 

green so l i d and a white haze (sulphur) remained on removal of the 

solvent by pumping. 

I n f r a - r e d spectroscopy showed the mixture to be S4N4 and 

[Ph(5sSN]Cl, z/roax = 1596 (w)^, 1400 (m)^, 1150(w b r ) ^ , 1030 (w)^, 923(m)^ 

891(m)\ 843(m)\ 810(w), 780(w), 720(w) \ 6 9 5 ( s ) \ 548(s)^ a = 

[Phf iss ivjCl , b . S4N4. 

5.4.8 Crystal growth of [PhSsSN] [S3N3]: 

^SsNsJCl (0.200g, 0.75mmol) was placed i n one bulb of a dog with 

(Ph(SsSN)2 (0.150, 0.41) i n the other bulb. Pentane (2 x 8ml) was added 

to each side. Inversion of the reaction vessel allowed the two 

solutions to mix by slow d i f f u s i o n through a medium porosity glass 

s in t e r . A f t e r one month the yellow solut ion was removed (by syringe 

fol lowed by pumping) to reveal , i n the [SsNsjCl compartment, a d i r t y red 

powder ([SsNgJCl) wi th a few gold [[Ph(SsSil']2Cl] [S3N3] crystals and a 

very few green p l a t e l e t s on the surface. The green platelets were 

i d e n t i f i e d by X-ray s ingle crys ta l analysis as [PhSsSiN] [S3N3]. 

5.4.9 Preparation of [PhlSsSN] [S3N3]: 

a) Reaction of [PhSsSN] [AsFe] wi th [Pr4N] [S3N3] in ClbCN. 

PhSsN'] [AsFe] (0,114g, 0.30Smmol) and [Pr4N] [S3N3] (O.lOOg, 0.320mmol) 

were placed together, wi th a t e f l o n coated s t i r r e r bar, in one bulb of a 

dog. On addi t ion of a c e t o n i t r i l e (10ml) a deep red solution and a dark 

green p rec ip i t a te formed. Af te r s t i r r i n g f o r 1 day the now pale red 

so lu t ion was f i l t e r e d o f f and the solvent removed by pumping to give a 
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d i r t y red so l i d which was i d e n t i f i e d by i n f r a - r e d spectra as 
- 6 

[Pr4N][AsFe]. The crude green so l id was then sublimed (70°C, 4 x 10 

t o r r ) and the product col lected on a cold f i n g e r at -20°C. 

Yie ld of [PhSsN] [S3N3] = 0.099g (577.), i^max = 1595(w), 1240(w), 

1184(m), 1147(m), 1078(wbr), 1028(m), 990(m b r ) , 927(w), 90S(m), 853(ni), 

844(w sh), 806(s), 775(s), 726(w), 700(m), 687(m), 663(m), 648(s), 

605(m), 550(w), 535(w), 458(w). Analysis: found C, 26.40; N, 22.09; H, 

1.52; S, 50.077.; [PhSsSN] [S3N3] requires C, 26.33; N, 21.94; H, 1.56; 

S, 50.167.. D.S.C. showed; trough(w) 125-140°C, peak(s br) 140-205°C. 

Mass spectrum (EI) showed m/e; 181 (1007.) [PhSsSN]', 138 (9.817.) S3N3. 

b) Reaction of [SsNgjCl and [Ph(SisSN]2 i n SO2 - [Soh]Gl (0.200g, 

0.75mmol) and (PhCNSSN)2 (0.136g, 0.38mmol) were placed, together with a 

t e f l o n coated magnetic s t i r r e r bar, i n one bulb of a dog. SOo (ca. 

lOnil) was condensed onto the reaction mixture at l i q u i d N2 temperature. 

On warming to room temperature an immediate reaction occurred giving a 

deep red solut ion which was s t i r r e d at room temperature f o r 24 h. The 

mixture was f i l t e r e d and the SO2 removed to y i e l d a green sol id 

contaminated by a small amount of a yellow compound. Ace ton i t r i l e (5inl) 

was added ( i n an attempt to remove the yellow impur i ty ) , the sol id 

product f i l t e r e d , washed with back d i s t i l l e d a c e t o n i t r i l e (2 x 5ml), and 

f i n a l l y the solvent was removed by pumping. A small amount of yellow 

impuri ty s t i l l remained. The soluble products were shown by inf ra- red 

spectroscopy to be a mixture of S4N4 and [PhCNSSNjCl. 

