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SUMMARY 

The behaviour of some t r a n s i t i o n metal compounds i n l i q u i d hydrogen 

c h l o r i d e has been examined. Previous work has e s t a b l i s h e d t h a t both 

p r o t o n a t i o n and o x i d a t i o n studies can be c a r r i e d out i n the solvent. 

The present work has shown t h a t rc-cyclopentadienylcarbonyl metal 

compounds can act as bases i n the solvent. The s t r u c t u r e of the products 

i s o l a t e d was deduced from i n f r a r e d , "^Fe Mossbauer and other spectroscopic 

techniques. 

Hydrogen c h l o r i d e and other v o l a t i l e compounds were handled i n a 

conventional vacuum system and rea c t i o n s were c a r r i e d out i n detachable 

glass c e l l s or i n sealed s i l i c a ampoules. The r e a c t i o n s were followed by 

conductimetric techniques where possible. C h a r a c t e r i s a t i o n of the products 

obtained was by chemical a n a l y s i s , by the change of weight o c c u r r i n g during 

the r e a c t i o n and by spectroscopic techniques. 

B i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) had p r e v i o u s l y been shown 

to act as a base i n su l p h u r i c acid. Reaction w i t h boron t r i c h l o r i d e and 

phosphorus p e n t a f l u o r i d e i n the solvent r e s u l t e d i n i s o l a t i o n of the 

n-cyclopentadienyldicarbonyl iron-u-hydrogen n-cyclopentadienyldicarbonyl 

i r o n c a t i o n as i t s t e t r a c h l o r o b o r a t e and hexafluorophosphate s a l t s 

r e s p e c t i v e l y . I n the presence of l i g h t over prolonged periods hydrogen 

c h l o r i d e was observed t o add to the i r o n - i r o n bond i n bisCit-cyclopenta-

d i e n y l d i c a r b o n y l i r o n ( l ) ) . Oxidations w i t h c h l o r i n e r e s u l t e d i n mixtures 

of cyclopentadienylcarbonyl i r o n halides and other products being obtained. 

n-cyclopentadienyldicarbonyl i r o n ( I I ) c h l o r i d e was observed t o act as 

a base towards boron t r i c h l o r i d e t o give 7 t-cyclopentadienyldicarbonyl i r o n -

u-chloro T t-cyclopentadienyldicarbonyl i r o n t e t r a c h l o r o b o r a t e . rc-cyclopenta-

guasn 
M 2 8 SEP 1972 

VI01 



i v 

d i e n y l d i c a r b o n y l i r o n ( l l ) bromide and Tt-cyclopentadienyldicarbonyl i r o n ( l l ) 

i o d i d e dissolved i n l i q u i d hydrogen c h l o r i d e without s o l v o l y s i s t a k i n g place 

T e t r a k i s ( j t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) dissolved i n hydrogen 

c h l o r i d e and i n the presence of boron t r i c h l o r i d e two protons were taken up. 

Phosphorus p e n t a f l u o r i d e o x i d i s e d the complex to the mono-cation. This was 

the f i r s t observation of phosphorus p e n t a f l u o r i d e a c t i n g as a oxidant i n 

hydrogen c h l o r i d e . 

The jt-cyclopentadienyldicarbonyl iron-u.-halogeno Tt-cyclopentadienyl­

d i c a r b o n y l i r o n cations (halogeno = c h l o r o , bromo or iodo) were prepared by 

two new ro u t e s , and an examination of t h e i r i n f r a r e d , "^Fe Mossbauer and 

e l e c t r o n spectra c a r r i e d out i n order t o deduce i n f o r m a t i o n about t h e i r 

structure.. The compounds were found t o have symmetrical Fe-X-Fe (X = C I , 

Br and I ) bonds which were bent. The two i r o n atoms were found t o be i n 

i d e n t i c a l chemical environments. The f a r i n f r a r e d spectra of the compounds 

were examined and asymmetric metal halogen s t r e t c h i n g frequencies assigned. 

The t e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) compound were also 

examined by several p h y s i c a l techniques and s t r u c t u r e s suggested f o r the 

products observed. Evidence from ^Fe Mossbauer studies showed t h a t the 

i r o n atoms remained equivalent on o x i d a t i o n and p r o t o n a t i o n . 
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1. 

CHAPTER 1 

INTRODUCTION 

The work d e s c r i b e d i n t h i s t h e s i s has been d i v i d e d i n t o two main 

s e c t i o n s . The f i r s t s e c t i o n d e a l s w i t h s t u d i e s o f t h e r e a c t i o n s o f 

t r a n s i t i o n m e t a l o r g a n o m e t a l l i c compounds when d i s s o l v e d i n l i q u i d 

h ydrogen c h l o r i d e . The second s e c t i o n d e a l s w i t h t h e e x a m i n a t i o n o f t h e 

p r o d u c t s formed i n t h e l i q u i d hydrogen c h l o r i d e s t u d i e s u s i n g s e v e r a l 

p h y s i c a l t e c h n i q u e s , f o r example "*^Fe Mossbauer s p e c t r o s c o p y , f o u r i e r 

t r a n s f o r m f a r i n f r a r e d s p e c t r o s c o p y and e l e c t r o n s p e c t r o s c o p y . Far 

i n f r a r e d s p e c t r o s c o p y was f o u n d t o be an e x t r e m e l y u s e f u l t e c h n i q u e when 

e x a m i n i n g compounds c o n t a i n i n g a m e t a l - h a l o g e n bond. R e l a t e d compounds 

were a l s o s t u d i e d i n o r d e r t h a t a d s o r p t i o n bands c o u l d be a s s i g n e d w i t h 

some degree o f c e r t a i n t y . 

1.1.1. Non-Aqueous S o l v e n t s 

s t u d y 0 f non-aqueous s o l v e n t systems has now become a w e l l e s t a b l i s h e d 

b r a n c h o f i n o r g a n i c c h e m i s t r y . Many o f t h e e a r l i e r s t u d i e s a t t e m p t e d t o 

show t h e s i m i l a r i t i e s and d i f f e r e n c e s between t h e c h e m i s t r y o f aqueous and 

non-aqueous s o l u t i o n s . A l t h o u g h t h e r e s u l t s o f t h e s e s t u d i e s have shown 

t h a t a l l s o l v e n t systems have f u n d a m e n t a l s i m i l a r i t i e s , w a t e r i s o u t ­

s t a n d i n g i n i t s s o l v e n t p r o p e r t i e s . A l t h o u g h some work i s s t i l l b e i n g 

c a r r i e d o u t i n an a t t e m p t t o u n d e r s t a n d t h e modes o f i o n i s a t i o n o f some 

s o l v e n t s t h e m a j o r i t y o f c u r r e n t r e s e a r c h has as i t s main aim t h e 

u t i l i z a t i o n o f t h i s e x t r e m e l y u s e f u l and p o w e r f u l p r e p a r a t i v e t e c h n i q u e . 

Non-aqueous s o l v e n t systems have been r e v i e w e d by s e v e r a l a u t h o r s 

i n c l u d i n g A d d i s o n ( 1 ) , A u d r i e t h and K l e i n b e r g ( 2 ) , Drago and P u r c e l l ( 3 ) , 

A f t e r a r a t h e r l a t e b e g i n n i n g and an unsteady development t h e 
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Emeleus and Anderson ( 4 ) , and Gutmann ( 5 ) . The t h e o r y o f how 

d i s s o c i a t i o n and s e l f - i o n i z a t i o n phenomena i n non-aqueous s o l v e n t s s h o u l d 

be i n t e r p r e t e d are d i s c u s s e d by Drago ( 6 ) and Gutmann ( 7 ) . I n t r o d u c t o r y 

t e x t s t o non-aqueous s o l v e n t c h e m i s t r y by Waddington ( 8 ) and Jander and 

L a f r e n z ( 9 ) g i v e t h e newcomer an e x c e l l e n t background b u t f o r t h e 

e s t a b l i s h e d w o r k e r t h e c o l l e c t i o n o f r e v i e w s g i v i n g a modern c r i t i c a l 

assessment o f s e l e c t e d s o l v e n t s by Waddington ( 1 0 ) i s t o be h i g h l y 

recommended. 

1.1.2. H i s t o r y 

The s o l v e n t p r o p e r t i e s o f l i q u i d hydrogen c h l o r i d e were f i r s t 

s t u d i e d by Gore ( 1 1 ) over a c e n t u r y ago. Gore p r e p a r e d t h e h ydrogen 

c h l o r i d e used i n h i s s t u d i e s i n an e n c l o s e d system from t h e r e a c t i o n o f 

ammonium c h l o r i d e and s u l p h u r i c a c i d . 

NH. C I + 1I_S0. to- NH.HSO, + HC1 

4 2 4 4 4 

The e x p e r i m e n t s t h a t Gore c a r r i e d o u t were c o n f i n e d t o o b s e r v i n g 

v i s u a l l y any r e a c t i o n between t h e l i q u i d h y drogen c h l o r i d e and m a i n l y 

s i m p l e i n o r g a n i c m a t e r i a l s . Only t e n m a t e r i a l s o f t h e s i x t y s i x 

examined d i s s o l v e d and Gore concl u d e d t h a t " l i q u i d h y drogen c h l o r i d e has 

b u t a f e e b l e s o l v e n t power f o r s o l i d b o d i e s i n g e n e r a l " . I t was n o t 

u n t i l a f t e r 1900 t h a t any s y s t e m a t i c work on t h e l i q u i d hydrogen c h l o r i d e 

s o l v e n t system was c a r r i e d o u t . The low t e m p e r a t u r e s r e q u i r e d f o r 

h a n d l i n g t h e s o l v e n t ( a b o u t -100°C) s e v e r e l y r e s t r i c t e d t h e work s i n c e 

o n l y l i m i t e d s u p p l i e s o f l i q u i d a i r and s o l i d carbon d i o x i d e were 

a v a i l a b l e . The r e s u l t s o f t h e e x p e r i m e n t s a r e summarised and d i s c u s s e d 

i n a l e n g t h y paper ( 1 2 ) w h i c h i s d i v i d e d i n t o f o u r s e c t i o n s each 

complete i n i t s e l f . The paper d e s c r i b e s work m e t i c u l o u s l y c a r r i e d o u t 

under v e r y d i f f i c u l t p r a c t i c a l c o n d i t i o n s . The f i r s t s e c t i o n d e s c r i b e s 



t h e p h y s i c a l and thermodynamic p r o p e r t i e s o f t h e hydrogen h a l i d e s . 

S o l u b i l i t y , c o n d u c t i v i t y and e b u l l i o s c o p i c s t u d i e s a r e d e a l t w i t h i n t h e 

second s e c t i o n . The t h i r d s e c t i o n d e a l s w i t h t r a n s p o r t numbers i n l i q u i d 

h ydrogen bromide. Hydrogen bromide was chosen because o f t h e r e l a t i v e 

ease o f m a i n t a i n i n g a t e m p e r a t u r e where t h e s o l v e n t had l e s s t h a n one 

atmosphere p r e s s u r e and was i n the l i q u i d s t a t e . For these s t u d i e s a 

s l u r r y o f s o l i d carbon d i o x i d e and e t h e r was used w h i c h g i v e s a 

t e m p e r a t u r e o f -81°C. The f i n a l s e c t i o n s e t s o u t t h e r e s u l t s b u t t h e 

a u t h o r s were u n a b l e t o c o r r e l a t e d i s s o l v i n g power, d i e l e c t r i c c o n s t a n t , 

c o n d u c t i v i t y and d e v i a t i o n s i n m o l e c u l a r w e i g h t d e t e r m i n a t i o n s . 

Research i n t h i s s o l v e n t ceased a f t e r 1912, e x c e p t f o r a few i s o l a t e d 

e x p e r i m e n t s , u n t i l 1958 when K l a n b e r g and Waddington ( 1 3 ) - ( 1 7 ) s t a r t e d a 

s y s t e m a t i c s t u d y . These a u t h o r s had a tremendous advantage over p r e v i o u s 

w o r k e r s due t o t h e f a c t s t h a t vacuum t e c h n i q u e s and c r y o g e n i c s were 

r e a d i l y a v a i l a b l e ; a l s o c o n s i d e r a b l e e x p e r i e n c e and knowledge o f t h e 

h a n d l i n g o f v o l a t i l e , low d i e l e c t r i c s o l v e n t s w i t h r i g o r o u s e x c l u s i o n o f 

m o i s t u r e had been g a i n e d i n t h e p r e v i o u s two o r t h r e e decades. The 

i n i t i a l s t u d i e s c o n s i s t e d o f an e x a m i n a t i o n o f t h e conductance o f v a r i o u s 

m a t e r i a l s , p r i m a r i l y t h e h a l i d e s o f Groups I I I , I V and V i n t h e s o l v e n t ( 1 5 ) . 

C l a s s i f i c a t i o n o f the m a t e r i a l s s o l u b l e i n t h e s o l v e n t was p u t i n t o t h r e e 

c a t e g o r i e s : 

( i ) S t r o n g s o l v o bases, e.g. tetramethylammonium c h l o r i d e and 

phosphorus p e n t a c h l o r i d e . 

( i i ) Medium s t r o n g s o l v o bases, e.g. a c e t y l c h l o r i d e and t e t r a e t h y l -

ammonium c h l o r i d e . 

( i i i ) Weak s o l v o a c i d s , e.g. b o r o n t r i c h l o r i d e and c h l o r o s u l p h o n i c 

a c i d . 



t o g e t h e r w i t h n e u t r a l i s a t i o n r e a c t i o n s w h i c h had been f o l l o w e d 

c o n d u c t i m e t r i c a l l y were r e p o r t e d i n a second paper ( 1 6 ) . A t about t h i s 

t i m e hydrogen bromide and hydrogen i o d i d e were a l s o b e i n g i n v e s t i g a t e d 

as non-aqueous s o l v e n t s ( 1 8 , 1 9 ) . Comparisons were made between them and 

hydrogen c h l o r i d e and hydrogen f l u o r i d e . The r e a c t i o n s s t u d i e d i n t h e 

h i g h e r hydrogen h a l i d e s were m a i n l y r e s t r i c t e d t o the a c i d - b a s e t y p e , 

i n f o r m a t i o n b e i n g o b t a i n e d f r o m c o n d u c t i m e t r i c t i t r a t i o n s and fr o m 

i n f r a r e d s p e c t r o s c o p y . 

C o n d u c t i m e t r i c t e c h n i q u e s were e x t e n s i v e l y u t i l i s e d by Peach and 

Waddington i n t h e i r s t u d i e s o f elements o f Groups I V , V and V I ( 2 0 ) ; and 

compounds c o n t a i n i n g m u l t i p l e bonds as s o l v o bases ( 2 1 ) . An e x t e n s i o n 

o f t h e work on s u l p h u r compounds, a l o n g w i t h t h e e x a m i n a t i o n o f some 

s e l e n i u m and t e l l u r i u m compounds has r e c e n t l y been p u b l i s h e d ( 2 2 ) . 

Fuoss and Kraus ( 2 3 ) found t h a t f o r s o l v e n t s o f low d i e l e c t r i c 

c o n s t a n t a p l o t o f l o g A a g a i n s t l o g C showed a minimum w h i c h moved t o 

h i g h e r c o n c e n t r a t i o n as t h e d i e l e c t r i c c o n s t a n t o f t h e medium i n c r e a s e d . 

For aqueous s o l u t i o n s t h i s minimum o c c u r r e d a t t o o h i g h a c o n c e n t r a t i o n 

t o be observed. A r c h i b a l d , M c i n t o s h and S t e e l e ' s work on t h e v a r i a t i o n 

o f e q u i v a l e n t c o n d u c t i v i t y w i t h c o n c e n t r a t i o n ( 1 2 ) was extended ( 1 9 , 2 4 ) 

and t h e Fuoss and Krauss t h e o r y a p p l i e d t o t h e s o l v e n t . The t h e o r y o f 

d i e l e c t r i c c o n s t a n t 9. Peach and Waddington ( 2 4 ) found t h a t t h e minimum 
-2 

o c c u r r e d a t about 10 M f o r l i q u i d h y drogen c h l o r i d e s o l u t i o n s ; l i q u i d 

h ydrogen c h l o r i d e has a d i e l e c t r i c c o n s t a n t o f 9»3. 

N o n - m e t a l l i c f l u o r i d e s were examined i n t h e s o l v e n t ( 2 5 ) and were 

d i v i d e d i n t o f o u r c a t e g o r i e s based upon t h e t y p e o f r e a c t i o n observed: 

Fuoss and Krauss p r e d i c t s a minimum 10" hi a t 2 x f o r a s o l v e n t o f 



( i ) no r e a c t i o n e.g. s i l i c o n t e t r a f l u o r i d e and phosphorus 

t r i f l u o r i d e 

( i i ) t o t a l s o l v o l y s i s e.g. a r s e n i c t r i f l u o r i d e and antimony 

t r i f l u o r i d e 

( i i i ) d i s p r o p o r t i o n a t i o n e.g. phosphorus p e n t a f l u o r i d e and a r s e n i c 

p e n t a f l u o r i d e 

( i v ) c h l o r o f l u o r o a n i o n f o r m a t i o n e.g. boron t r i f l u o r i d e . 

I n c a t e g o r y ( i i i ) t h e r e a c t i o n o f a r s e n i c p e n t a f l u o r i d e g i v e s 

t e t r a c h l o r o a r s o n i u m h e x a f l u o r o a r s e n a t e t h u s : 

2AsF c + 4HC1 > A s C l . + A s F c ~ + 4HF 
5 4 6 

whereas phosphorus p e n t a f l u o r i d e d i s p r o p o r t i o n a t e s o n l y i n t h e presence 

o f s t r o n g bases and does n o t produce f r e e h ydrogen f l u o r i d e t h u s : 

2C1 + 3PF C > 2PF £ + PF,C1„ 5 6 3 2 

slo w 
Y 

PC1. +PF ~ 4 6 

C o n d u c t i m e t r i c t i t r a t i o n s u s i n g phosphorus p e n t a f l u o r i d e as an a c i d show 

a break a t t h e 1*5:1 ( a c i d : b a s e ) m o l a r r a t i o when s a l t f o r m a t i o n o c c u r s 

b u t a t t h e 1:1 molar r a t i o when an adduct i s produced. T h i s e n a b l e s 

s a l t f o r m a t i o n and adduct f o r m a t i o n t o be r e a d i l y d i s t i n g u i s h e d . 

Work i n t h e s o l v e n t was t h e n extended t o i n c l u d e s t u d i e s o f 

o x i d a t i o n - r e d u c t i o n systems. The f i r s t s t u d y c o n s i s t e d o f an e x a m i n a t i o n 

o f t h e r e a c t i o n o f halogens w i t h h a l i d e i o n s ( 2 6 ) , p o l y h a l i d e i o n s o f t h e 

t y p e AB„ b e i n g produced. The o n l y e x c e p t i o n b e i n g t h e r e a c t i o n o f c h l o r i n e 



w i t h i o d i n e gave t h e I C l ^ as t h e f i n a l p r o d u c t . 

Phosphorus ( I I I ) compounds were shown t o be o x i d i s e d t o phosphorus(V) 

compounds by c h l o r i n e , bromine and i o d i n e m o n o c h l o r i d e ( 2 7 ) . The i o n s 

PCl„Br + and ( C , H r ) . P C l + were formed and s t a b i l i z e d as t h e t e t r a c h l o r o b o r a t e 3 6 5 3 

s a l t s . I n t h e s t u d i e s on phosphorus t r i f l u o r i d e , t h e f i n a l p r o d u c t o f 

o x i d a t i o n by c h l o r i n e , bromine and i o d i n e m o n o c h l o r i d e was d i c h l o r o t r i -

f l u o r o p h o s p h o r a n e : 

PF 3 + C l 2 > P F 3 C 1 2 

PF 3 + B r 2 + 2HC1 > P F 3 C 1 2 + 2 H B r 

PF 3 + 2IC1 > P F 3 C 1 2 + I 2 

D i c h l o r o t r i f l u o r o p h o s p h o r a n e s l o w l y changes from t h e m o l e c u l a r f o r m t o 

t h e i o n i c f o r m when d i s s o l v e d i n t h e s o l v e n t . 

2PF.C1. > PC1. +PF ~ 
3 2 4 6 

The above r e a c t i o n s were s t u d i e d v i s u a l l y i n cases where b o t h t h e 

s t a r t i n g m a t e r i a l and t h e r e s u l t a n t p r o d u c t were m o l e c u l a r s p e c i e s , and 

hence c o u l d n o t be f o l l o w e d by c o n d u c t i m e t r i c t e c h n i q u e s . 

The work p r e v i o u s l y c a r r i e d o u t on boron compounds (15 , 1 6 ) was 

extended ( 2 8 ) . T h i s work assessed t h e r e l a t i v e L ewis a c i d i t y o f s e v e r a l 

b o r o n compounds. D i b o r o n t e t r a c h l o r i d e was shown t o fo r m t h e h e x a c h l o r o -
2-

d i b o r a t e i o n , ^ C l g q u a n t i t a t i v e l y and some ev i d e n c e f o r t h e f o r m a t i o n 

o f t h e t r i c h l o r o m e t h y l b o r a t e i o n , CH^BCl^ was r e p o r t e d . D i b o r a n e , 

t r i e t h y l b o r o n and d i m e t h y l b o r o n c h l o r i d e f a i l e d t o a c t as s o l v o 

a c i d s i n t h e s o l v e n t , and t e t r a ( d i m e t h y l a m i n o ) d i b o r o n was s o l v o l y s e d . 
[ ( C H 3 ) 2 M ] 4 B 2 + 8HC1 > [ ( C H 3 ) 2 N H 2 ] 2 B 2 C 1 6 + 2(CH 3) 2NH 2C1 
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The work i n l i q u i d hydrogen c h l o r i d e had been concerned w i t h t h e 

main group elements and t h e l o g i c a l e x t e n s i o n was t o examine t h e 

be h a v i o u r o f some t r a n s i t i o n m e t a l compounds i n t h e s o l v e n t . I r o n 

p e n t a c a r b o n y l had been examined i n s u l p h u r i c a c i d and i n BF^'I^O-CF^CC^H 

s o l u t i o n and e v i d e n c e f o r t h e f o r m a t i o n o f an Fe-H bond was o b t a i n e d from 

n u c l e a r m a g n e t i c resonance s t u d i e s ( 2 9 ) . No s o l i d p r o d u c t s were 

o b t a i n e d . I n t h e case o f i r o n p e n t a c a r b o n y l d i s s o l v e d i n s u l p h u r i c a c i d 

a green s o l u t i o n was observed w h i c h decomposed v i o l e n t l y . 

I q b a l and Waddington ( 3 0 ) i n v e s t i g a t e d t h e b e h a v i o u r o f i r o n 

p e n t a c a r b o n y l i n l i q u i d hydrogen c h l o r i d e and found t h a t i r o n p e n t a ­

c a r b o n y l d i s s o l v e d r e a d i l y , w i t h o u t l o s s o f ca r b o n monoxide, t o g i v e a 

c o n d u c t i n g s o l u t i o n . R e a c t i o n w i t h t h e s o l v o a c i d s b o r o n t r i c h l o r i d e and 

phosphorus p e n t a f l u o r i d e gave t h e t e t r a c h l o r o b o r a t e and h e x a f l u o r o -

phosphate s a l t s r e s p e c t i v e l y o f t h e hydrogen p e n t a c a r b o n y l i r o n c a t i o n , 

Fe(C0),-H +. The s a l t s formed were observed t o decompose f a i r l y r a p i d l y 

a t room t e m p e r a t u r e . O x i d a t i o n o f s o l u t i o n s o f i r o n p e n t a c a r b o n y l i n t h e 

s o l v e n t w i t h c h l o r i n e , bromine and n i t r o s y l c h l o r i d e r e s u l t e d i n the 

f o r m a t i o n o f t h e c a t i o n s F e ( C 0 ) ^ X + , where X i s C I , Br and NO 

r e s p e c t i v e l y . 

The F e ( C 0 ) 5 X + i o n s (X = C I , Br and NO) were a l l d i a m a g n e t i c and 

belonged t o p o i n t groups C^v. The i n f r a r e d and u v / v i s i b l e d a t a r e p o r t e d 
2+ -

ar e c o n s i s t e n t w i t h t h e c a t i o n s c o n t a i n i n g Fe and X (X = C I , Br and 

NO). F o r m a t i o n o f a s p e c i e s c o n t a i n i n g an i r o n atom i n t h e + 1 o x i d a t i o n 

s t a t e was n o t r e p o r t e d , a l t h o u g h b reaks i n t h e c o n d u c t i m e t r i c 

t i t r a t i o n s o f i r o n p e n t a c a r b o n y l w i t h c h l o r i n e and bromine were observed 

a t t h e 0*5:1 and 1:1 ( o x i d a n t : r e d u c t a n t ) m o l a r r a t i o s . The c o n d u c t i v i t y 

was observed t o i n c r e a s e w i t h a d d i t i o n o f h a l o g e n s u g g e s t i n g f o r m a t i o n 

o f an i o n i c i n t e r m e d i a t e . 



8. 

N i c k e l t e t r a c a r b o n y l d i s s o l v e d i n l i q u i d hydrogen c h l o r i d e , w i t h o u t 

l o s s o f carbon monoxide, and formed an adduct w i t h phosphorus p e n t a -

f l u o r i d e (31)= No s o l i d p r o d u c t s were o b t a i n e d a t room t e m p e r a t u r e a f t e r 

r e a c t i o n w i t h e i t h e r boron t r i c h l o r i d e o r phosphorus p e n t a f l u o r i d e . 

O x i d a t i o n o f n i c k e l t e t r a c a r b o n y l s o l u t i o n s i n the s o l v e n t w i t h c h l o r i n e 

r e s u l t e d i n the i s o l a t i o n o f a compound w i t h an e m p i r i c a l f o r m u l a 

N i 2 ( C 0 ) ^ C l ^ w h i c h was a s s i g n e d the s t r u c t u r e ( I ) on the b a s i s o f i t s 

i n f r a r e d and m a g n e t i c p r o p e r t i e s . 

CI 

N i 

CI CI o 
( I ) 

STRUCTURE OF N i o ( C 0 ) . C l 



O x i d a t i o n o f n i c k e l t e t r a c a r b o n y l w i t h bromine gave n i c k e l o u s 

bromide and w i t h n i t r o s y l c h l o r i d e a compound o f e m p i r i c a l f o r m u l a 

N i C N O ^ C ^ was formed. The s t r u c t u r e o f N i C N O ^ C ^ was a s s i g n e d as 

t e t r a h e d r a l based on t h e i n f r a r e d and ma g n e t i c d a t a . 

T r i c a r b o n y l n i t r o s y l c o b a l t d i s s o l v e d i n t h e s o l v e n t w i t h o u t e v o l u t i o n 

o f carbon monoxide. R e a c t i o n w i t h phosphorus p e n t a f l u o r i d e r e s u l t e d i n 

th e f o r m a t i o n of a 1:1 adduct w h i c h d i s p r o p o r t i o n a t e d on warming t o 

room t e m p e r a t u r e . O x i d a t i o n o f s o l u t i o n s o f t r i c a r b o n y l n i t r o s y l c o b a l t 

i n t h e s o l v e n t w i t h c h l o r i n e and n i t r o s y l c h l o r i d e gave c o b a l t i c 

c h l o r i d e ( 3 1 ) . 

1.1.3 Theory o f t h e S o l v e n t 

The p r o p e r t i e s o f a l l p r o t o n i c s o l v e n t s a r e a f f e c t e d t o g r e a t e r 

o r l e s s e r e x t e n t s by hydrogen b o n d i n g . Hydrogen b o n d i n g o c c u r s t o such 

an e x t e n t i n hydrogen f l u o r i d e t h a t t h e s o l i d c o n s i s t s o f z i g - z a g c h a i n s o f 

hydrogen bonded p o l y m e r s . I n t h e lower hydrogen h a l i d e s t h e s o l i d 

c o n s i s t s o f a m o l e c u l a r l a t t i c e showing c l e a r l y t h a t hydrogen b o n d i n g i s 

o n l y o f secondary i m p o r t a n c e . Hydrogen c h l o r i d e , bromide and i o d i d e a r e 

m u t u a l l y m i s c i b l e b u t a l l t h r e e a r e i n s o l u b l e i n l i q u i d hydrogen f l u o r i d e . 

The c o n d u c t i v i t y o f l i q u i d hydrogen c h l o r i d e i s i n t h e r e g i o n o f 
8 1 1 o 0.35 x 10 ohm cm a t -85 C ( 3 2 ) , w h i c h i s v e r y s i m i l a r t o t h e v a l u e 
8 1 1 o o f 5 x 10~ ohm cm a t 18 C o b s e r v e d f o r p u r e w a t e r ( 3 3 ) . These 

v a l u e s a r e u s u a l l y e x p l a i n e d by assuming t h a t s e l f i o n i s a t i o n o c c u r s . 

H 20 ~ * H + + OH" 

HC1 ~ * H + + C l " 

The i o n s produced w i l l be s o l v a t e d so t h a t a more a c c u r a t e 

r e p r e s e n t a t i o n i s p r o b a b l y t h e e q u i l i b r i u m g i v e n below. 
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3HC1 ; — 1 H 2 C L + + H C 1 2 _ 

The e x a c t degree o f s o l v a t i o n i s unknown. The p o s t u l a t e d H 9 C 1 + i o n has 

been d e t e c t e d i n t h e gas phase ( 3 4 ) and may e x i s t i n t h e e x p l o s i v e 

HCI^HCIO^ and i n HCLH SO^ w h i c h c o u l d n o t i s o l a t e d as a s o l i d ( 3 5 ) . 

The o n l y w e l l documented H 2 H a l + i o n o b s e r v e d i n s o l u t i o n i s H 2F +, w h i c h 

has been d e t e c t e d by c o n d u c t i v i t y measurements, and Raman and i n f r a r e d 

s p e c t r a o f t h e hydrogen f l u o r i d e a ntimony p e n t a f l u o r i d e system ( 3 6 ) . 

The HCI2 a n i o n has been w e l l e s t a b l i s h e d as t h e s o l v a t e d a n i o n i n 

t h e l i q u i d hydrogen c h l o r i d e s o l v e n t system. I t has been known f o r many 

yea r s t h a t c o - o r d i n a t i o n o f more t h a n one m o l e c u l e o f hydrogen c h l o r i d e 

can o ccur w i t h some l a r g e o r g a n i c m o l e c u l e s ( 3 7 ) . The hydrogen 

d i c h l o r i d e a n i o n was suggested as an i n t e r m e d i a t e i n s e v e r a l o r g a n i c 

r e a c t i o n s i n n i t r o b e n z e n e ( 3 8 ) } and l a t e r i t was c h a r a c t e r i s e d as i t s 

tetramethylammonium s a l t ( 3 9 ) . The i n f r a r e d d a t a i s c o n s i s t e n t w i t h a 

l i n e a r [ C l - H - C l ] i o n ( 3 9 ) . S i m i l a r hydrogen d i h a l i d e a n i o n s have been 

e s t a b l i s h e d i n l i q u i d hydrogen bromide ( 1 9 , 40-42) and i n l i q u i d hydrogen 

i o d i d e ( 1 8 , 4 1 , 4 3 ) . Evidence f o r t h e . e x i s t e n c e o f [ C 1 ( H C 1 ) 2 ] ~ , 

[ B r ( H C l ) 2 ] " , [ I ( H C 1 ) 2 ] " , [ B r ( H B r ) 2 ] " and [ l ( H B r ) 2 ] " as w e l l as f o r t h e 

mixed hydrogen d i h a l i d e s [ H B r C l ] , [H C 1 I ] has been o b s e r v e d ( 4 4 ) . 

I f i o n i s a t i o n o f l i q u i d hydrogen c h l o r i d e can be r e p r e s e n t e d by t h e 

e q u a t i o n : 

3HC1 ^ = = i H 2 C 1 + + HC1 2" 

i t i s c l e a r t h a t two d e f i n i t i o n s o f a c i d s and bases a r e a p p l i c a b l e . 

A c i d s can be d e f i n e d e i t h e r as p r o t o n donors o r c h l o r i d e i o n a c c e p t o r s , 

and bases as p r o t o n a c c e p t o r s or c h l o r i d e i o n donors. T h i s a r i s e s f r o m t h e 

f a c t t h a t t h e p r i m a r y s t e p i n t h e e q u i l i b r i u m can be r e g a r d e d e i t h e r as 

p r o t o n o r c h l o r i d e i o n t r a n s f e r . The two d e f i n i t i o n s a r i s e n o t f r o m a 

d i f f e r e n c e o f p r i n c i p l e b u t f r o m a d i f f e r e n c e o f emphasis. Hydrogen 



c h l o r i d e may be e x p e c t e d t o show c h a r a c t e r i s t i c s b o t h o f a c h l o r i d o t r o p i c 

s o l v e n t , such as A s C l 3 ( 5 ) , S b C l 3 ( 4 5 ) , I C l ( 5 , 4 6 ) , P0C1 3 ( 5 ) and o f a 

p r o t o n i c s o l v e n t such as HF ( 2 ) , P^SO^ (47, 4 8 ) and CH COOH (2 ) = Hydrogen 

c h l o r i d e i s a s i m p l e r system t o u n d e r s t a n d t h a n s u l p h u r i c a c i d as 

s u l p h o n a t i o n r e a c t i o n o ccur as s i d e e f f e c t s ( 4 7 ) . 

The p h y s i c a l c o n s t a n t s o f t h e hyd r o g e n h a l i d e s and o f water a r e g i v e n 

i n T a b l e 1.1. Water and hydrogen f l u o r i d e , b o t h w h i c h have a l o n g l i q u i d 

range and l a r g e d i e l e c t r i c c o n s t a n t s t e n d t o d i s s o l v e a l a r g e number o f 

s u b s t a n c e s , i n c l u d i n g many i n o r g a n i c s a l t s ( 2 , 4 9 - 5 3 ) . I n these cases 

t h e s o l v a t i o n energy i s g r e a t e r t h a n t h e l a t t i c e energy. For t h e h i g h e r 

h ydrogen h a l i d e s which have s h o r t l i q u i d ranges and low d i e l e c t r i c 

c o n s t a n t s , m a t e r i a l s h a v i n g l a r g e l a t t i c e e n e r g i e s w i l l t e n d t o be 

i n s o l u b l e e.g. sodium c h l o r i d e . L a t t i c e e n e r g i e s depend a p p r o x i m a t e l y on 

f o r i o n i c compounds, t h e r e f o r e a l a r g e c a t i o n c h l o r i d e w i l l t e n d 
r + r 

t o be s o l u b l e e.g. tetramethylammonium c h l o r i d e . A l s o i f t h e a n i o n i s 

s m a l l s o l v a t i o n o f t h e a n i o n w i l l o c cur a l s o f a v o u r i n g s o l u b i l i t y . 

I n aqueous a c i d s o l u t i o n s , and i n s u l p h u r i c a c i d t h e mechanism o f 

conductance i s t h o u g h t t o i n v o l v e " p r o t o n j u m p i n g " . I t has been 

p o s t u l a t e d t h a t i n l i q u i d h y drogen c h l o r i d e t h a t t h e analogous phenomenon 

o f " c h l o r i d e i o n t r a n s f e r " c o u l d e x p l a i n t h e mechanism o f conductance 

i n b a s i c s o l u t i o n s . I f t h i s p o s t u l a t e was t r u e a l l u n i v a l e n t bases would 

have v i r t u a l l y t h e same m o l a r c o n d u c t i v i t y a t i n f i n i t e d i l u t i o n . 

U n f o r t u n a t e l y i t has n o t been p o s s i b l e t o measure t h e s e c o n d u c t i v i t i e s 

a c c u r a t e l y ( 2 4 ) . 
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1.2. P r o t o n a t i o n o f n e u t r a l t r a n s i t i o n m e t a l complexes 

P r o t o n a t i o n o f t h e c e n t r a l m e t a l atom i n a n e u t r a l t r a n s i t i o n m e t a l 

complex was f i r s t d e m o n s t r a t e d i n 1955 by Birmingham and W i l k i n s o n ( 5 4 ) . 

Since t n e n m a n y t r a n s i t i o n m e t a l complexes w i t h s t r o n g l y pi-bonded l i g a n d s 

have been shown t o a c t as bases i n s t r o n g l y a c i d i c media ( 2 9 , 55-67). 

I n a number o f these s t u d i e s t h e a c i d i c media used was based on t h e 

s u l p h u r i c a c i d s o l v e n t system ( 2 9 , 63, 65, 6 7 ) . S u l p h u r i c a c i d has two 

s e r i o u s d i s a d v a n t a g e s ; t h e f i r s t b e i n g t h a t s t u d i e s a r e l i m i t e d t o 

s o l u t i o n t e c h n i q u e s s i n c e i t i s v e r y d i f f i c u l t t o i s o l a t e s o l i d p r o d u c t s , 

and s e c o n d l y s u l p h u r i c a c i d i s a s u l p h o n a t i n g ( 4 7 ) and a o x i d i s i n g agent 

as w e l l as b e i n g a s t r o n g a c i d . Many o f t h e t r a n s i t i o n m e t a l complexes 

s t u d i e d c o n t a i n t r a n s i t i o n m e t a l atoms i n t h e 0, + 1 o r +2 o x i d a t i o n s t a t e s . 

I n an a t t e m p t t o e n a b l e t h e i s o l a t i o n o f s o l i d p r o d u c t s and t o s t u d y 

o x i d a t i o n i n a c o n t r o l l e d manner i n a p r o t o n i c s o l v e n t , t h e use o f 

hydr o g e n c h l o r i d e as t h e a c i d i c medium was t h o u g h t t o s a t i s f y many o f 

t h e r e q u i r e m e n t s . 