Yie ld of [Ph(S?N] [S3N3] = ca. O.lOlg (567.), j/n,ax = 1594(vw), 

1400(w), 1242(w), 1181(m), 1141 (ni b r ) , 1021 (m), 986(w b r ) , 925(w), 

905(m), 851(m), 800(s), 720(m), 719(w), 694(m), 6Sl(m), 657(m), 640(ni), 

600(w), 530(m), 455(w). 
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c) Reaction of [SsNgJAlCU and (PhiNSSN)2 i n CflaCN. [Ss-N'sJAlCU 

(0.165g, 0.41mmol) was placed i n one bulb of a dog with (PhCNSSN)2 

(O.lSOg, 0.41mmol) i n the other bulb. A c e t o n i t r i l e (2 x 8ml) was added 

and the dog inverted i n a t y p i c a l c rys t a l growth experiment. Af te r a 

few minutes the so lu t ion i n the dimer compartment was deep red. Af ter 

two days there were many shiny green p la te le t s interspersed by a few 

yellow crys ta ls i n the dimer compartment. The mixture was f i l t e r e d , 

washed wi th back d i s t i l l e d CH3CN (2 x 5ml) and the solvent removed by 

pumping. I n f r a - r e d spectroscopy showed the orange solubles to be a 

mixture of [PhCNSSN]AICI4 and S4N4, and the green crystals to be 

;Ph(SsN] [S3N3; . 

Yie ld of [PhSsN] [S3N3] = ca. 21mg (167.), i^niax = 1595(w), 1240(w), 

1184(m), 1147(m), 1078(w b r ) , 1028(m), 990(mbr), 927(w), 908(m), 853(m), 

844(w sh) , 806(s), 775(s), 726(w), 700(m), 6S7(m), 663(m), 648(s), 

605(m), 550(w), 535(w), 458(w). 

d) Mixing vapours of (SN)x and (Ph(SsSN)2. Vapours of (SN)x (ca. 

0.042g, 0.913mmol at leO^C) and (PhSsSN)2 (0.022g, 0.061mmol at 500C) 
- 6 

were mixed together through quartz wool under high vacuum (3 x 10 

t o r r ) at leO^C. The product was col lected on a cold f inger at -196°C 

and resublimed at 70°C to separate the excess (SN)x from the green 

product which was i d e n t i f i e d by i n f r a - r e d spectrum as a mixture of 

[PhSsiS'] [S3N3] , S4N4 and (Ph(5s?N)2. 

u^^^ = 1597(w)'', 1322(vw)^, 1242(w)'', l lS7(m)' ' , 115S(w s h ) \ 

1144(m)\ 1101(vw)\ 1077(w)\ 1025(m)\ 990(m)\ 928(s)^ 906(m)^ 

8 0 3 ( s ) \ 77S(m)', 7 7 0 ( s ) \ 726(m)\ 706(s s h ) \ 698(s )^ 682(m)', 

658(m)\ 644(m)\ 605 (w) \ 5 5 0 ( s ) \ 530(m)\ 510(w)', 457(w)\ a . 

[PhSsN-] [ S 3 N 3 ] , b = S4N4, c = (Ph(SsSN')2. 
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5.4.10 Reaction of [PhSsN] [AsFe] and [Pr4N] [S3N3] i n CHaCla: 

Pr4N] [S3N3] (O.lOOg, 0.309mmol) was placed in one bulb of a dog 

wi th [Ph&SSN] [AsFe] (0.116g, 0.314mmol) i n the other bulb. CH2CI2 (2 x 

9ml) was added to each side and the dog inverted in a t y p i c a l crysta l 

growth experiment. A f t e r one day the so lu t ion i n both compartments was 

deep red and there were a few orange crysta ls on the wal ls . The mixture 

was f i l t e r e d and the solvent removed by pumping to y i e ld a red/brown 

s o l i d . This was shown by i n f r a - r ed spectroscopy to be a mixture of S4N4, 

;Ph(SsSN]2 and [Pr4N] [AsFg; . 