1.2.1. H i s t o r y 

The d e m o n s t r a t i o n t h a t h y d r i d o d i - j t - c y c l o p e n t a d i e n y l r h e n i u m a c t e d 

as a base by Birmingham and W i l k i n s o n ( 5 4 ) and Green e t a l ( 6 8 ) was soon 

f o l l o w e d by r e p o r t s o f the p r o t o n a t i o n o f t h e b i s c y c l o p e n t a d i e n y l -

d i h y d r i d e s o f molybdenum and t u n g s t e n ( 5 7 ) . S t u d i e s on f e r r o c e n e ( 5 5 , 5 6 ) , 

r u t h e n o c e n e ( 5 6 ) and osmocene ( 5 6 ) i n the b o r o n t r i f l u o r i d e s o l v e n t 

system a l s o showed t h a t p r o t o n a t i o n o f t h e c e n t r a l m e t a l atom has 

o c c u r r e d . I n 1962 Davison e t a l ( 2 9 ) r e p o r t e d t h e r e s u l t s o f t h e i r 

s t u d i e s o f t h e b e h a v i o u r o f s i x t y f o u r t r a n s i t i o n m e t a l c a r b o n y l 

complexes i n s e v e r a l a c i d i c mediums. Of t h e compounds examined t e n were 

shown t o be p r o t o n a t e d i n s u l p h u r i c a c i d . I s o l a t i o n o f t h e p r o t o n a t e d 
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p r o d u c t was o n l y a c h i e v e d f o r two compounds; b i s ( i t c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l ) ) and rt-cyclopentadienylheptacarbonyl i r o n manganese. 

Only f o u r compounds o f t h o s e i n v e s t i g a t e d proved t o be i n s o l u b l e . Almost 

a l l o f t h e e v i d e n c e w h i c h s u p p o r t e d p r o t o n a t i o n o f t h e c e n t r a l m e t a l atom 

was o b t a i n e d from p r o t o n n u c l e a r m a g n e t i c resonance s t u d i e s . 

Of t h e e i g h t t y p e s o f chromium complexes examined none were 

p r o t o n a t e d i n s u l p h u r i c a c i d b u t two t y p e s ( a r e n e Cr(CO)^ and XC^H^Cr(CO). 

where X i s F o r C l ) were p r o t o n a t e d i n B F ^ i l ^ O ( 1 : 1 mole r a t i o ) . I n t h e 

e x a m i n a t i o n o f e i g h t t y p e s o f molybdenum complexes and seven t y p e s o f 

t u n g s t e n complexes o n l y t h e b i s ( j t c y c l o p e n t a d i e n y l t r i c a r b o n y l ) d i m e t a l 

complexes were found t o be p r o t o n a t e d . rt-cyclopentadienylheptacarbonyl 

i r o n manganese was t h e o n l y manganese compound p r o t o n a t e d o f t h e f i v e 

t y p e s examined. B i s ( r t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( D ) and compounds 

o f t h e t y p e s Fe(CO),L and F e ( C 0 ) . L o ( L = ( C , H C ) 0 P and (C,H c)_As) were J 4 3 2 6 5 3 6 5 3 

p r o t o n a t e d o f e i g h t t y p e s o f complex o f i r o n w h i c h were examined. 

N e i t h e r o f t h e rhenium complexes nor any o f t h e c o b a l t and n i c k e l 

complexes examined behaved as bases. 

Those complexes w h i c h c o n t a i n e d a sigma bonded m e t h y l l i g a n d u s u a l l y 

decomposed w i t h t h e e v o l u t i o n o f methane, w h i l s t t h o s e complexes w h i c h 

c o n t a i n e d a h a l o g e n l i g a n d v e r y o f t e n e v o l v e d h y d r o g e n h a l i d e . 

For complexes w h i c h c o n t a i n an a l k e n e as one o f t h e l i g a n d s 

p r o t o n a t i o n o f t e n o c c u r r e d a t t h e carbon-carbon d o u b l e bond ( 5 8 ) , t o g i v e 

a carbonium i o n , bonded and s t a b i l i s e d by t h e m e t a l c a r b o n y l f r a g m e n t 

o f t h e complex. One n o t a b l e e x c e p t i o n i s t h e case o f u o r b o r n a d i e n e -

t r i c a r b o n y l i r o n ( 5 9 ) i n w h i c h p r o t o n a t i o n o f t h e c e n t r a l i r o n atom was 

ob s e r v e d . 

P r o t o n a t i o n o f i r o n p e n t a c a r b o n y l had been shown t o occur i n 
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BF^:H^O-CF^COOH, and t h a t a v i o l e n t d e c o m p o s i t i o n o c c u r r e d i n . s u l p h u r i c 

a c i d ( 2 9 ) . The p r o t o n a t i o n and o x i d a t i o n o f i r o n p e n t a c a r b o n y l u s i n g 

hydrogen c h l o r i d e as t h e a c i d i c medium ( 3 0 ) s u c c e s s f u l l y d e m o n s t r a t e d t h e 

s u p e r i o r i t y o f hydrogen c h l o r i d e over s u l p h u r i c a c i d . Compounds o f t h e 

t y p e F e(C0)^X + (X = H,Cl,Br and NO) were i s o l a t e d as s o l i d s a l t s . No 

d i s c u s s i o n w i l l be g i v e n h e r e as i t has been i n c l u d e d i n t h e s e c t i o n on 

non-aqueous s o l v e n t s . 

L a i n g and Roper ( 6 1 ) r e p o r t e d t h e p r o t o n a t i o n o f t r i c a r b o n y l 

b i s ( t r i p h e n y l p h o s p h i n e ) o s m i u m ( O ) u s i n g s t r o n g a c i d s i n t h e presence o f 

the bases w a t e r and e t h a n o l . These a u t h o r s r e p o r t e d t h e c o n d u c t i v i t i e s 

and showed t h a t the m o l a r c o n d u c t i v i t y v a l u e s were t y p i c a l f o r 1:1 

e l e c t r o l y t e s . A l s o r e p o r t e d were i n f r a r e d f r e q u e n c i e s f o r t h e c a r b o n y l 

s t r e t c h and t h e osmium«hydrogen s t r e t c h and d e f o r m a t i o n modes. No 

evidenc e f o r t h e c l a s s i f i c a t i o n o f t h e p r o t o n a t e d complexes as o s m i u m ( l l ) 

compounds was g i v e n by t h e a u t h o r s . 

O x i d a t i v e a d d i t i o n o f c a r b o x y l i c a c i d s t o complexes o f t h e t y p e 

[ I r X t C O ) ! ^ ] (X = CI,Br o r I , L = t e r t i a r y phosphine o r t e r t i a r y a r s i n e ) 

was shown by: Deeming and Shaw ( 6 9 ) . These a u t h o r s had used u v / v i s i b l e 

s p e c t r o s c o p y t o m o n i t o r t h e t r a n s i t i o n from I r ( l ) t o I r ( l l l ) ; a l s o shown 

was t h e i n c r e a s e i n b a s i c i t i e s o f t h e complexes i n t h e o r d e r X = C I < 

Br < I ; and L = (C,H C)_P < (C.H.) As < (C.H.).PCH„ < (C,H_)P(CH„) < 
6 5 3 6 5 3 6 5 2 3 6 5 3 2 

(CH^^P. The consequence o f t h e above r e s u l t s were d i s c u s s e d i n terms o f 

t h e l i g a n d s b a s i c i t i e s and s t e r e o c h e m i s t r y . 

A second t y p e o f o x i d a t i v e a d d i t i o n was r e p o r t e d by K. Kudo and 

co-workers ( 6 6 ) , who s t u d i e d t h e r e a c t i o n o f e t h a n o l i c h ydrogen c h l o r i d e 

w i t h c a r b o n y l t r i s ( t r i p h e n y l p h o s p h i n e ) p a l l a d i u m ( O ) t o g i v e t r a n s -

h y d r i d o c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p a l l a d i u m ( l l ) . 



Proton nuclear magnetic resonance was used by Katz and Pedrotty (64) 

to demonstrate the increase i n b a s i c i t i e s was i n the order Cr < Mo < W 

fo r the triphenylphosphonium(tricarbonylmetal) cyclopentadieneides of 

chromium, molybdenum and tungsten. 

At about t h i s p e r i o d i n time a new i n t e r e s t i n p r o t o n a t i o n of 

polynuclear metal carbonyls occurred, and many of the workers returned to 

s u l p h u r i c a c i d as the ac i d medium (63,65). Two independent groups of 

workers reported t h e i r r e s u l t s on the p r o t o n a t i o n of triosmium 

dodecacarbonyl (63,65). The [HOs^CO)^]* c a t i o n was i s o l a t e d as the 

hexafluorophosphate s a l t , one group of workers also i s o l a t e d [HOs(CO)^] + 

as a decomposition product ( 6 3 ) . 

Rapid decomposition was observed when examination of t r i - i r o n 

dodecacarbonyl , t r i s ( i t c y c l o p e n t a d i e n y l c a r b o n y l rhodium), rtcyclopentadienyl 

nonacarbonyl i r o n rhodium, t e t r a c o b a l t dodecacarbonyl and tetrarhodium 

dodecacarbonyl was attempted i n sulp h u r i c acid ( 6 5 ) . When t e t r a i r i d i u m 

dodecacarbonyl was dissolved i n sul p h u r i c acid d i p r o t o n a t i o n occurred 

(demonstrated by proton nuclear magnetic resonance) but attempts to 

i s o l a t e the diprotonated species f a i l e d ( 6 5 ) . 

I n a p e r i o d of ten years the study of p r o t o n a t i o n of n e u t r a l 

t r a n s i t i o n metal complexes had completed a f u l l c i r c l e and the 

disadvantages of s u l p h u r i c a c i d solvent systems had been c l e a r l y shown. 

The f a c t t h a t some complexes can be protonated i n aqueous s o l u t i o n s 

c l e a r l y shows th a t some of these complexes are q u i t e strong bases. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1. The vacuum system 

I n a l l the experimental work described i n t h i s t h e s i s , v o l a t i l e 

m a t e r i a l s were manipulated i n a vacuum system constructed of pyrex glass; 

shown diagrammatically i n Figure 2.1 and p i c t u r e d i n Plate 2.1. S i m i l a r 

systems have been used by previous workers f o r studying v o l a t i l e non­

aqueous solvents and as they have been described i n d e t a i l elsewhere 

(18,70-72) only a b r i e f d e s c r i p t i o n w i l l be included here. 

The vacuum was provided by a two stage mercury d i f f u s i o n pump backed 
-4 

by a double stage r o t a r y o i l pump, enabling a pressure of 10 mm Hg to 

be maintained. The pumps were protected by two traps immersed i n l i q u i d 

n i t r o g e n . The trap s i t u a t e d between the mercury d i f f u s i o n pump and the 

main section of the vacuum s e c t i o n also served t o c o l l e c t a l l the 

unwanted v o l a t i l e m a t e r i a l s from the vacuum system. 

The pumping se c t i o n was designed so t h a t the mercury d i f f u s i o n pump 

could be by-passed but s t i l l maintained the use of the two traps 

immersed i n l i q u i d n i t r o g e n . This arrangement was of most use when large 

q u a n t i t i e s of a i r or m a t e r i a l s which r e a d i l y attacked mercury e.g. 

c h l o r i n e , were being used. 

A l l ground glass stopcocks were l u b r i c a t e d w i t h Apiezon L, and 

standard Q u i c k f i t ground glass j o i n t s were l u b r i c a t e d w i t h Apiezon M. The 

molecular weight s e c t i o n o f the vacuum system was constructed using 

Q u i c k f i t R o t a f l o TF6/13 t e f l o n h igh vacuum stopcocks. Whenever possible 

handling of m a t e r i a l s which r e a d i l y attacked the Apiezon greases, e.g. 

c h l o r i n e and boron t r i c h l o r i d e , were r e s t r i c t e d to the molecular weight 

s e c t i o n of the vacuum system. A l l storage bulbs had Q u i c k f i t TF6/13 h i g h 



Figure 2.1 

The Vacuum System 
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Plate 2.1 

The Vacuum System 
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vacuum stopcocks f i t t e d thus e l i m i n a t i n g the necessity f o r l e t t i n g the 

storage bulbs up t o atmospheric pressure f o r p e r i o d i c re-greasing. 

V o l a t i l e m a t e r i a l s were p u r i f i e d i n the f r a c t i o n a t i o n t r a i n s e c t i o n of 

the vacuum system by t r a p to t r a p d i s t i l l a t i o n at low temperatures and low 

pressures. The traps were cooled w i t h l i q u i d n i t r o g e n , s l u r r i e s of s o l i d 

carbon d i o x i d e i n acetone or methylated s p i r i t s , or w i t h m e l t i n g organic 

compounds ( s l u s h b a t h s ) . Low temperature baths were always contained i n 

dewar vessels. The low temperature baths found most u s e f u l are l i s t e d i n 

Table 2.1. Other low temperature baths are l i s t e d i n a standard t e x t 

book ( 7 3 ) . 

M a t e r i a l s w i t h a vapour pressure i n excess of f i v e atmospheres a t 

ambient temperature, were stored as gases i n bulbs connected v i a traps to 

the vacuum system. Hydrogen c h l o r i d e was s t o r e d , a f t e r p u r i f i c a t i o n , i n 

three twenty l i t r e bulbs; and c h l o r i n e a f t e r p u r i f i c a t i o n was stored i n a 

f i v e l i t r e bulb. M a t e r i a l s w i t h vapour pressures of less than f i v e 

atmospheres at ambient temperatures e.g. boron t r i c h l o r i d e and sulphur 

d i o x i d e , were stored as l i q u i d s o f f l i n e i n pyrex glass ampoules f i t t e d 

w i t h Q u i c k f i t Rotaflo TF6/13 t e f l o n stopcocks (Figure 2.2). 

Phosphorus p e n t a f l u o r i d e was stored frozen down on the vacuum system 

i n a cold f i n g e r immersed i n a l i q u i d n i t r o g e n bath. 

Pressure measurements were c a r r i e d out using a s p i r a l gauge as a 

n u l l p o i n t instrument; the s e n s i t i v i t y being such t h a t a pressure change 

of 2 cm of Hg could be measured w i t h an accuracy of one per cent. The 

s p i r a l gauge was robust enough to withstand a pressure d i f f e r e n c e of one 

atmosphere. 

An a d d i t i o n a l mercury manometer was connected to the main s e c t i o n of 

the vacuum system and was used p r i m a r i l y as a safety valve when dea l i n g 
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Table 2.1 
Low Temperature Baths 

Approximate Temperature Solvent 

-23°C Carbon T e t r a c h l o r i d e slush 

-45°C Chlorobenzene slush 

-64°C Chloroform slush 

-78°C Et h a n o l / s o l i d carbon 
dioxide s l u r r y 

-84°C Et h y l Acetate slush 
Acetone/solid Carbon Dioxide 

s l u r r y 

-95°C Toluene slush 

-112°C Carbon Disulphide slush 

-126UC Methyl Cyclohexane slush 
o 

-131 C Pentane slush 

-160°C Isopentane slush 

-196°C L i q u i d Nitrogen 
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w i t h conditions which might have lead to pressures i n excess of one 

atmosphere being handled by the vacuum system. Conditions which were 

l i k e l y to give r i s e to a pressure i n excess of one atmosphere were the 

p u r i f i c a t i o n of hydrogen c h l o r i d e and when r e a c t i o n ampoules were opened 

which might contain large q u a n t i t i e s of hydrogen. 

Two c a l i b r a t e d bulbs were attached t o the vacuum system; the smaller 
3 

bulb had a volume of about 100 cm and the l a r g e r bulb had a volume of 
3 

about 500 cm . The volumes of these bulbs were c a l i b r a t e d by weighing 

them empty and then weighing them f u l l of water. The volumes of the 

s p i r a l gauge and molecular weight section of the vacuum system were 

c a l i b r a t e d by expanding dry n i t r o g e n from a c a l i b r a t e d bulb i n t o them, 

measuring the pressure change and assuming i d e a l gas behaviour. 

2.2. Apparatus 

Reactions i n l i q u i d hydrogen c h l o r i d e were normally c a r r i e d out i n 

vessels which were connected to the vacuum system by a Q u i c k f i t B14 cone 

mounted h o r i z o n t a l l y and mated to the v e r t i c a l l y mounted B14 socket take 

o f f s of the vacuum system by use of a B14 "elbow" adaptor. This 

arrangement allowed the vessel to be a g i t a t e d i n order to ensure complete 

mixing of the contents of the vessel. There were b a s i c a l l y two types of 

r e a c t i o n vessel used; the f i r s t type employed a conventional 4 mm bore 

ground glass stopcock which was used a t less than one atmosphere pressure 

(Figure 2.3) and the second type employed a Q u i c k f i t R o t a f l o TF6/24 

t e f l o n stopcock which was usable a t pressures i n excess of one atmosphere 

(Figure 2.4). Both of the r e a c t i o n vessels described above were 

s a t i s f a c t o r y f o r c a r r y i n g out weight analyses. A weight a n a l y s i s 

consisted of measuring the change of weight which occurred when a r e a c t i o n 

was c a r r i e d out. The r e s u l t was expressed as a percentage increase or 
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or loss based on the weight of the compound under i n v e s t i g a t i o n . Weight 

analyses were accurate provided care was taken and an increase ( o r l o s s ) 

of 50 mg or more had occurred. 

Hydrogen c h l o r i d e has a vapour pressure of f o u r t y atmospheres at 

17,8°C (7 4 ) ; t h e r e f o r e r e a c t i o n s studied i n l i q u i d hydrogen c h l o r i d e a t 

room temperature were c a r r i e d out i n ampoules constructed of s i l i c a 

( F i g ure 2.5). A f t e r f r e e z i n g down the ampoules i n l i q u i d n i t r o g e n they 

were opened d i r e c t l y i n t o the vacuum system using the technique o u t l i n e d 

below. A f t e r f r e e z i n g the ampoule to -196°C ( l i q u i d n i t r o g e n bath) a 

scratch was made j u s t below the t i p of the seal. The neck of the 

ampoule was then i n s e r t e d i n t o the ampoule breaker (shown i n Figure 2.6) 

so t h a t the scratch was p o s i t i o n e d as shown i n Figure 2.7. Apiezon 

black wax was used t o j o i n the ampoule breaker and the ampoule together 

i n a vacuum t i g h t j o i n t . The ampoule breaker was then opened to the 

vacuum system and evacuated. A f t e r i s o l a t i o n of the sec t i o n of the 

vacuum system i n use the key of the ampoule breaker was r o t a t e d thus 

snapping the seal of the ampoule o f f . Any gases observed at t h i s stage 

were examined by i n f r a r e d spectroscopy. V o l a t i l e m a t e r i a l s were then 

removed i n vacuo p r i o r t o examination of the s o l i d product. The above 

technique was also used f o r opening ampoules which had been used f o r 

s t o r i n g v o l a t i l e and/or hydroscopic m a t e r i a l s , e.g. n i t r o s y l c h l o r i d e 

and boron t r i c h l o r i d e . 

C o n d u c t i v i t y c e l l s were attached to the vacuum system i n an 

i d e n t i c a l manner to t h a t described f o r the r e a c t i o n vessels. T y p i c a l 

c o n d u c t i v i t y c e l l s f o r low temperature non-aqueous solvent work have been 

f u l l y described by previous workers (18,70-72). There are two basic 

types of c o n d u c t i v i t y c e l l , d i f f e r i n g only i n the m a t e r i a l s used f o r the 

c o n s t r u c t i o n . The f i r s t type was constructed of pyrex glass and used 
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tungsten j u n c t i o n s i n the c e l l 'legs'. The second type used platinum 

j u n c t i o n s sealed i n soda glass w i t h the upper p a r t of the c e l l legs 

j o i n e d v i a a soda-pyrex graded seal to the r e s t of the c e l l which was 

constructed i n pyrex glass. The two types of c o n d u c t i v i t y c e l l are shown 

i n Figure 2.8. The author p r e f e r r e d the c e l l s constructed w i t h platinum 

seals since i t was much easier to maintain a good e l e c t r i c a l contact at 

the copper mercury platinum j u n c t i o n than at the copper mercury tungsten 

of the a l l pyrex c e l l . 

The c o n d u c t i v i t y c e l l and platinum electrodes were cleaned using 

organic s o l v e n t s , aqua-regia and deionised water. 

Conductance measurements were made using a Wayne Kerr U n i v e r s a l 

Bridge Model B224 which also allowed capacitance measurements to be 

c a r r i e d out. The balance p o i n t was shown by minimum d e f l e c t i o n of a 

needle from zero on an u n c a l i b r a t e d d i a l . The bridge had a range of 1 n 

ohm ^ - 100 ohm ^ w i t h a 0 » l 7 o accuracy. 

Conductimetric t i t r a t i o n s were c a r r i e d out by weighing 0*1-0»3 mmoles 

of the substance under i n v e s t i g a t i o n i n t o the c o n d u c t i v i t y c e l l and 

degassing i n vacuo. A f t e r c o o l i n g the c e l l to -196°C ( l i q u i d n i t r o g e n 

b a t h ) , hydrogen c h l o r i d e (ca. 7 cm ; 0*25 mole) was condensed i n from the 

gas phase. The s o l u t i o n was allowed to warm up to -111°C (carbon 

d i s u l p h i d e slush bath) f o r t i t r a t i o n s which i n v o l v e d phosphorus penta-

f l u o r i d e and -95°C (toluene slush bath) f o r a l l the other t i t r a t i o n s . 

I n a l l the conductimetric t i t r a t i o n s p o r t i o n s of a c i d or oxidant 

were added from the gas phase, i n known amounts, to the s o l u t i o n of the 

substance under i n v e s t i g a t i o n . The amount of t i t r a n t added was c a l c u l a t e d 

from the temperature and pressure of the gas i n a known volume assuming 

tha t the i d e a l gas laws were obeyed. The t i t r a n t was t r a n s f e r r e d to the 
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c o n d u c t i v i t y c e l l by c o o l i n g the c e l l to -196 C ( l i q u i d n i t r o g e n bath) 

and a l l o w i n g the t i t r a n t to condense. The s o l u t i o n was warmed to e i t h e r 

-1I1°C (carbon d i s u l p h i d e slush bath) or -95°C (toluene slush bath) and 

the c o n d u c t i v i t y recorded once a steady reading was observed. Each 

a d d i t i o n and conductance measurement took about one and a h a l f hours. 

The author found t h a t the t i t r a t i o n must be completed during the same day, 

al l o w i n g the t i t r a t i o n t o stand overnight at -196°C ( l i q u i d n i t r o g e n bath) 

nearly always r e s u l t e d i n a break i n the t i t r e a t t h a t p o i n t . This 

break was thought t o be caused by photochemical decomposition. A f t e r 

completion of the t i t r a t i o n a l l v o l a t i l e m a t e r i a l s were removed i n vacuo. 

The s o l i d product obtained at room temperature was examined by i n f r a r e d 

spectroscopy to confirm t h a t i t was the same product as t h a t which was 

obtained from large scale preparations. 

2.3. I n e r t atmosphere glove box techniques 

The glove boxes used throughout these studies were flushed w i t h dry 

n i t r o g e n , obtained as the b o i l o f f from l i q u i d n i t r o g e n . Trays of 

phosphorus pentoxide were kept i n the glove box and served two f u n c t i o n s : 

(a) a desiccant, 

and ( b ) an i n d i c a t o r t o the dryness of the glove box. 

A r e c i r c u l a t o r y pump s i t u a t e d i n s i d e the glove box was used t o c i r c u l a t e 

the glove box atmosphere through two traps connected i n p a r a l l e l . Both 

of the traps were immersed i n l i q u i d a i r and t h i s method served to 

remove any solvent vapours from the glove box atmosphere. The general 

technique of working w i t h a glove box i s w e l l established and no 

d e s c r i p t i o n w i l l be given here. 

A l l s o l i d s i s o l a t e d from l i q u i d hydrogen c h l o r i d e s o l u t i o n s were 

always handled i n the i n e r t atmosphere glove box. The s o l i d product was 
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p u r i f i e d wherever possible by washing f r e e of any unreacted s t a r t i n g 

m a t e r i a l w i t h a dry s o l v e n t , u s u a l l y methylene c h l o r i d e . A l l v o l a t i l e 

species were removed i n vacuo before examination of the s o l i d products 

by any of the p h y s i c a l techniques used. 

2.4, Determination of p h y s i c a l p r o p e r t i e s 

2.4.1. I n f r a r e d spectra 

I n f r a r e d spectra were recorded on a Perkin-Elmer 621 or 457 

double beam continuously recording spectrophotometers over the region 

4000-250 cm"1. A Beckman-RIIC FS-720 i n t e r f e r o m e t e r was used to record 

the i n f r a r e d spectra over the region 400-50 cm ^ t the i n t e r f e r o g r a m was 

recorded on e i g h t t r a c k paper tape. Analysis of the i n t e r f e r o g r a m was 

c a r r i e d out using the IBM 360/67 computer j o i n t l y owned by the 

U n i v e r s i t i e s of Durham and Newcastle. The computer programme used was 

based on the Cooley-Tukey Algorithm f o r c a l c u l a t i o n of complex f o u r i e r 

s e r i e s ( 7 5 ) . The computer programme i s d e a l t w i t h i n more d e t a i l i n 

Chapter 8 and i s given i n Appendix A. 

I n f r a r e d spectra of gaseous m a t e r i a l s were c a r r i e d out using 10 cm 

path length c e l l s f i t t e d w i t h windows of the appropriate m a t e r i a l 

(Figure 2.9). I n f r a r e d spectra of solid*were c a r r i e d out by g r i n d i n g the 

s o l i d i n agate p e s t l e and mortar then e i t h e r being mulled w i t h n u j o l 

and smeared between polished o p t i c s or ground w i t h an a l k a l i h a l i d e and 

pressed i n t o a d i s c . 

The problem of preparing a l k a l i h a l i d e discs i n an i n e r t atmosphere 

was solved by the author who designed a press which could be used i n an 

i n e r t atmosphere glove box. 

The design described below required the use of two spanners, the 

press and a l o c k i n g p l a t e f i t t e d to the base of the i n e r t atmosphere 



Figure 2.9 

I n f r a r e d Gas C e l l f o r use i n 4000-250 cm"1 r e g i o n 



a 



glove box. The work space required f o r use o f the press was 60 cm long, 

30 cm h i g h and 25 cm wide. The press i s shown i n an exploded view form i n 

Plate 2.2 and i n se c t i o n i n Figure 2.10. 

The main body of the press, 1, was tapped t o receive the inner d i e , 

2. The inner d i e , 2, was tapped to receive the screw, 3, which applied 

the pressure to the p l a t e s , 4 and 5, which sandwiched the m a t e r i a l under 

i n v e s t i g a t i o n . A f t e r the press had been assembled i t was evacuated 

before f u l l pressure was ap p l i e d . The whole press was made i n s t a i n l e s s 

s t e e l except the p l a t e s , 4 and 5, which were purchased from Beckman-RIIC 

L t d . , Sunley House, 4 Bedford Park, Croydon. I n the i n i t i a l work the 

p l a t e s , 4 and 5, were made of s t a i n l e s s s t e e l but were found to be too 

s o f t and r a p i d l y became damaged i n use. 

Best r e s u l t s from the press were obtained when the f o l l o w i n g 

procedure was used. 

The sample was ground t o a f i n e powder i n an agate p e s t l e and mortar 

before being ground w i t h the a l k a l i h a l i d e ( u s u a l l y potassium c h l o r i d e ) 

which was going to be used as the host m a t r i x . The homogeneous powder 

was then loaded between p l a t e s , 4 and 5, w h i l s t the inner die was held 

upside down. Rotation of the p l a t e , 4, ensured a uniform layer before 

the main body of the press, 1, was screwed down onto the inner d i e , 2, 

u n t i l i t seated on the nylon s e a l i n g washer. The screw was then 

tightened f i n g e r - t i g h t before the press was i n v e r t e d . The assembled 

press was then stood i n the l o c k i n g p l a t e , 6, and the inner d i e , 2, 

tightened w i t h a "C" spanner before the press was evacuated. Once the 

press had been evacuated the screw, 3, was ti g h t e n e d to a torque of 5-8 
_2 

KgM, which r e s u l t e d i n a pressure of 100 mNm (assuming 10% e f f i c i e n c y ) 

being applied to the p l a t e s 4 and 5. A f t e r a pe r i o d of about two minutes 

the vacuum was disconnected and the screw, 3, slackened p r i o r t o removal 
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of the inner d i e , 2, from the main body of the press, 1, w h i l s t the press 

was h e l d upside down. A f t e r the head of the screw, 3, had been i n s e r t e d 

i n t o the l o c k i n g p l a t e , 6, the inner d i e , 2, was screwed down u n t i l the 

pressed d i s c was proud of the inner d i e , 2. The disc was then removed 

and then mounted i n an i s o l a t i o n c e l l w h i l s t s t i l l i n the glove box. 

Removal of the i s o l a t i o n c e l l from the glove box thus enabled i n f r a r e d 

s p e c t r a l examination to be c a r r i e d out on a specimen which had only 

been exposed to the atmosphere of the glove box. 

Discs using potassium c h l o r i d e as the host m a t r i x were examined i n 

the 4000-300 cm * using the i s o l a t i o n c e l l shown i n Plate 2.3. This 

i s o l a t i o n c e l l consisted b a s i c a l l y of the lower h a l f of the low 

temperature c e l l w i t h the Dewar arrangement omitted and then sealed as 

close t o the ground glass j o i n t as convenient. The windows used were 

polished cesium i o d i d e . This i s o l a t i o n c e l l was also used f o r 

examination of n u j o l mulls and was usable e i t h e r evacuated or 

c o n t a i n i n g an i n e r t atmosphere. For examination of samples i n the 400-

50 cm ^ region the disr. was prepared using a host m a t r i x of polythene 

and mounted i n the i s o l a t i o n c e l l shown i n Plate 2.4. 

This i s o l a t i o n c e l l consisted of a polythene window sealed i n t o a 

rectangular s t a i n l e s s s t e e l p l a t e . The i n s i d e of the p l a t e was tapped 

to receive the f r o n t polythene window mounted i n a s t a i n l e s s s t e e l frame. 

The f r o n t window was screwed i n t o the back p l a t e u n t i l i t seated on a 

v i t o n B '0' r i n g thus ensuring t h a t the c e l l was vacuum t i g h t . This 

i s o l a t i o n c e l l was also used f o r the examination of moisture s e n s i t i v e 

m a t e r i a l s as n u j o l m u l l s , the m u l l being made w i t h a consistency of 

toothpaste and was smeared on one of the windows. 

Low temperature i n f r a r e d spectra were recorded using the low 

temperature c e l l shown i n Plate 2.5 and i n Figure 2.11. The c e l l 



Plate 2.3A 

I s o l a t i o n C e l l f o r Use i n the 4000-250 cm region 
Assembled View 
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Plate 2.3B 

I s o l a t i o n C e l l f o r Use i n the 4000-250 cm"'*' region 
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Plate 2.5A 

Low Temperature C e l l f o r use i n the 4000-250 cm 1 region 
Assembled View 
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P l a t e 2.5B 

Low Temperature c e l l f o r use I n the 4000-250 cm'^reglon 
Exploded View 
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Figure 2.11 

Low Temperature I n f r a r e d C e l l f o r Use i n the 4000-250 cm ^ region 



rr 

\ 

7 

n 
\ 



41. 

consisted of a copper block f o r support of the sample. The copper block 

had a copper rod extending upwards which would be immersed i n the 

r e f r i g e r a n t when the c e l l was i n use. The copper block was s o f t soldered 

i n t o a glass to metal seal; the glass p a r t being terminated i n a 

s i l v e r e d dewar. The dewar was surrounded by a glass envelope which 

terminated i n a B55 socket at the lower end. The lower s e c t i o n of the 

low temperature c e l l consisted of a tube w i t h a B55 cone f i t t e d a t one 

end and being sealed at the other end. Also f i t t e d to the c e l l s lower 

se c t i o n were the two polished cesium i o d i d e windows and two vacuum take 

o f f s . One of the vacuum take o f f s could be used f o r spraying a v o l a t i l e 

m a t e r i a l on t o a frozen window w h i l s t the other take o f f was employed f o r 

evacuating the low temperature c e l l . The c e l l was not evacuated u n t i l 

the m u l l had f r o z e n , since evacuation of the l i q u i d m u l l was always 

accompanied by degassing and subsequent loss i n u n i f o r m i t y of the m u l l . 

N u j o l was always d r i e d by h e a t i n g i n vacuo w i t h sodium u n t i l the 

sodium became molten and no f u r t h e r e v o l u t i o n of gas was observed. The 

n u j o l was then t r a n s f e r r e d to a dropping b o t t l e c o n t a i n i n g clean sodium. 

Potassium c h l o r i d e was ground and sieved through a 200 mesh sieve 

before h e a t i n g to 350°C i n vacuo f o r a p e r i o d of 12-18 hours. A f t e r the 

potassium c h l o r i d e had cooled to room temperature, i t was t r a n s f e r r e d to 

small ampoules which were e i t h e r sealed i n vacuo or stored i n the glove 

box. I n f r a r e d s p e c t r a l examination f a i l e d t o show any absorption bands 

due to OH. 

Polythene powder was d r i e d by pumping overnight at a pressure of 
-4 

about 10 mm Hg. 
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2.4.2. H Nuclear magnetic resonance studies 

Proton nuclear magnetic resonance studies were c a r r i e d out using 

e i t h e r a Perkin-Elmer RIO or Varian A56/60 spectrometer, both instruments 

operated at 60 MHz. The Varian instrument was p r e f e r r e d since the probe 

used 5*00 mm tubes and s i l i c a t u b i n g of t h i s diameter was a v a i l a b l e . 

(The Perkin-Elmer RIO required tubes of 4*64 mm and t h i s meant t h a t 4 mm 

tubes of s i l i c a had to be used wit h o u t s p i n n i n g ) . S i l i c a tubing was 

e s s e n t i a l when proton nuclear magnetic resonance studies were c a r r i e d out 

i n l i q u i d hydrogen c h l o r i d e , due to the high vapour pressure of the 

solvent at ambient temperatures. The tubes, shown i n Figure 2.12, were 

f i r s t loaded w i t h a f i n e l y ground sample of the m a t e r i a l under 

i n v e s t i g a t i o n before being degassed i n vacuo overnight. A f t e r c o o l i n g 

the tube to -196°C ( l i q u i d n i t r o g e n bath) hydrogen c h l o r i d e was condensed 

i n t o a depth of about 2 cms, and then about 0*5 mmoles of t e t r a m e t h y l -

s i l a n e was condensed i n t o the tube as i n t e r n a l reference. The tube was 

sealed under vacuo, and then immersed i n a s o l i d carbon dioxide/acetone 

s l u r r y (-84°C); I t was at t h i s stage t h a t the tube was most l i k e l y t o 

explode, but t h i s only happened on a few occasions. Explosions a t t h i s 

stage are most l i k e l y due to the expansion of the s o l i d . Once the 

hydrogen c h l o r i d e had l i q u i f i e d the tube was immersed i n a chlorobenzene 

slush bath (-45°C) f o r about ten minutes before immersing i n a carbon 

t e t r a c h l o r i d e slush bath (-23°C) and then allowed to warm t o ambient 

temperature. I n order t o reduce the p o s s i b i l i t y of an explosion i n the 

nmr probe spectra were recorded using a probe temperature of 0°C as soon 

a f t e r warming the tube t o ambient temperature as was po s s i b l e . The 

spectra were recorded i n an i d e n t i c a l manner to t h a t used when recording 

nuclear magnetic resonance spectra using a more conventional solvent 

e.g. chloroform, and deuterochloroform. T y p i c a l tubes are shown i n 

Plate 2.6. 
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Figure 2.12 

S i l i c a Tubes f o r Containing Hydrogen Chloride 
f o r Nuclear Magnetic Studies 
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A l l other H nuclear magnetic resonance studies were c a r r i e d out 

using sealed tubes which had had the solvent d i s t i l l e d i n thus moisture 

and a i r were always excluded. 

2.4.3. U l t r a v i o l e t / v i s i b l e spectra 

U l t r a v i o l e t / v i s i b l e spectra were recorded over the range 

40,000-14,000 cm"1 (250-700 nm) on a Pye-Unicam SP800. E x t i n c t i o n 

c o e f f i c i e n t s were c a l c u l a t e d on the assumption t h a t the Beer-Lambert Law 

was obeyed. 

2.4.4. "^Fe Mossbauer studies 

"^Fe Mossbauer spectra were provided i n i t i a l l y by Dr. Johnson 

and then during the l a t e r stages of the authors work by Dr. Dale of the 

Physio Chemical Measurements U n i t , Harwell. A l l computer f i t s o f the 

"^Fe Mossbauer spectra were c a r r i e d out by Dr. Dale, and the author 

would l i k e to express h i s thanks to Dr. Dale f o r a l l the help and 

assistance provided. The "*̂ Fe Mossbauer studies are d e a l t w i t h i n 

Chapter 7. 

2.4.5. Ele c t r o n spectroscopy studies 

X-ray photoelectron spectra were recorded on an A.E.I. ES100 

e l e c t r o n spectrometer, and were provided by Mr. D. Adams and Dr. D.T. 

Clark a t t h i s department. 

U l t r a v i o l e t photoelectron spectra were k i n d l y provided by 

Perkin-Elmer. The r e s u l t s of the e l e c t r o n spectroscopy studies are d e a l t 

w i t h i n Chapter 7. 
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2.5. A n a l y t i c a l techniques 

2.5.1. Estimation of carbon, hydrogen and n i t r o g e n 

Carbon, hydrogen and n i t r o g e n were estimated by microcombustion 

on a Perkin-Elmer 240 elemental analyser. A i r s e n s i t i v e m a t e r i a l s were 

loaded i n t o a tared aluminium capsule i n the i n e r t atmosphere glove box, 

the capsule being sealed using a mechanical press s i t u a t e d i n the glove 

box. The sealed aluminium capsule was then reweighed before p l a c i n g i n 

the Perkin-Elmer 240 elemental analyser and the analysis was then 

c a r r i e d out using the normal techniques. Secondary a n a l y t i c a l standards 

were analysed before and a f t e r unknown samples as checks. This was 

necessary as frequent t r o u b l e was experienced w i t h the microswitches 

of the elemental analyser. I f e i t h e r of the reference standards 

analysed i n c o r r e c t l y the unknown sample would be resubmitted. This 

service was provided by t h i s department's m i c r o - a n a l y t i c a l l a b o r a t o r y . 

I n some cases the analyses obtained f o r moisture s e n s i t i v e m a t e r i a l s 

were somewhat inaccurate but i t must be taken i n t o account t h a t these 

m a t e r i a l s are extremely hydroscopic and the sample weights i n v o l v e d were 

only 1-2 mg. 