I n f r a - r e d Spectrum of the mixture, Vmax = I600(w) , ,1402(w) , 

1261(w)^, 1242(w)^, 1229(w)^, 1188(w)^, 1140(w)^, 1078(w)^, 1040(w)^, 

1025(w)^, 987(w)^, 968(w)% 928(m)b, 900(w)^, 850(w)% 846(w)^, 805(m)\ 

778(m)'', 770(m)^, 752(w)^, 726(m sh)^, 710(s s h ) \ 6 9 8 ( s ) \ 690(s)^ 

6S5(s)^, 652(m) \ 552(s ) ' , 512(ni)^, 402( s )^ a = [PhSiSSNJa, b = 

;Pr4N] [AsFe], c = S4N4. 

5.4.11 Preparation of [PhlSsSN]2CI: 

(Ph{5sSN)2 (O.lOOg, 0.276mmol) was ground together with [PhiiVSSN]01 

(0.1196g, 0.552mmol) i n an agate pestle and mortar. I n i t i a l l y the 

mixture was observed to be s t icky but on persistent grinding a brown 

powder resul ted which was heated at 156°c f o r 15 minutes under a blanket 

of ni trogen to produce [PhCNSSN]2CI. 

Yie ld = (1007.), i/max = 1600(w b r ) , 1395(s sh), 1260(w), 1213(w), 

1177(m), 1130(s), 1070(w), 1024(m), lOOO(vw), 939(w), 925(w), 911(m), 

902(m), 879(m), S56(w), 832(m), 807(s), 782(s), 772(s), 696(s sh), 

6S9(s) 676(m), 667(m), 662(m sh), 650(m sh), 540(m), 525(ffl), 4S9(w), 

470(s). Analysis: found C, 42.55; N, 14.12; H, 2.58; S, 33.187.; 

;Ph(5NSSN]2Cl requires C, 42.26; N, 14.08; I I , 2.52; S, 32.127.. 
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D.S.C. showed; trough(w br) 135-158°C, peak(s) 158-187°C. Mass spectrum 

(EI) showed m/e; 181 (1007.) [PhSsSN]'. Esr ac t ive . 

5.4.12 Extract ion of [Ph(SsSN]2CI: 

"PhCNSSN]2CI (O.lOOg, 0.25mmol) was placed i n a closed extractor 

and extracted f o r one hour with a c e t o n i t r i l e . Removal of the solvent, 

by pumping, revealed a d i r t y yellow so l id on the f r i t and a d i r t y brown 

s o l i d i n the bulb. I n f r a - r e d spectroscopy showed the yellow compound to 

be [Ph(5sSN; CI and the brown compound to be mainly (Ph(5sSN)2 with a 

small amount of [Ph(KN] CI/[PhSsN] 2CI . 

Yellow [Ph(5sSN]Cl showed z/max = 1322(w), 1279(w), 1221(w), 

1132(m), 1072(w), 1021(w), 919(w), 897(w), 834(w), 800(m), 781(s), 

676(s), 721(m), 680(s), 650(s), 510(m). 

Brown mixture showed i/max = 1595(w)^, 1395(s)^, 1345(w)^, 1320(m)^, 

1292(w)^, 1210(w)^, 1170(w)^, 1150(w)^, 1137(m)^'', 1070(w)^, 1028(m)^, 

idoO(w)^, 921(m)^, 893(s)^, 845(s)^, 802(w)^ 7 8 5 ( s ) ^ \ 720(w)^ 

700(s) ' ' , 690(m sh)^, 678(vw)'', 580(m)^, 520(m)^, 466(w)^. 

(Ph(SsSi\)2, b = [Ph(SN]Cl/[Ph(SsSi\']2Cl. 

5.4.13 Reaction i n a DC nitrogen plasma of : 

a) [PhiNSSN] [S3N3]. Green [PhSsN] [S3N3] (0.010g,0.031mmol) was 

acted on by a nitrogen plasma at ca. 35°C with a current of 0.8mA. 

A f t e r 3 hours the product was a l i g h t brown powder p a r t i a l l y covered in 

a dark brown polymer. 