2.5.2. Estimation of c h l o r i n e , bromine and i o d i n e 

Chlorine, bromine and i o d i n e were estimated using standard 

p o t e n t i o m e t r i c techniques ( 7 6 ) . Before the e s t i m a t i o n was c a r r i e d out 

the sample was fused w i t h e i t h e r sodium peroxide or sodium carbonate, 

the melt dissolved i n a small q u a n t i t y of d i s t i l l e d water and a c i d i f i e d 

w i t h n i t r i c a c i d . 



47. 

2.5.3. Estimation of i r o n 

The i r o n content of the samples was estimated by atomic 

absorption spectroscopy using an Eel 140 or Perkin-Elmer 403 instrument. 

The sample was wet ox i d i s e d using concentrated s u l p h u r i c and n i t r i c acids 

p r i o r to c a r r y i n g out the i r o n e s t i m a t i o n . 

2.5.4. Estimation of phosphorus 

Phosphorus was determined spectrophotometrically as the 

vanadomolybdophosphoric a c i d complex using a Pye-Unicam SP500 s i n g l e beam 

u l t r a v i o l e t / v i s i b l e spectrophotometer. F u l l d e t a i l s of the a n a l y t i c a l 

method are given i n Appendix B. 

The h a l i d e , i r o n and phosphorus analyses were c a r r i e d out by the 

author during h i s work at Warwick U n i v e r s i t y , but were performed by the 

a n a l y t i c a l l a b o r a t o r y of t h i s department. 

2.6. Preparation and p u r i f i c a t i o n of reagents 

2.6.1. Hydrogen c h l o r i d e 

During the e a r l y stages of the author's work, hydrogen c h l o r i d e 

was prepared from ammonium c h l o r i d e and s u l p h u r i c acid i n a Ki p p 1 s 

apparatus. The Kipp's apparatus was connected d i r e c t l y to the vacuum 

system using standard Q u i c k f i t ground glass j o i n t s l u b r i c a t e d w i t h 

Apiezon M grease. A l l connections were evacuated before the tap on the 

Kipp's apparatus was opened and the hydrogen c h l o r i d e allowed t o pass 

through a trap immersed i n a bath at -84° ( s o l i d carbon dioxide/acetone 

s l u r r y ) i n t o a tra p immersed i n a bath at -196°C ( l i q u i d n i t r o g e n ) . 

When the trap immersed i n l i q u i d n i t r o g e n was about h a l f f u l l 
3 

(ca. 15 cm ) the flow of hydrogen c h l o r i d e was stopped and the traps 

i s o l a t e d . Any non-condensable gas, mainly a i r which had been trapped i n 



the ammonium c h l o r i d e lumps and c a r r i e d over w i t h the hydrogen c h l o r i d e , 

was pumped away from the s o l i d hydrogen c h l o r i d e . The hydrogen c h l o r i d e 

was then l i q u i f i e d by warming to -95°C (toluene slush b a t h ) , r e f r o z e n 

to -196°C ( l i q u i d n i t r o g e n bath) and then pumped on; t h i s process was 

repeated u n t i l no f u r t h e r non-condensable gas was released from the 

hydrogen c h l o r i d e . The hydrogen c h l o r i d e was then p u r i f i e d by 
o 

d i s t i l l a t i o n through two traps connected i n tandem and cooled t o -95 C 
o 

(toluene slush bath) i n t o a t h i r d t r a p cooled to -196 C ( l i q u i d n i t r o g e n 

b a t h ) . The above process was repeated u n t i l the p u r i f i e d hydrogen 

c h l o r i d e was water white and showed no t u r b i d i t y i n the l i q u i d s t a t e 

(-95°C, toluene slush b a t h ) . The i n f r a r e d spectrum of the p u r i f i e d 

hydrogen c h l o r i d e showed no absorption bands due t o common i m p u r i t i e s 

such as water and carbon dioxide ( 7 7 ) . 

For conductimetric studies the hydrogen c h l o r i d e was f u r t h e r 

p u r i f i e d by d i s t i l l a t i o n from a tra p cooled to -131°C (n-pentane slush 

bath) t o a trap immersed i n a l i q u i d n i t r o g e n bath (-196°C). Previous 

workers (32) have prepared hydrogen c h l o r i d e i n a high s t a t e of p u r i t y 

and found a s p e c i f i c c o n d u c t i v i t y of 0*0035 umho cm ^ at -85°C. The 

s p e c i f i c c o n d u c t i v i t y of the hydrogen c h l o r i d e prepared by the above 
-1 o 

technique was i n the region of 0*05 urnho cm at -95 C and was 

considered pure enough f o r the m a j o r i t y of experiments. 

During the l a t e r stages of the authors work hydrogen c h l o r i d e was 

obtained from B r i t i s h Drug Houses (-g pound l e c t u r e b o t t l e s ) and B r i t i s h 

Oxygen Company (20 pound c y l i n d e r s ) w i t h a p u r i t y of 99*99%. 

P u r i f i c a t i o n of the hydrogen c h l o r i d e obtained commercially was c a r r i e d 

out i n an i d e n t i c a l manner to t h a t used f o r the p u r i f i c a t i o n of the 

hydrogen c h l o r i d e prepared from the r e a c t i o n of ammonium c h l o r i d e and 

su l p h u r i c a c i d i n a Kipp's apparatus. 
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At -95 C (toluene slush bath) hydrogen c h l o r i d e i s a c l e a r c o l o u r l e s 

l i q u i d when pure; any water i m p u r i t y present i s evident as a white 

t u r b i d i t y ( 1 5 ) . No samples of p u r i f i e d hydrogen c h l o r i d e t h a t were used 

i n these studies ever showed signs of any t u r b i d i t y . 

The p u r i f i e d hydrogen c h l o r i d e was stored as a gas i n the three 

twenty l i t r e bulbs mentioned p r e v i o u s l y , at pressures up to one 

atmosphere. 

2.6.2. Boron t r i c h l o r i d e 

Boron t r i c h l o r i d e was obtained from B r i t i s h Drug Houses and any 

c h l o r i n e i m p u r i t y was removed by s t o r i n g over mercury i n a r o t a f l o 

ampoule (Figure 2.2) f o r twenty four hours. The boron t r i c h l o r i d e was 

then p u r i f i e d by d i s t i l l a t i o n from a trap maintained at -45°C 

(chlorobenzene slush bath) i n t o a trap maintained at -131°C (n-pentane 

slush b a t h ) , any hydrogen c h l o r i d e being c o l l e c t e d i n a t h i r d t r a p which 

was immersed i n a l i q u i d n i t r o g e n bath (-196°C). 

The p u r i f i e d boron t r i c h l o r i d e was then t r a n s f e r r e d to a r o t a f l o 

ampoule f u r storage u n t i l r e q u i r e d . 

2.6.3. Phosphorus p e n t a f l u o r i d e 

Phosphorus p e n t a f l u o r i d e was prepared by the thermal 

decomposition of p-chlorobenzene diazonium hexafluorophosphate (78) 

commercially a v a i l a b l e as 'Phosfluorogen A1 from Messrs J. Sas L t d . The 

'Phosfluorogen A 1 was mixed w i t h sand and small glass r i n g s i n order to 

maintain a good thermal contact and minimise the amount of powder being 

c a r r i e d i n t o the vacuum system. The mixture was pumped on overnight i n 
-4 o vacuo (10 mm Hg) to remove any moisture, before being heated to 130 -

140°C f o r about two hours. A pressure of about h a l f an atmosphere was 
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maintained i n the system. The gases evolved were passed through three 

traps i n tandem, the f i r s t two were cooled t o -84°C ( s o l i d carbon d i o x i d e / 

acetone s l u r r y ) to remove the p-chlorofluorobenzene by-product. The 

t h i r d t r a p was cooled to -196°C ( l i q u i d n i t r o g e n bath) where the 

phosphorus p e n t a f l u o r i d e was c o l l e c t e d . The crude product was then 

p u r i f i e d by d i s t i l l a t i o n from a trap maintained at -131°C (n-pentane 

slush bath) i n t o a trap immersed i n a l i q u i d nitrogen bath (-196°C). This 

process was repeated u n t i l the p u r i f i e d product showed no i n f r a r e d 

absorption bands which were a t t r i b u t a b l e to phosphorus t r i f l u o r i d e or 

phosphoryl f l u o r i d e ( 7 9 ) . The p u r i f i e d phosphorus p e n t a f l u o r i d e was 

f i n a l l y t r a n s f e r r e d to a cold f i n g e r where i t was stored frozen down 

(-196°C, l i q u i d n i t r o g e n b a t h ) . Phosphorus p e n t a f l u o r i d e was always used 

as soon a f t e r p u r i f i c a t i o n as possible to minimise h y d r o l y s i s from 

surface moisture on the glass. 

X) N=N PF 6 heat + N 2 | + PF * 
130 -140 C 

CI 

2.6.4. Chlorine 

Chlorine was obtained from I m p e r i a l Chemical I n d u s t r i e s and was 

p u r i f i e d by f r a c t i o n a l d i s t i l l a t i o n . A f t e r degassing the sample at 

-196°C ( l i q u i d n i t r o g e n bath) i n a manner i d e n t i c a l to t h a t used f o r 

hydrogen c h l o r i d e , the sample was warmed to -95°C ( t o l u e n e slush bath) 

and was pumped on f o r two or three minutes. The c h l o r i n e was then 

f r a c t i o n a l l y d i s t i l l e d from a t r a p cooled to -64°C ( c h l o r o f o r m slush 

bath) through a trap cooled to -78°C ( s o l i d carbon dioxide/methylated 

s p i r i t s s l u r r y ) and c o l l e c t e d i n a trap cooled to -131° (n-pentane slush 

b a t h ) . 
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The p i u - i f i e d c h l o r i n e was then stored i n the f i v e l i t r e bulb 

mentioned p r e v i o u s l y at pressures of up to one atmosphere. 

2.6.5. N i t r o s y l c h l o r i d e 

N i t r o s y l c h l o r i d e was obtained from B r i t i s h Drug Houses and was 

p u r i f i e d by f r a c t i o n a l d i s t i l l a t i o n . The sample was f i r s t cooled down 

to -84°C ( s o l i d carbon dioxide/acetone s l u r r y ) and pumped on i n vacuo f o r 

about ten minutes. A f t e r warming the sample to -45°C (chlorobenzene 

slush bath) and d i s t i l l e d i n t o a trap cooled to -84°C ( s o l i d carbon 

dioxide/acetone s l u r r y ) d i s c a r d i n g the l a s t f r a c t i o n . This process was 

repeated twice before the p u r i f i e d n i t r o s y l c h l o r i d e was t r a n s f e r r e d to 

a r o t a f l o ampoule f o r storage u n t i l r e q u i r e d . I n f r a r e d spectroscopic 

examination of the p u r i f i e d n i t r o s y l c h l o r i d e showed th a t i t was pure 

2.6.6. Deuterium c h l o r i d e 

Deuterium c h l o r i d e was k i n d l y supplied by Dr. C.J. Ludman. The 

deuterium c h l o r i d e had been prepared by the r e a c t i o n of deuterium oxide 

w i t h phosphorus p e n t a c h l o r i d e . P u r i f i c a t i o n of the crude product was 

c a r r i e d out i n an i d e n t i c a l manner to t h a t used f o r the p u r i f i c a t i o n of 

hydrogen c h l o r i d e . 

I n f r a r e d spectra of the p u r i f i e d product showed a small amount of 

hydrogen c h l o r i d e , estimated a t less than f i v e per cent ( 7 7 ) . 

2.6.7. Sulphur dioxide 

Sulphur dioxide was obtained from B r i t i s h Drug Houses and was 

poured i n t o a r o t a f l o ampoule c o n t a i n i n g phosphorus pentoxide. The 

ampoule was cooled t o -196 C ( l i q u i d n i t r o g e n b a t h ) , evacuated, and then 

(80,81). 

PCI. + 4D„0 D_P0. + 5DC1 
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degassed by warming to -64 C (chloroform slush bath) then c o o l i n g down 

to -196°C ( l i q u i d n i t r o g e n bath) i n the manner described f o r hydrogen 

c h l o r i d e . The ampoule was allowed to warm t o ambient temperature and 

a g i t a t e d r e g u l a r l y over a peri o d of twenty four hours. A f t e r being 

coo le d to -45 C ( c h l o robenzene slush bath) the sulphur d i o x i d e was 

d i s t i l l e d i n t o a second ampoule which contained f r e s h phosphorus 

pentoxide. The ampoule was allowed to stand at ambient temperature w i t h 

frequent a g i t a t i o n f o r a second peri o d of twenty four hours. The 

ampoule was immersed i n a chlorobenzene slush bath (-45°C) and the 

sulphur dioxide d i s t i l l e d i n t o a tra p cooled to -84°C ( s o l i d carbon 

dioxide/acetone s l u r r y ) . The sulphur d i o x i d e was then degassed as 

described p r e v i o u s l y , before a f i n a l f r a c t i o n a t i o n from -45°C ( c h l o r o ­

benzene slush bath) t o -84°C ( s o l i d carbon dioxide/acetone s l u r r y ) . 

The pure sulphur d i o x i d e was then t r a n s f e r r e d to a r o t a f l o ampoule f o r 

storage u n t i l r e q u i r e d . 

I n f r a r e d spectra of the p u r i f i e d product only showed absorption 

bands a t t r i b u t a b l e t o sulphur d i o x i d e ( 8 1 ) . 

2.6.8. Bi s d t c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) 

Bis(«cyclopentadienyldicarbonyl i r o n ( l ) ) was obtained from A l f a 

I n o r g a n i c s . The commercial product was dissolved i n hot methylene 

c h l o r i d e and hexane added dropwise u n t i l p r e c i p i t a t i o n j u s t occurred. 

On standing a pure product c r y s t a l l i s e d out. Found: C,47*39; H,2*-84; 

Fe,31*43; C^H F e ^ requires C,47*51; H,2*85; Fe,31*56. The i n f r a r e d 

spectra of the p u r i f i e d product was i n agreement w i t h t h a t reported i n 

the l i t e r a t u r e (82-84) f o r b i s ( itcyclopentadienyldicarbonyl i r o n ( l ) ) . 



53. 

2.6.9. Jtcyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e 

ncyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e was prepared from 

b i s ( j t c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) by the passage of oxygen through 

an e t h a n o l i c / c h l o r o f o r m s o l u t i o n a c i d i f i e d w i t h h y d r o c h l o r i c acid as 

described by Piper et a l ( 8 5 ) . Found: C,39*66; H,2*36; CI,17*1; 

C 7H 5ClFe0 2 requires C,39*58; H,2*37; CI,16*69. The i n f r a r e d spectrum 

of the p u r i f i e d product agreed w i t h t h a t reported f o r i t c y c l o p e n t a d i e n y l -

d i carbonyl i r o n ( l l ) c h l o r i d e by A.R. Manning ( 8 6 ) . 

2.6.10. ncyclopentadienyldicarbonyl i r o n ( l l ) bromide 

itcyclopentadienyldicarbonyl i r o n ( l l ) bromide was prepared by the 

a d d i t i o n of a s o l u t i o n of bromine i n methylene c h l o r i d e to a s o l u t i o n 

of b i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) i n methylene c h l o r i d e ( 8 7 ) . 

A f t e r evaporation of the solvent i n vacuo, hexane was added dropwise to 

p r e c i p i t a t e the product. The crude product was dissolved i n hot 

methylene c h l o r i d e and hexane added dropwise u n t i l p r e c i p i t a t i o n j u s t 

occurred. On standing a pure product c r y s t a l l i s e d out. Found: C,32*81; 

H,2*00; Br,31*5; C 7H 5BrFe0 2 requires C,32*73; H,l*96; Br,31*11. The 

i n f r a r e d spectra of the p u r i f i e d product agreed w i t h t h a t reported i n 

the l i t e r a t u r e ( 8 6 ) . 

2.6.11. jT-cyclopentadienyldicarbonyl i r o n ( l l ) i o d i d e 

To a s o l u t i o n of b i s ( j c - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) i n 

methylene c h l o r i d e was added a saturated s o l u t i o n of i o d i n e i n methylene 

c h l o r i d e ( 8 8 ) . The volume of s o l u t i o n was reduced i n vacuo and hexane 

added to p r e c i p i t a t e the product. The crude product was dissolved i n 

hot methylene c h l o r i d e and hexane added dropwise u n t i l p r e c i p i t a t i o n 

j u s t occurred. On standing a pure product c r y s t a l l i s e d out. Found: 

C,27*59; H.1'71; 1,41*80; C ?H 5FeI0 2 requires C,27*67; H,l*66; 1,41*76. 
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The i n f r a r e d spectrum of the p u r i f i e d product agreed w i t h that reported 

i n the l i t e r a t u r e ( 8 6 ) . 

2.6.12. i t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( I I ) c h l o r i d e 

i t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c h l o r i d e was prepared from 

the r e a c t i o n of sodium c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n (prepared from 

b i s ( j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) and excess one per cent sodium 

amalgam) w i t h e t h y l chloroformate i n t e t r a h y d r o f u r a n ( 8 9 ) . A f t e r the 

r e a c t i o n had been allowed to proceed f o r ten hours the s o l v e n t was 

removed i n vacuo. The s o l i d product was then e x t r a c t e d with f i v e twenty 
3 

cm p o r t i o n s of benzene. A f t e r f i l t e r i n g the benzene e x t r a c t s , hydrogen 

c h l o r i d e was passed through the s o l u t i o n f o r about twenty minutes. The 

pale y e l l o w p r e c i p i t a t e was f i l t e r e d o f f and washed with e t h e r . The 

crude product was d i s s o l v e d i n water and r e p r e c i p i t a t e d by the a d d i t i o n 

of acetone. A f t e r f i l t r a t i o n the pale y e l l o w s o l i d was washed w i t h 

acetone, e t h e r and f i n a l l y pentane and d r i e d i n vacuo. Found: C,39*07: 

H,2*14; C I , 14*99; Cgl^ClFeC^ r e q u i r e s C,39*97; H,2*10; CI,14*74. The 

i n f r a r e d s p e c t r a of the p u r i f i e d m a t e r i a l showed two carb o a y l s t r e t c h i n g 

a b sorptions a t 2121 and 2068 cm * i n good agreement with those 

published f o r the rt-cyclopentadienyltricarbonyl i r o n ( l l ) c a t i o n ( 8 9 ) . 

2.6.13. rt-cyclopentadienyldicarbonyl i r o n cr-methyl 

rt-cyclopentadienyldicarbonyl i r o n cr-methyl was prepared by 

treatment of a te t r a h y d r o f u r a n s o l u t i o n of sodium j t - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n with excess methyl i o d i d e ( 9 0 ) . A f t e r removal of the 

so l v e n t i n vacuo the product was sublimed i n vacuo. The product was 

sublimed immediately p r i o r to use. The i n f r a r e d s p e c t r a of the p u r i f i e d 

product agreed with t h a t reported i n the l i t e r a t u r e ( 8 6 ) f o r i t - c y c l o -

p e n t a d i e n y l d i c a r b o n y l i r o n o-methyl. 
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2.6.14. T e t r a k i s ( r t - c y c l o p e n t a d i e r v y l c a r b o n y l i r o n ( l ) ) 

T e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) was f i r s t prepared 

by King ( 9 1 ) by the p y r o l y s i s of b i s ( r t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) 

i n r e f l u x i n g xylene. When p r e p a r a t i o n s were c a r r i e d out i n t h i s 

l a b o r a t o r y using King's method (91 ) the y i e l d s were much lower than 

reported, however i n c r e a s e d y i e l d s were obtained u s i n g the improved 

p r e p a r a t i o n given below. 

B i s ( i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) (56*8 g., 0*16 mole) i n 
3 

x y l e n e (500 cm ) was r e f l u x e d i n a n i t r o g e n atmosphere i n a pyrex g l a s s 

apparatus. The r e f l u x i n g s o l u t i o n was i r r a d i a t e d u s i n g a 500 watt 

mercury di s c h a r g e lamp p l a c e d about 10-15 cm from the apparatus. 

Samples were taken from r e a c t i o n mixture p e r i o d i c a l l y , and a f t e r 

removal of the s o l v e n t i n vacuo, the s o l i d was examined by i n f r a r e d 

spectroscopy. I n t h i s manner the disappearance of the carbonyl 

s t r e t c h i n g absorptions of b i s ( j r - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) 

and the appearance of the carbonyl s t r e t c h i n g a b s o r p t i o n of t e t r a k i s 

( i t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) was monitored. During the course 

of the r e a c t i o n a d d i t i o n a l carbonyl s t r e t c h i n g absorptions appeared and 

then f i n a l l y disappeared. These carbonyl s t r e t c h i n g a bsorptions were 

thought to be due to i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n CT-xylene. 

I s o l a t i o n of t h i s i n t e r m e d i a t e was c a r r i e d out and i s d e s c r i b e d l a t e r . 

When no carbonyl s t r e t c h i n g absorptions were observed i n the sample 

taken from the r e a c t i o n mixture, the r e a c t i o n was allowed to cool ,and 

the mercury di s c h a r g e lamp switched o f f . T h i s was u s u a l l y a f t e r a 

period of f i v e to eig h t days. The cold r e a c t i o n mixture was f i l t e r e d , 
3 

and the r e s i d u e washed w i t h t h r e e twenty cm p o r t i o n s of xylene and 

f i n a l l y w i t h hexane u n t i l the washings were c o l o u r l e s s . Ferrocene was 

recovered from the f i l t r a t e i n y i e l d s of up to about ten per cen t . 
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The moist r e s i d u e was t r a n s f e r r e d to the thimble of a s o x h l e t 

apparatus and e x t r a c t e d with methylene c h l o r i d e u n t i l the washings were 

c o l o u r l e s s or very pale green ( t h i s u s u a l l y occurred a f t e r about twenty 

four h o u r s ) . On c o o l i n g a pure product c r y s t a l l i s e d out. A f t e r 

r e d u c t i o n of the bulk of the f i l t r a t e i n vacuo a d d i t i o n of hexane gave a 

second crop of pure c r y s t a l s . Found: C,48*10; H,3*40; Fe, 37'50; 

C 2 4 H 2 0 F e 4 ° 4 r e c l u i r e s C,48*38; H,3'38; Fe,3 7*49. The i n f r a r e d spectrum 

of the pure product agreed with that reported by King ( 9 1 ) . The y i e l d s 

of 5 r e a c t i o n s using the above procedure a r e given i n Table 2.2. The 

above procedure r e q u i r e d about nine days and gave y i e l d s of the order of 

four t y two per cent compared with the l i t e r a t u r e p r e p a r a t i o n which 

r e q u i r e d nineteen days and gave a y i e l d of fourtee n per cent. 

Table 2.2. 

Y i e l d s * of P h o t o l y s i s of [ ( n - C r H r ) F e ( C 0 ) f l ] 

T 7 , , ~ . *- M s * I i A ^ l _ • L*SJ • Y i e l d % Rea c t i o n Time 
( d a y s ) 

1 32 8* 
2 44 7* 
3 29 9 
4 56 7 

5 49 7 

* Y i e l d based on [ U - C 5 H 5 ) F e ( C O ) 2 ] 



The major disadvantage of the p h o t o l y s i s method i s that i t i s 

important to stop the i r r a d i a t i o n a t the e a r l i e s t p o s s i b l e moment because 

o v e r - i r r a d i a t i o n was found to decrease the y i e l d of t e t r a k i s ( r t - c y c l o -

p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) and i n c r e a s e the amount of ferrocene 

produced. 

I s o l a t i o n of the inter m e d i a t e formed i n the p r e p a r a t i o n of t e t r a k i s 

( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) was c a r r i e d out as o u t l i n e d below. 

The p r e p a r a t i o n was c a r r i e d out and monitored as d e s c r i b e d 

p r e v i o u s l y , except that the r e a c t i o n was terminated when the i n t e n s i t y 

of the new carbonyl s t r e t c h i n g absorption was a t a maximum ( a f t e r about 

two d a y s ) . The c o l d r e a c t i o n mixture was f i l t e r e d washed with three twenty 
3 

cm portLcns of xy l e n e and f i n a l l y hexane. The f i l t r a t e was then 

evaporated to dryness i n vacuo, then the s o l i d was e x t r a c t e d with hexane. 

A f t e r the volume of hexane had been reduced i n vacuo, the components 

were separated by column chromatography on a polythene powder column. 

Removal of the s o l v e n t gave a p a l e y e l l o w waxy s o l i d with carbonyl 

absorptions a t 1990 and 1940 cm - 1. Found: C,71*04; H,6»76. T y p i c a l 

i n f r a r e d s p e c t r a obtained w h i l s t monitoring the r e a c t i o n , of the 

intermediate product and of t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) 

a r e shown i n s p e c t r a 2.1-2.4, 2.5 and 2.6 r e s p e c t i v e l y . 

2.6.15. T e t r a c a r b o n y l i r o n dibromide 

T e t r a c a r b o n y l i r o n dibromide was k i n d l y s u p p l i e d by Dr. M. 

K i l n e r and had been prepared by treatment of a s o l u t i o n of 

pentacarbonyl i r o n i n hexane with a s o l u t i o n of bromine i n hexane. 

Reduction of the bulk of the s o l u t i o n i n vacuo followed by c h i l l i n g 

y i e l d e d a pure c r y s t a l l i n e product ( 9 2 ) . 
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2.6.16. T e t r a c a r b o n y l i r o n d i - i o d i d e 

T e t r a c a r b o n y l i r o n d i - i o d i d e was k i n d l y s u p p l i e d by Dr. M. K i l n e r 

and had been prepared by treatment of a s o l u t i o n of pentacarbonyl i r o n 

i n hexane w i t h a s a t u r a t e d s o l u t i o n of i o d i n e i n hexane. Reduction of 

the bulk of the s o l u t i o n i n vacuo followed by c h i l l i n g y i e l d e d a pure 

c r y s t a l l i n e product ( 9 2 ) . 
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CHAPTER 3 

REACTIONS OF BI S( jt-CYCLOPENTADIENYLDICARBONYL I R O N ( l ) ) IN 
LIQUID HYDROGEN CHLORIDE 

3.1. I n t r o d u c t i o n 

B i s ( ir-cyclopentadieny ldicarbony.l. i r o n ( l ) ) has been shown to be 

monobasic i n s u l p h u r i c and t r i f l u o r o a c e t i c a c i d s ( 2 9 ) . However, the 

published data for the v carbonyl s t r e t c h i n g modes of b i s ( n - c y c l o p e n t a -

d i e nyldicarbony1 i r o n ( l ) ) when d i s s o l v e d i n s u l p h u r i c a c i d was markedly 

d i f f e r e n t to those published for n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) - ( j , -

hydrogen i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) hexafluorophosphate. 

Problems often encountered when s u l p h u r i c a c i d i s used as the a c i d i c 

medium are the d i f f i c u l t y i n i s o l a t i o n of a s o l i d product and th a t only 

s o l u t i o n techniques can be a p p l i e d . Concentrated s u l p h u r i c a c i d i s an 

o x i d i s i n g agent and the p o s s i b i l i t y of o x i d a t i o n of the n e u t r a l t r a n s i t i o n 

metal complexes i s a r e a l p o s s i b i l i t y . The study of the behaviour of 

b i s ( J t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) i n l i q u i d hydrogen c h l o r i d e 

would not only enable p r o t o n a t i o n and o x i d a t i o n to be st u d i e d 

independently but would a l s o enable s o l i d products to be obtained. 

3.2. R e s u l t s and D i s c u s s i o n 

B i s ( j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) d i s s o l v e d i n l i q u i d 

hydrogen c h l o r i d e a t -95°C without l o s s of a measurable amount of carbon 

monoxide. The i n f r a r e d s p e c t r a of the m a t e r i a l recovered from the l i q u i d 

hydrogen c h l o r i d e s o l u t i o n showed weak absorptions a t 2047 and 1984 cm \ 

which were thought to be a t t r i b u t a b l e to a small amount of it-cyclopenta-

d i e n y l d i c a r b o n y l i r o n ( l l ) c h l o r i d e . The main proportion of the m a t e r i a l 

recovered was unchanged s t a r t i n g m a t e r i a l . 



63. 

B i s ( r t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) when d i s s o l v e d i n hydrogen 

c h l o r i d e at ambient temperatures was observed to g i v e two l a y e r s ; a lower 

dark l a y e r and an upper p a l e orange l a y e r . No change occurred w h i l s t 

the s o l u t i o n was s t o r e d i n the absence of l i g h t , but i n the presence of 

l i g h t a l a r g e amount of s o l i d was deposited from the s o l u t i o n over a 

period of about e i g h t days. A f t e r i s o l a t i o n of the s o l i d m a t e r i a l 

examination over the 2200-1900 cm ^ region by i n f r a r e d spectroscopy 

showed absorption bands a t 2119s, 2070vs, 2043s and 1993s cm ^. These 

r e s u l t s are c o n s i s t e n t w i t h the formation of j t - c y c l o p e n t a d i e n y l d i c a r b o n y l 

i r o n ( l l ) c h l o r i d e and i t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c h l o r i d e . 

The r e a c t i o n was thought to occur by the a d d i t i o n of hydrogen c h l o r i d e to 

the i r o n - i r o n bond i n b i s ( r t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) to give 

rt-cyclopentadienyldicarbonyl i r o n hydride and i t - c y c l o p e n t a d i e n y l d i c a r b o n y l 

i r o n ( l l ) c h l o r i d e , rt-cyclopentadienyldicarbonyl i r o n hydride then r e a c t s 

with a f u r t h e r molecule of hydrogen c h l o r i d e to g i v e it-cyclopentadieny1-

d i c a r b o n y l i r o n c h l o r i d e and hydrogen gas (which was detected when the 

r e a c t i o n ampoule was opened). 

n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) - u — h y d r o g e n rt-cyclopentadienyl-

d i c a r b o n y l i r o n c h l o r i d e , [(rt-C,Jrl,-)Fe(C0) 2] 2H +C1 would a l s o be p r e s e n t 

i n s o l u t i o n , formed by d i r e c t protonation of the s t a r t i n g m a t e r i a l . 

Compounds of the type [ ( r t - C 5 H 5 ) F e ( C 0 ) 2 ] 2 X + Y ~ (X = H, C I , Br and I ; Y = 

PFg, BCl^ and C10^) are known to be thermally s e n s i t i v e (from other 

s t u d i e s c a r r i e d out and d i s c u s s e d l a t e r ) and decompose to give the 

(rt-C.H J(C0)„Fe-Fe(C0)„(rt-CH J + HCl ( j r - C 5 H 5 ) ( C O ) 2 F e H 

+ ( n - C 5 H 5 ) ( C O ) 2 F e C l 

(rt-C.H J(C0)„FeH + HCl (rt-C H ) F e ( C 0 ) 2 C l + H 2| 
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j t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c a t i o n , (n-C^H^)Fe(CO)^ , as the 

only carbonyl compound. Carbon monoxide was a l s o formed during the 

r e a c t i o n of b i s ( j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) w i t h hydrogen 

c h l o r i d e , and i t has been reported i n the l i t e r a t u r e ( 9 3 ) that i t - c y c l o -

p e n t a d i e n y l d i c a r b o n y l i r o n c h l o r i d e r e a c t s with carbon monoxide under 

p r e s s u r e to give the rt-cyclopentadienyitricarbonyl iron('I'l) c a t i o n . The 

rt-cyclopentadienyltricarbonyl i r o n ( l l ) c h l o r i d e formed i n the r e a c t i o n of 

b i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) w i t h hydrogen c h l o r i d e could have 

been produced by e i t h e r of the two routes mentioned above and i t i s 

probable that both routes gave r i s e to the observed product. 

[ ( n - C 5 H 5 ) F e ( C O ) 2 ] 2 + HC1 [ U - C 5 H 5 ) F e ( C O ) 2 ] 2 H + C l " 

I 
(«-C 5H 5)Fe(CO) 3

+Cl~ + CO + 

decomp. p r d t s . 

(n-C c.H I.)Fe(C0) 9Cl + CO ( r t - C s R y F e ( C O ) 3

+ c r 

A s o l u t i o n of b i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) J i n l i q u i d 
2 -1 -1 

hydrogen c h l o r i d e has a molar conductance of 40 cm ohm mole f o r a 

0»015M s o l u t i o n , which i s of the same order as that observed f o r a 

s o l u t i o n of tetramethylammonium c h l o r i d e i n hydrogen c h l o r i d e (molar 
2 -1 -1 

conductance for a 0*14 molar s o l u t i o n 31*1 cm ohm mole ( 1 5 ) . A 

co n d u c t i m e t r i c t i t r a t i o n w ith boron t r i c h l o r i d e shows a break a t a 

molar r a t i o 1:1 ( F i g . 3 . 1 ) . Although a break a t the 1:1 molar r a t i o can 

i n d i c a t e e i t h e r s a l t or adduct formation, the f a c t s that the 

conductance had f a l l e n with the a d d i t i o n of boron t r i c h l o r i d e and t h a t 
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even a f t e r the 1:1 molar r a t i o the conductance was s t i l l f a i r l y h i g h 

supported the formation of a s a l t r a t h e r than an adduct. The f a l l i n 

c o n d u c t i v i t y i s consistent w i t h replacement of a more mobile i o n w i t h a 

less mobile i o n ( i . e . replacement of a c h l o r i d e i o n w i t h a t e t r a c h l o r o -

borate i o n ) . 

C I " + BC1 — » - BC1 ~ 

3 4 

During the l a t e r stages of the t i t r a t i o n p r e c i p i t a t i o n was also observed 

which would also tend to reduce the c o n d u c t i v i t y . Conductimetric 

t i t r a t i o n s using phosphorus p e n t a f l u o r i d e as the aci d f a i l e d to react to 

completion during the time scale used. Hence the f a c t t h a t the end p o i n t 

occurs at 1:1 molar r a t i o s f o r adduct formation and at 1*5:1 molar r a t i o 

(acid:base) f o r s a l t formation could not be u t i l i s e d . 
X 

Base + PF 5 >• Base PF 5 

ADDUCT FORMATION 

2Cl" + 3PF C 2PF ~ + PF0C1„ 
_> o j z 

SALT FORMATION 

I n f r a r e d spectra of the p u r i f i e d products obtained from r e a c t i o n of 

bi s ( r t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) w i t h the Lewis acids and boron 

t r i c h l o r i d e and phosphorus p e n t a f l u o r i d e i n l i q u i d hydrogen c h l o r i d e 

showed absorption bands c h a r a c t e r i s t i c of the t e t r a c h l o r o b o r a t e (691, 

659 cm "*") (17) and hexafluorophosphate (845, 555 cm "*") (94) ions 

r e s p e c t i v e l y . No absorption band, i n the i n f r a r e d spectrum could be 

assigned to a Fe-H s t r e t c h i n g mode, although previous workers (29) had 

suggested a weak band observed at 1767 cm * as pos s i b l y the Fe-H 

s t r e t c h i n g mode. A weak band was also observed i n a sample of n-cyclo-

pentadienyldicarbonyl iron-n-deuterium-n-cyclopentadienyldicarbonyl 

i r o n hexafluorophosphate and was assigned as a v C-0 s t r e t c h i n g mode of 
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the b i s ( r t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) s t a r t i n g m a t e r i a l . 

I n f r a r e d spectroscopic examination of the decomposition of rt-cyclopenta-

d i e n y l d i c a r b o n y l iron-|i-hydrogen rt-cyclopentadienyldicarbonyl i r o n 

hexafluorophosphate showed t h a t the band a t 1767 cm ^ increased w i t h time 

confirming t h a t i t was not a Fe-H s t r e t c h i n g mode. 

The i n f r a r e d spectrum of the n-cyclopentadienyldicarbonyl iron-u,-

hydrogen jt-cyclopentadienyldicarbonyl i r o n c a t i o n i s shown i n spectra 

3.1 and 3.2 as the t e t r a c h l o r o b o r a t e and hexafluorophosphate s a l t s 

r e s p e c t i v e l y . 

Reaction of bis(Jt-cyclopentadienyldicarbonyl i r o n ( l ) ) w i t h the 

o x i d i s i n g agents n i t r o s y l c h l o r i d e and c h l o r i n e could not be followed 

c o n d u c t i m e t r i c a l l y since the re a c t i o n s gave mixtures of products and 

i n d i v i d u a l conductances were time v a r i a b l e and not rep r o d u c i b l e . 

Reaction of n i t r o s y l c h l o r i d e w i t h a s o l u t i o n of b i s ( i t - c y c l o p e n t a -

d i e n y l d i c a r b o n y l i r o n ( l ) ) i n hydrogen c h l o r i d e gave n-cyclopentadienyl-

d i c a r b o n y l i r o n c h l o r i d e as the only i d e n t i f i a b l e products. A l l attempts 

to i d e n t i f y a green paramagnetic s o l i d soluble i n acetone and i n s o l u b l e i n 

methylene c h l o r i d e f a i l e d . 

The r e a c t i o n of c h l o r i n e w i t h a s o l u t i o n of b i s ( r t - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l ) ) i n hydrogen c h l o r i d e caused extensive decomposition 

w i t h the formation of some it-c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n c h l o r i d e and 

n - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n c h l o r i d e . The rt-cyclopentadienyl-

d i c a r b o n y l i r o n c h l o r i d e was formed by the a d d i t i o n of one molecule of 

c h l o r i n e t o the i r o n - i r o n bond i n the s t a r t i n g m a t e r i a l . 

(rt-C 5H 5)(CO) 2Fe-Fe(CO) 2(n-C 5H 5) + C l 2 2( n - C ^ ) (CO^FeCl 

The i t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n c h l o r i d e may have been formed 

e i t h e r d i r e c t l y by the a c t i o n of c h l o r i n e on b i s ( j t - c y c l o p e n t a d i e n y l -
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Table 3.1 

I n f r a r e d of the it-cyclopentadienyldicarbonyl iron-u,-hydrogen 

jt-cyclopentadlenyldicarbonyl i r o n cations i n the 4000-300 cm ^ region 

Assignment [ (3t-C 5H 5)Fe(CO) 2] 2H +BC1 4" [(rt-C 5H 5)Fe(CO) 2] 2H +PF 6" 

C-H Stre t c h 3110w 3110w 

vC-0 2030s 2032 s vC-0 2000s 2002s 
C-C Stre t c h 1420m 1420m 

1112vw 
1060w 1060w 
lOlOw lOlOw 
lOOOw lOOOw 

905m 
v 3 P F e " 

874m 
v 3 P F e " 845s 

820sh 
862m 

v 3 B C l 4 - 691s 

v, + v . B C l " 1 4 4 659 s 
645m 

593s 595s 

V4 P F 6 _ 555s 
532s 536s 

49 6w 
416w 420w 
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d i c a r b o n y l i r o n ( l ) ) or from the r e a c t i o n of n-cyclopentadienyldicarbonyl 

i r o n c h l o r i d e w i t h carbon monoxide, which had been evolved during the 

r e a c t i o n . I t i s perhaps s i g n i f i c a n t t h a t i n the r e a c t i o n using n i t r o s y l 

c h l o r i d e as oxidant no j t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n c h l o r i d e was 

formed although carbon monoxide was present. 