I n f r a - r ed spectroscopy showed the product to be a mixture of 

s t a r t i ng material and (PhCN3S2)2, f'max = 1596(w)^, 1390(m sh)*^, 

1340(s)^ 1244(w)\ l l S 2 ( m ) \ 1166(w)^ 1143(m)\ 1023(m)% 990(m hr)\ 

905(m)\ 895(m)^ 852(m b r ) \ S02( s ) \ 7S5(w)\ 7 7 1 ( s ) \ 763(w s h ) ^ 

a = 
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697(m)^, 691(w sh)^, 6 8 1 ( s ) \ 670(w)^ 662(m)\ 657 ( in)° , 644(m)", 

605(w)% 532(m)^ 489(w)^ 451(m)\ a . [PhSsN] [S3N3] , b = 

(PhCN3S2)2. 

b) [ [PhSsSNJaCl] [S3N3]. Gold [[Ph(SsSN]2Cl] [S3N3] (O.OlSg, 

0.028mmol) was acted on by a nitrogen plasma at ca. 35°C with a current 

of 2.0mA. A f t e r 45 minutes the product was a l i g h t brown powder 

p a r t i a l l y covered i n a dark brown polymer. 

I n f r a - r e d spectroscopy showed the product to be a mixture of 

s t a r t i n g materials , (PhCN3S2)2 and [Ph(SsSN]Cl, i^max = 1595 ( w ) \ 1400(ni 

sh)^, 1340(s)^ 1290(w)^ 1178(w)^, 1163(w)\ 1139(m)\ 1022(m)^^ 943(m 

b r ) \ 921(w s h ) ^ 9 0 5 ( s ) \ 895(s )^ 877(w) \ S44(w)', 8 1 0 ( s ) \ 785(m)^ 

772(m) \ 700(m s h ) \ 697(m)^, 6 8 0 ( s ) \ 667(m)\ 550(vw)^ 542(w)\ 495(w 

s h ) \ 485(w h r ) \ 452(w)^ a = [[Ph(SsSN]2Cl] [S3N3] , b = (PhCN3S2)2, 

= ;Ph(SsSN]Cl. 

c) [PhiiisSN] [S3N2]C1. Green coloured [PhSsiS'] [S3N2]C1 

(0.012g,0.035mmol) was acted on by a nitrogen plasma at ca. 35°C with a 

current of 1.8mA. A f t e r 1 hour the product was a l i g h t brown powder 

p a r t i a l l y covered i n a dark brown polymer. 

I n f r a - r e d spectroscopy showed the product to be a mixture of 
a b 

Starting material and (PhCN3S2)2, i^max = 1596(w) , 1392(w sh) , 

1344( s ) \ 1250(w br)"", 1189(w)\ 1179(w)'', 1165(m)^ 1151(w)^, 1140(m)\ 

1068(w)\ 1023(m)^^ 984(ni)% 934(s)% 930(w s h ) ^ 9 0 5 ( s ) \ 895(s)^ 

8 6 0 ( s ) \ S52(w)\ 8 1 5 ( s ) \ 787(s ) ' , 772(m)^ 767(w)', 700(s) ' , 692 ( s ) \ 

688(s sh)"", 6S0(s s h ) \ 671(m)^ 615(w) \ 575(w) \ 533(m)\ 490(w)\ 

469(w)^ 450(m)^ 435(m)\ a . [Ph&SSiS'] [S3N2]CI, b = (PhCNsSs)^. 
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d) [PhiNSSNjaCl. [Ph(SsSN]2Cl (0.015g, 0.038mmol) was acted on by 

a ni t rogen plasma. No reaction occurred u n t i l 100°C when very quickly a 

black polymer coated the sample and the glass of the sample holder. The 

s o l i d product was d i r t y yellow in colour and was i d e n t i f i e d by in f ra - red 

spectroscopy as [Ph(SsSN]Cl, i^max = 1320(w), 1280(w), 1220(w), 1132(m), 

1072(w), 1020(w), 920(w), 897(w), 835(w), 802(m), 781(s), 676(s), 

720(m), 680(s), 652(s), 510(m). 
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