[ ( j r - C 5 H 5 ) F e ( C O ) 2 ] 2 + C l 2 • (rt-C 5H 5)Fe(CO) 3Cl + decomp. p r d t s . 

v C-0 s t r e t c h i n g modes have been e x t e n s i v e l y used as probes i n t o the 

s t r u c t u r e and environment of carbonyl c o n t a i n i n g compounds ( 9 5 ) . I n a 

large p r o p o r t i o n of carbonyl compounds only the symmetry of the carbonyl 

groups around the metal atom need be considered, r a t h e r than c o n s i d e r a t i o n 

of the o v e r a l l symmetry of the carbonyl compound, e.g. (Jt-CH^C^H^)Mn(C0)^ 

C 3 V 
For compounds of the type [ (rt-C 5H 5)Fe(CO) 2] , (X = H, C I , Br and 

I ) the s t r u c t u r e s ( i ) - ( V I I l ) are possible. Structures ( I ) and ( I I ) 

contain a symmetrical l i n e a r Fe-X-Fe bond and are r e l a t e d by c i s / t r a n s 

isomerism. Structures ( I I I ) and ( I V ) contain a symmetrical bent Fe Fe 

bond and are r e l a t e d by c i s / t r a n s isomerism. Four other analogous 

s t r u c t u r e s are also p o s s i b l e , which have asymmetric Fe-X-Fe bonds and are 

intermediate between s t r u c t u r e s ( I ) - ( I V ) and s t r u c t u r e s ( V ) - ( V I I I ) . The 

l a t t e r four s t r u c t u r e s contain a Fe-X bond, the atom X being bonded 

f i r s t t o one i r o n atom and then t o the other i r o n atom. Consideration 

of s t r u c t u r e s ( i ) to ( I V ) , two carbonyl absorptions would be expected, 

a symmetric and asymmetric s t r e t c h i n g mode. I f coupling from one 

U-C 5H 5)Fe(CO) 2 u n i t to the other (rt-C 5H 5)Fe(CO) 2 u n i t occurs or the 

s o l i d contains a mixture of c i s and trans isomers four carbonyl 

s t r e t c h i n g absorptions would be expected. For a l l other expected s t r u c t u r e s 
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Figure 3.2 



2200 2000 1000 
Frequency (cm' 1) 

The i.r. spectrum of [("-C5H6)Fe(CO)2]2H+PFfl-- in 
the carbonyl region as a function of time, a, [(w-C6HB)Fe(CO)elo 
b, [(7r-C6H6)Fe(CO)a]2H+PF6- initially, c, the same after 2 h 
in the i.r. beam, and d, the same after 18 h in the i.r. beam 
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i . e . (V) to ( V T I I ) and those c o n t a i n i n g an asymmetric Fe-X-Fe bond four 

carbonyl absorptions would be expected. The f a c t t h a t three carbonyl 

absorptions have been reported f o r species of the type 

(29, 96-101) and t h a t f o r the case where X = H a s h i f t of up to 54 cm" 

was observed on going from a n u j o l m u l l of the hexafluorophosphate s a l t 

to a s o l u t i o n i n su l p h u r i c acid (29) warranted f u r t h e r i n v e s t i g a t i o n . 

The i n f r a r e d spectrum of jt-cyclopentadienyldicarbonyl iron-p,-hydrogen 

jt-cyclopentadienyldicarbonyl i r o n hexafluorophosphate reported by Davies 

et a l (29) shows v carbonyl s t r e t c h i n g absorptions at 2138s, 2068sh, 

2050vs and 2018vs cm ^. The sample of jt-c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n -

u,-hydrogen it-cyclopentadieny l d i c a r b o n y l i r o n hexaf luorophosphate prepared 

by the author only showed v carbonyl s t r e t c h i n g absorptions at 2032s and 

2002s cm ^ when examined i n a KC1 pressed d i s c , v carbonyl s t r e t c h i n g 

absorptions at 2120m, 2070s cm ^ as w e l l a t the v carbonyl absorptions 

a t t r i b u t a b l e to bis(Jt-cyclopentadienyldicarbonyl i r o n ( l ) ) were observed 

to appear w i t h time i n d i c a t i n g formation of j t - c y c l o p e n t a d i e n y l t r i c a r b o n y l 

i r o n c a t i o n (v CO 2122s and 2070 vs cm ^) (89) as w e l l as deprotonation 

Solutions of b i s ( j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) i n anhydrous 

acids were examined over the region 2200-1700 cm ^ by i n f r a r e d 

spectroscopy. The r e s u l t s are shown i n Table 3.2. Deprotonation was 

eli m i n a t e d since excess ac i d was always present and the r e s u l t s 

confirmed t h a t the n-cyclopentadienyl t r i c a r b o n y l i r o n c a t i o n was the only 

[(jt-C cH,)Fe(C0) 1 X Y (X = H, C I , Br and I , Y = BF, , PF , B(C £H C). , T ) 

(F i g . 3 . 2 ) . 

[(jt-C^H,.)Fe(C0)J„H PF [(jt-CrHr)Fe(C0)J„ + (jt-CrHr)Fe(C0)„ PF 

+ u n i d e n t i f i a b l e p r o d u c t ( s ) 
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carbonyl compound formed. The formation of the rt-cyclopentadienyltri-

carbonyl i r o n c a t i o n was confirmed by i s o l a t i o n as the hexafluorophosphate 

s a l t from a methane sulphonic acid s o l u t i o n of bis(Jt-cyclopentadienyl-

d i c a r b o n y l i r o n ( l ) ) . The product i s o l a t i o n was i d e n t i c a l w i t h t h a t 

described i n the l i t e r a t u r e (89) and i t s i n f r a r e d spectrum i s shown i n 

spectrum 3.3. 

A k i n e t i c study f o l l o w i n g the appearance of the absorption band at 

2122 cm ^ showed t h a t the r e a c t i o n of b i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l 

i r o n ( l ) ) w i t h methanesulphonic a c i d was f i r s t order w i t h a h a l f l i f e of 

f i f t e e n minutes and a r a t e constant of 4*6 x 10 ^ min ^ at about 40°C. 

The appearance of only two carbonyl absorption bands i n the i n f r a r e d 

spectrum of the n-cyclopentadienyldicarbonyl iron-u.-hydrogen rt-cyclopenta-

d i e n y l d i c a r b o n y l i r o n c a t i o n suggests that the two j t - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n groups are i d e n t i c a l and are r e l a t e d by a centre of 

symmetry. 

The r e s u l t s of "̂H nuclear magnetic resonance studies i n various 

strong anhydrous acids are given i n Table 3.3. The occurrence of the Fe-H 

resonance i n d i c a t e s t h a t the proton experiences more deshielding than i s 

normal when attached t o a s i n g l e i r o n atom. I n (n-C,.H,.^FeH* the Fe-H 

resonance i s observed at T 11"89-12'10 (56) and i n (rt-C 5H 5)Fe(C0) 2H, the 

Fe-H i s observed at T 21*91 (102). The Fe-H absorption i s sharp and 

occurs at the same p o s i t i o n i n a l l three acids i n v e s t i g a t e d suggesting 

t h a t exchange w i t h the solvent must be slow. Confirmation of t h i s comes 

from the f a c t t h a t preparation of [ (rt-C cH )Fe(C0),,] „D+PF," could not be 
5 5 2 2 b 

c a r r i e d out by an exchange r e a c t i o n using [(jt-CcHc)Fe(C0)o]„H+PF, and DC1. 
5 5 2 2 b 

Davison et a l (29) also studied the ions [ (it-C 5H 5)Mo(CO) 3] 2H +, 

[(n-C,H c)W(C0) o]_H H" and [ U-C cH c) oMoW(C0),]H +. The isotope 183W has a 5 5 3 2 5 5 2 6 
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spin of jjr and can th e r e f o r e couple d i r e c t l y w i t h the proton to give r i s e 

to s a t e l l i t e s t r u c t u r e of the W-H absorption. Un f o r t u n a t e l y the s e n s i t i v i t y 

of the instrument was not s u f f i c i e n t t o observe a l l the expected s a t e l l i t e 

bands i t was however possible t o show t h a t the proton was associated w i t h 

both tungsten atoms. Examination of the hydrides [M^RXCO)^] (M = Cr, Mo 

and W) was c a r r i e d out by Ilayter (103) using i n f r a r e d , nuclear magnetic 

resonance and X-ray d i f f r a c t i o n techniques. Hayter concluded t h a t a 

l i n e a r M-H-M bond f i t t e d the evidence best. S i m i l a r environments f o r the 

hydrogen atom i n [ (rt-C 5H )W(C0) ] 2 H + and [ W 2 H ( C 0 ) 1 0 ] " would be expected 

since the '''H nuclear magnetic resonance data f o r the W-H resonance i s 

s i m i l a r . The [( j t - C ^ H ^ ) F e ( C 0 ) 2 ] 2 H + i o n would also be expected to be very 

s i m i l a r to the chromium group compounds and the nuclear magnetic 

resonance studies show a marked s i m i l a r i t y to those f o r the tungsten 

compounds p r e v i o u s l y described. 

3.3. Experimental 

3.3.1. Reaction of bisdt-cyclopentadienyldicarbony1 i r o n ( l ) ) w i t h l i q u i d 

hydrogen c h l o r i d e 

( a ) a t -95°C 

Bis ( i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) (0*0425 g. , 0*120 
-4 

mmoles) was degassed overnight i n vacuo (10 mm Hg). Hydrogen c h l o r i d e 

(7 cm"̂ , 0*25 mole) was condensed on to the s o l i d cooled to -196°C ( l i q u i d 

n i t r o g e n b a t h ) , on warming to -95°C (toluene slush bath) a homogeneous 

s o l u t i o n was obtained. The r e a c t i o n was allowed to proceed f o r one hour 

before c o o l i n g to -196°C ( l i q u i d n i t r o g e n b a t h ) , no detectable amount of 

carbon monoxide or hydrogen had been evolved. A l l v o l a t i l e m a t e r i a l s were 

removed at low temperatures before warming to room temperature. No increase 
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i n weight was observed and the i n f r a r e d spectra of the product showed th a t 

i t was p r i m a r i l y s t a r t i n g m a t e r i a l w i t h a trace of n-cyclopentadienyl­

dicarbonyl i r o n ( l l ) c h l o r i d e . 

(b) at ambient temperatures 

Bis(n-cyclopentadienyldicarbonyl i r o n ( l ) ) (1*05 g., 0*003 moles) 
3 

was degassed i n vacuo overnight. Hydrogen c h l o r i d e (8 cm , 0*30 moles) 

was d i s t i l l e d i n t o the s i l i c a ampoule cooled to -196°C ( l i q u i d n i t r o g e n 

bath) before being sealed. At room temperature two layers were evident; 

a lower dark layer and a pale orange upper l a y e r . No apparent change was 

observed over a period of three weeks while the ampoule was stored i n 

the absence of l i g h t . Ten days exposure to s u n l i g h t caused a l a r g e 

amount of p r e c i p i t a t e t o be deposited. A f t e r c o o l i n g t o -196°C ( l i q u i d 

n i t r o g e n bath) the ampoule was opened i n t o the vacuum system. I n f r a r e d 

spectra of the gas showed the presence of carbon monoxide. Hydrogen was 

also assumed to be present due to the f a c t t h a t the pressure of gas 
3 

evolved was about 24 cm Hg i n 80 cm (carbon monoxide has a vapour 

pressure of 10 cm at -196°C ( 7 4 ) ) . A l l v o l a t i l e m a t e r i a l s were removed 

at low temperature i n vacuo before warming to ambient temperature and 

t r a n s f e r r i n g to the glove box. I n f r a r e d spectra of the s o l i d showed 

v absorptions at 2049, 1947, 2120 and 2069 cm - 1 suggesting t h a t 

n-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e and rt-cyclopentadienyl-

t r i c a r b o n y l i r o n ( l l ) c h l o r i d e were the only two carbonyl compounds present. 

No other products were i d e n t i f i e d . 

3.3.2. n-cyclopentadienyldicarbonyl iron-n-hydrogen n-cyclopentadienyl­

dicarbonyl i r o n t e t r a c h l o r o b o r a t e , [ (n-C 5H 5)Fe(CO)J ̂ ,H+BC 1^~ 
Bis(n-cyclopentadienyldicarbonyl i r o n ( l ) ) (0*7 g., 0*002 mole) was 
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weighed i n t o a r o t a f l o TF6/24 ampoule and degassed i n vacuo overn i g h t . 

A f t e r c o o l i n g the sample t o -196°C ( l i q u i d n i t r o g e n b a t h ) , hydrogen 
3 

c h l o r i d e (7 cm , 0'25 mole) was d i s t i l l e d i n , and d i s s o l u t i o n e f f e c t e d by 

warming to -95°C (toluene slush b a t h ) . The s o l u t i o n was cooled t o -196°C 

( l i q u i d n i t r o g e n bath) and boron t r i c h l o r i d e (4 mmole) was d i s t i l l e d i n t o 

the ampoule. The mixture was allowed t o react at -84°C ( s o l i d carbon 

dioxide/acetone s l u r r y ) and an immediate red-brown p r e c i p i t a t e was 

observed. A l l v o l a t i l e m a t e r i a l s were removed at low temperature i n vacuo. 

The s o l i d obtained on warming t o room temperature was washed w i t h 

methylene c h l o r i d e ( f r e s h l y d i s t i l l e d from phosphorus pentoxide) t o y i e l d 

a red brown s o l i d which decomposed slowly w i t h the e v o l u t i o n of hydrogen 

c h l o r i d e and boron t r i c h l o r i d e . Found: % increase i n weight on the 

bi s ( j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) 43*4; C,31*8; H,2'l; Cl,27'0; 
Fe,20»9: C, ,H.,BC1, Fe„0. requires % increase i n weight on the b i s ( i t -' 1 4 1 1 4 2 4 
cyclopentadienyldicarbonyl i r o n ( l ) ) 41*4; C,33'l; H,2*2; CI,27'9; Fe, 

22 '0%. 

3.3.3. it-cyclopentadienyldicarbonyl iron-p,-hydrogen rt-cyclopentadienyl-

dicarbonyl i r o n hexaf luorophosphate, [ (jt-C^H,. )Fe(C0) J ^H+PF(.~ 

Bis( f l - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) (0'7 g., 2 mmole) was 

weighed i n t o an ampoule and degassed under h i g h vacuum ove r n i g h t . The 

sample was cooled t o -196°C ( l i q u i d n i t r o g e n b a t h ) , hydrogen c h l o r i d e 
3 

(ca. 7 cm ; 0*25 mole) was d i s t i l l e d i n and d i s s o l u t i o n e f f e c t e d by 

warming the mixture t o -95° (toluene slush b a t h ) . The s o l u t i o n was 

coo le d to -196 C ( 1 i q u i d n i t r o g e n bath) and phosphorus p e n t a f l u o r i d e 

(6 mmoles) was d i s t i l l e d i n t o the ampoule. The mixture was allowed t o 

react at -84°C ( s o l i d carbon dioxide/acetone s l u r r y ) o v e r n i g h t . A l l 

v o l a t i l e m a t e r i a l s were removed i n vacuo. The r e s u l t i n g s o l i d a t room 
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temperature was washed w i t h methylene c h l o r i d e ( f r e s h l y d i s t i l l e d from 

phosphorus pentoxide) t o give a red-brown s o l i d . Found: C,33*4; H.,2'151 

Fe,22'l; P,6*05. C 1 4H F g F e ^ P requires C,33*65: H,2'2; Fe,22-35; 

P,6'207„. 

3.3.4. it-cyclopentadieny l d i c a r b o n y l iron-u,-deuterium i t - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n hexaf luorophosphate . [ (ff-C,.H,. )Fe(C0K] ̂ .D̂ PF̂  

was prepared i n an i d e n t i c a l manner to t h a t described above except t h a t 

deuterium c h l o r i d e was used i n place of hydrogen c h l o r i d e . 

3.3.5. Reaction of b i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) w i t h 

n i t r o s y l c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 

B i s ( i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) (0*7 g. , 0*002 mole) 

was weighed i n t o an ampoule and degassed overnight i n vacuo. A f t e r 

c o o l i n g to -196°C ( l i q u i d n i t r o g e n b a t h ) , hydrogen c h l o r i d e (ca. 7 cm^; 

0*25 mole) was d i s t i l l e d i n t o the ampoule. N i t r o s y l c h l o r i d e (25 mmoles) 

was also added from the vapour phase and the mixture allowed t o react 

at -84° ( s o l i d carbon dioxide/acetone s l u r r y ) f o r eighteen hours. An 

infraredspectrum of the gaseous f r a c t i o n a t -95°C showed the presence 

of carbon monoxide, n i t r i c oxide, n i t r o s y l c h l o r i d e and hydrogen 

c h l o r i d e . A l l v o l a t i l e m a t e r i a l s were removed i n vacuo. 

The s o l i d product obtained at room temperature was washed w i t h 

methylene c h l o r i d e , on evaporation the f i l t r a t e gave a red s o l i d whose 

i n f r a r e d spectrum w a s i d e n t i c a l w i t h t h a t of an authen t i c sample of 

rt-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e . (Found: C,40*4; H,2*25; 

CI, 17*1; C ?H 5ClFe0 2 requires C,39«6; H,2»4; CI,16*7%). The residue was 

washed w i t h acetone, on evaporation the f i l t r a t e y i e l d e d a green para­

magnetic s o l i d which could not be i d e n t i f i e d (Found: C,24»8; H,l*67; 
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CI,30*32; Fe,25'3; N,l*15). The residue was a pale y e l l o w s o l i d which 

had Q absorptions at 2122 and 2071 cm ^ i n the i n f r a r e d and was 

probably rt-cyclopentadienyltricarbonyl i r o n ( l l ) c h l o r i d e contamined w i t h 

other decomposition products (Found: C,44*24; H,5*63; CI,19*31; Fe,l ,43; 

N, 9*43). 

3.3.6. Reaction of b i s ( i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) w i t h 

c h l o r i n e i n l i q u i d hydrogen c h l o r i d e 

B i s ( r t - c y c l o p e n t ad ie nyldicarbonyl i r o n ( l ) ) (0*7 g., 2 mmoles) was 

weighed i n t o an ampoule and degassed i n vacuo. A f t e r c o o l i n g the ampoule 

to -196°C ( l i q u i d n i t r o g e n b a t h ) , hydrogen c h l o r i d e (10 cm^; 0*38 mole) 

was d i s t i l l e d i n and s o l u t i o n e f f e c t e d by warming the mixture to -95°C 

(toluene slush b a t h ) . A f t e r c o o l i n g to -196°C ( l i q u i d n i t r o g e n bath) 

c h l o r i n e ( 1 mmole) was d i s t i l l e d i n t o the ampoule. The r e a c t i o n was 

allowed to proceed f o r four hours at -84°C ( s o l i d carbon dioxide/acetone 

s l u r r y ) before c o o l i n g down to -196° ( l i q u i d n i t r o g e n b a t h ) . I n f r a r e d 

spectra of the v o l a t i l e f r a c t i o n showed absorption bands a t t r i b u t a b l e t o 

carbon monoxide. A l l v o l a t i l e m a t e r i a l s were then removed i n vacuo. 

Examination by i n f r a r e d spectroscopy of the s o l i d obtained at room 

temperature showed the presence of it-cyc l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) 

c h l o r i d e and j t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c h l o r i d e ( v^Q 2120S, 

2066VS and 2048, 1987 cm * r e s p e c t i v e l y ) i n a d d i t i o n t o the v 

absorptions of unreacted b i s ( j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) . 

3.3.7. j t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) hexafluorophosphate, 

U-C rH r)Fe(C0)„ +PF,~ 5 5 3 — 6 

Bis(n-c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) (0*67 g. , 1*90 mmoles) wa 

warmed t o 50°C w i t h methane sulphonic acid (5 cm^) i n vacuo and the amount 

of gas evolved measured. When no f u r t h e r increase i n pressure was 
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observed, the s o l u t i o n was d i l u t e d w i t h water (20 cm ) and then potassium 

hexafluorophosphate s o l u t i o n added dropwise u n t i l no f u r t h e r p r e c i p i t a t i o n 

occurred. A f t e r f i l t e r i n g a t the pump, the pale y e l l o w s o l i d was washed 

w i t h water, ethanol and f i n a l l y ether, and d r i e d i n vacuo. Found: 

C,27*40; H,l*43; Fe,15*91; P,8*79; CgH^FeP requ i r e s C,27*46; H,l*44; 

Fe,15*96; P,8*85. I n f r a r e d spectra of the product was i d e n t i c a l w i t h 

t h a t of a authen t i c sample of (it-C^H^)Fe(CO)^ +PFg which had been prepared 

according to the method described i n the l i t e r a t u r e ( 8 9 ) . 1*0 mmoles of 

gas was evolved during the r e a c t i o n , the i n f r a r e d of which only showed 

absorption bands a t t r i b u t a b l e to carbon monoxide. 

3.3.8. I n f r a r e d spectra o f b i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) i n 

some anhydrous strong acids 

B i s ( i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) was degassed i n vacuo 

overni g h t . Most acids used i n t h i s study ( s u l p h u r i c , methanesulphonic, 

chlorosulphonic and t r i f l u o r o a c e t i c ) were degassed before use. Solutions 

of b i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) i n the acids were prepared 

under a n i t r o g e n s h i e l d ; i t was not p r a c t i c a l t o make the s o l u t i o n s up i n 

a glove box since the s o l u t i o n decomposed f a i r l y r e a d i l y . The s o l u t i o n 

was smeared between polythene sheets and the i n f r a r e d spectrum recorded 

over the region 2200-1700 cm ^ against a reference of two i d e n t i c a l 

polythene sheets smeared w i t h n u j o l . 

The v absorption bands observed are given i n Table 3.2. 
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3.3.9. H nuclear magnetic resonance studies of b i s ( f l - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l ) ) i n anhydrous acids 

Bis ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) was f i n e l y powdered and 

t r a n s f e r r e d to a nmr tube w i t h a ground glass j o i n t attached and degassed 

i n vacuo overnight. The aci d being used was then vacuum d i s t i l l e d i n t o 

the sample tube, as was the 0*5 mmol of t e t r a m e t h y l s i l a n e used as i n t e r n a l 

standard. The tube was then sealed i n vacuo. The r e s u l t s are given i n 

Table 3.3. 

3.3.10. Conductimetric t i t r a t i o n s of b i s ( i t - c y c l o p e n t a d i e n y l d i c a r b o n y l 

i r o n ( l ) ) 

( i ) w i t h boron t r i c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 

B i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) (31*5 mg. , 0'09 

mmoles) was weighed i n t o a c o n d u c t i v i t y c e l l and hydrogen c h l o r i d e 

(7 cm\ 0*25 mole) condensed i n at -196°G ( l i q u i d n i t r o g e n b a t h ) . 

A l i q u o t s of boron t r i c h l o r i d e were then added and the r e a c t i o n followed 

c o n d u c t i m e t r i c a l l y . P r e c i p i t a t i o n occurred very e a r l y on i n the t i t r a t i o n , 

but a clean break i n the t i t r a t i o n curve was observed at a mole r a t i o of 

1:1 (acid:base). The c o n d u c t i v i t y curve i s shown i n Figure 3.1. 

( i i ) w i t h phosphorus p e n t a f l u o r i d e i n l i q u i d hydrogen c h l o r i d e 

Bis(rt-cyclopentadienyldicarbonyl i r o n ( l ) ) (31 #5 mg., 0*09 

mmoles) was weighed i n t o a c o n d u c t i v i t y c e l l and hydrogen c h l o r i d e 

(7 enf*, 0*25 mole) condensed i n at -196°C ( l i q u i d n i t r o g e n b a t h ) . 

A l i q u o t s of phosphorus p e n t a f l u o r i d e were added and the r e a c t i o n 

followed c o n d u c t i m e t r i c a l l y . The conductnace measurements were observed 

to f l u c t u a t e w i t h time and no meaningful end p o i n t could be detected. 

A f t e r removal of a l l the v o l a t i l e s i n vacuo examination of the s o l i d 
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product obtained on warming t o room temperature by i n f r a r e d spectroscopy 

showed the presence of considerable amounts of unreacted b i s ( i t - c y c l o p e n t a -

d i e n y l d i c a r b o n y l i r o n ( l ) ) ( v ^ Q absorptions at 1954s, 1937s, 1767s and 

1755s). 

( i i i ) w i t h n i t r o s y l c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 

B i s ( i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) (31*5 mg. , 0'09 

mmoles) was weighed i n t o the c o n d u c t i v i t y c e l l and hydrogen c h l o r i d e 

(7 cm^, 0*25 mole) was condensed i n at -196°C ( l i q u i d n i t r o g e n b a t h ) . 

A l i q u o t s of n i t r o s y l c h l o r i d e were added from the vapour phase and the 

r e a c t i o n followed c o n d u c t i m e t r i c a l l y . The conductance measurements were 

observed to vary markedly w i t h time even a f t e r thermostating for up to 

three hours, and no s a t i s f a c t o r y end p o i n t could be seen i n the range 

0-4:1 mole r a t i o (oxidant:sample). 

( i v ) w i t h c h l o r i n e i n l i q u i d hydrogen c h l o r i d e 

Bis(jc-cyclopentadienyldicarbonyl i r o n ( l ) ) dimer (31*5 mg., 

0*09 mole) was weighed i n t o a c o n d u c t i v i t y c e l l and hydrogen c h l o r i d e 

(7 cm^, 0*25 mole) was condensed i n at -196°C ( l i q u i d n i t r o g e n b a t h ) . 

A l i q u o t s of c h l o r i n e were added from the vapour phase and the r e a c t i o n 

followed c o n d u c t i m e t r i c a l l y . The conductance measurements were observed 

to vary markedly w i t h time and no s a t i s f a c t o r y end p o i n t could be seen 

i n the range 0-2:1 mole r a t i o (oxidant:sample). 
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CHAPTER 4 

REACTIONS OF rt-CYCLOPENTADIENYLDICARBONYL IRON(ll) HALIDES (CHLORIDE, 
BROMIDE AND IODIDE) AND OF n-CYCLOPENTADIENYLTRICARBONYL 

IRON(II) CHLORIDE IN LIQUID HYDROGEN CHLORIDE 

4.1. Results and Discussion 

rt-Cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e dissolved r e a d i l y i n 

l i q u i d hydrogen c h l o r i d e , w i t h o u t e v o l u t i o n of carbon monoxide, and gave 

an orange red s o l u t i o n of low c o n d u c t i v i t y . Conductimetric t i t r a t i o n 

using boron t r i c h l o r i d e as an acid showed a break at the 1:0*5 (base:acid) 

molar r a t i o (Figure 4.1). C h a r a c t e r i s a t i o n of the product obtained a f t e r 

warming to ambient temperatures showed i t t o be Jt-cyclopentadienyl-

d i c a r b o n y l i r o n - j i - c h l o r o n-cyclopentadienyldicarbonyl i r o n t e t r a c h l o r o b o r a t e 

[(n-C^H^)Fe(C0)2]2C1 +BC1^ , and i t s i n f r a r e d spectrum i s given i n spectra 

4.1. 

2(ji-C cH c)Fe(C0)_Cl + BC1 Q > [ (it-C_H_)Fe(CO)J _C1+BG1. " 
5 5 2 3 5 5 2 2 4 

No evidence f o r the formation of the it- c y c l o p e n t a d i e n y l d i c a r b o n y l 

i r o n ( l l ) c a t i o n was observed, suggesting t h a t the it - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l l ) c a t i o n i s a stronger c h l o r i d o t r o p i c a c i d than i s boron 

t r i c h l o r i d e . From the c o n d u c t i v i t y t i t r a t i o n curve (Figure 4.1) i t i s 

seen t h a t the a d d i t i o n of boron t r i c h l o r i d e increased the c o n d u c t i v i t y 

of s o l u t i o n suggesting an increase i n the number of ions i n s o l u t i o n . 

The mechanism f o r the formation of the it- c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n -

j i - c h l o r o rt-cyclopentadienyldicarbonyl i r o n c a t i o n could e i t h e r have 

inv o l v e d a b s t r a c t i o n of a c h l o r i d e i o n from the n-cyclopentadieny1-

d i c a r b o n y l i r o n ( l l ) c h l o r i d e w i t h the r e s u l t a n t c a t i o n a t t a c k i n g a t the 

c h l o r i n e atom of a second it-cy c l o p e n t a d i e n y l d i c a r b o n y l i r o n c h l o r i d e 

molecule thus: 
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U-C 5H 5)Fe(CO) 2Cl + BC1 3 > U-C 5H 5)Fe(CO) 2
+ + BCl^" 

(jt-C 5H 5)Fe(CO) 2
+ + (n-C 5H 5)Fe(CO) 2Cl >• [ U-C 5H 5)Fe(CO) 2] 2 C 1 + 

or the c h l o r i d e i o n might be abstracted simultaneously from two molecules 

of the jt-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e thus: 

CO CO CI 
Fe 

CO CO 

+BC1 3 

CO CO CI 
Fe Fe 

/ \ \ CI O CO CO 

BC1 

CO CO 

Fe BC1 Fe 
/ \ 
CO CO 

[N.B. Only the trans isomer i s shown but any of the possible s t r u c t u r e s 
or a mixture of them may e x i s t ] . 
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The f a i l u r e of phosphorus p e n t a f l u o r i d e t o r e a c t w i t h it-cyclopenta-

d i e n y l d i c a r b o n y l i r o n ( l l ) c h l o r i d e demonstrates t h a t phosphorus penta-

f l u o r i d e i s a weaker c h l o r i d o t r o p i c acid than i s boron t r i c h l o r i d e . 

Previous workers (25) r e p o r t t h a t phosphorus p e n t a f l u o r i d e only formed 

hexafluorophosphates i n the presence of strong bases. Attempts to prepare 

s a l t s of the PF..C1 anion i n l i q u i d hydrogen c h l o r i d e have always 

r e s u l t e d i n s o l v o l y s i s t o PF^ s a l t s and PF^C^ (25,44). This suggests 

t h a t PF, i s the thermodynamically more st a b l e product. The f a i l u r e of o 
phosphorus p e n t a f l u o r i d e to react w i t h weak bases may not be due t o 

thermodynamic reasons but to k i n e t i c reasons. 

it-Cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e d i d not react w i t h the 

o x i d i s i n g agent n i t r o s y l c h l o r i d e , and r e a c t i o n w i t h c h l o r i n e caused 

extensive decomposition and r e s u l t e d i n the i s o l a t i o n of a brown t a r at 

ambient temperatures. An i n f r a r e d spectrum of the brown t a r shows 

absorption bands at 2120s, 2070vs, 2053vs and 2018s cm"1 i n the vQ Q 

s t r e t c h i n g region. The absorption bands at 2120s and 2070vs cm 1 were 

thought to be a t t r i b u t a b l e to n - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) 

c h l o r i d e while those at 2053vs and 2018 cm 1 were due to unreacted 

it-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e . Carbon monoxide under 

pressure i s known to re a c t w i t h jt-cyclopentadienyldicarbonyl i r o n ( l l ) 

c h l o r i d e t o give n - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) species (93) and 

t h i s type of r e a c t i o n was thought t o give r i s e t o the observed product 

i n the case of the hydrogen c h l o r i d e s o l u t i o n s . 

(n-C 5H 5)Fe(CO) 2Cl + C l 2 — P - CO + Decomposition products 

(it-C 5H 5)Fe(CO) 2Cl + CO —*»- (ir-C 5H 5)Fe(CO) 3Cl 
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n-C'yclopentadienyldicarbonyl i r o n ( l l ) bromide and n-cyclopentadienyl-

dicarbonyl i r o n ( l l ) i o d i d e both dissolved i n l i q u i d hydrogen c h l o r i d e to 

give orange-red s o l u t i o n s of very low conductance. Neither compound 

acted as a base towards boron t r i c h l o r i d e and were recovered unchanged 

a f t e r removal of a l l v o l a t i l e s i n vacuo. S o l v o l y s i s of the n-cyclopenta-

d i e n y l d i c a r b o n y l i r o n ( l l ) bromide and i o d i d e to the corresponding c h l o r i d e 

could not have occurred since no n-cyclopentadienyldicarbonyl iron-p,-

c h l o r o - j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n t e t r a c h l o r o b o r a t e was formed. 

Previous workers (29) demonstrated t h a t n-cyclopentadienyldicarbonyl 

i r o n ( l l ) c h l o r i d e dissolved i n s u l p h u r i c acid w i t h e v o l u t i o n of hydrogen 

c h l o r i d e . Examination of the r e a c t i o n of the n-cyclopentadienyldicarbonyl 

i r o n ( l l ) h a l i d e s ( h a l i d e = c h l o r i d e , bromide and i o d i d e ) w i t h s u l p h u r i c 

a c i d showed th a t e v o l u t i o n of the corresponding hydrogen h a l i d e occurred, 

and t h a t a b r i g h t cherry red s o l u t i o n was also produced. The i n f r a r e d 

spectra of these b r i g h t cherry red s o l u t i o n s recorded over the range 

2200-1800 cm * are given i n Table 4.1 and shown i n spectra 4.2-4.4. I n 

the case of the Tt-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e s o l u t i o n 

two r a t h e r broad ( w i d t h a t h a l f h e i g h t 25 cm ^) absorptions were 

observed. For the s o l u t i o n of n-cyclopentadienyldicarbonyl i r o n ( l l ) 

bromide i n s u l p h u r i c acid three absorption bands are observed. The 

s o l u t i o n of n-cyclopentadienyldicarbonyl i r o n ( l l ) i o d i d e i n s u l p h u r i c 

a c i d also e x h i b i t e d three absorption bands but the lower frequency band 

had a shoulder on i t s low frequency side. These spectra are very s i m i l a r 

to those e x h i b i t e d by the n-cyclopentadienyldicarbonyl iron-p,-halogeno 

n-cyclopentadienyldicarbonyl i r o n cations (96-99) and these cations were 

i s o l a t e d from the s u l p h u r i c acid s o l u t i o n s as t h e i r hexafluorophosphate 

s a l t s . These spectra suggest t h a t compounds of the type 
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Table 4.1 

I n f r a r e d Spectra of the Sulphuric Acid Solutions of jt-Cyclopentadienyl-
d i c a r b o n y l i r o n ( l l ) Halides ( h a l i d e = c h l o r i d e , bromide and i o d i d e ) i n 

the 2200-1900 cm"1 region 

Compound v ^ cm 1 

CO 

(n-C 5H 5)Fe(C0) 2Cl 

(rt-C 5H 5)Fe(CO) 2Br 

(n-C 5H 5)Fe(CO) 2I 

2075s, 2055sh, 2029s 

2071s, 2059s, 2023s 

2063s, 2049s, 2017s, 2003sh 

[ (ir-C 5H 5)Fe(C0) 2] 2X (X = CI, Br and I ) e x h i b i t 4 v c Q s t r e t c h i n g modes 

which are not completely resolved. The i n t e r p r e t a t i o n of these spectra 

and a more d e t a i l e d examination are reported i n Chapter 6. 

jt - C y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c h l o r i d e dissolved i n l i q u i d 

hydrogen c h l o r i d e , w i t h o u t e v o l u t i o n of carbon monoxide, to give a pale 

y e l l o w s o l u t i o n . Boron t r i c h l o r i d e reacted i n the s o l u t i o n t o give the 

expected rt-cyclopentadienyltricarbonyl i r o n ( l l ) t e t r a c h l o r o b o r a t e 

(Spectrum 4.5). 

4.2 Experimental 

4.2.1. jt-Cyclopentadienyldicarbonyl iron-u,-chloro rt-cyclopentadienyl-
d i car bony 1 i r o n t e t r a c h l o r o b o r a t e , [(it-C rH,. )Fe(C0) J _C1+BC1. ~ 

J , i 5 5 2 2 4 
rt-Cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e (0*42 g., 0*002 mole) 

was weighed i n t o an ampoule and degassed overnight i n vacuo. The sample 

was cooled to -196°C ( l i q u i d n i t r o g e n bath) and hydrogen c h l o r i d e 
3 

(12 cm , 0*43 mole) was d i s t i l l e d i n , s o l u t i o n was e f f e c t e d by warming the 
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Spectrum Number = 4.2 

TT-cyclopentadienyldicarbonyl i r o n ( I I ) 
c h l o r i d e i n s u l p h u r i c a c i d 
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Spectrum Number =4.3 

TT-cyclopentadienyldicarbonyl i r o n ( l l ) 
bromide i n s u l p h u r i c a c i d 
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Spectrum Number = 4.4 

tr-cyclopentadienyldicarbonyl i r o n ( I I ) 
i o d i d e i n s u l p h u r i c a c i d 
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Spectrum Number =4.5 

Tf-cyclopentadienyltricarbcmyl i r o n ( I I ) 
t e t r a c h l o r o b o r a t e 
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mixture t o -95 C (toluene slush b a t h ) . The s o l u t i o n was cooled to -196 C 

( l i q u i d n i t r o g e n bath) and boron t r i c h l o r i d e (0*005 mole) d i s t i l l e d i n t o 

the ampoule. The mixture was allowed to react a t -84° ( s o l i d carbon 

dioxide/acetone s l u r r y ) f o r twenty four hours before removing a l l 

v o l a t i l e s i n vacuo at low temperature. The red-brown s o l i d obtained a t 

room temperature d i s s o c i a t e d slowly i n t o i t-cyclopentadienyldicarbonyl 

i r o n ( l l ) c h l o r i d e and boron t r i c h l o r i d e . Found: % increase i n weight i n 

it-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e 29'9; C,30*l; H,l*82; 

Cl,31"7; C ^ H ^ Q B C I ^ ^ O ^ requires % increase i n weight on the c h l o r i d e 

27-6; C,31*02; H,l*86; CI,32-71. 

4.2.2. Act i o n of phosphorus p e n t a f l u o r i d e on a solution.of rt-cyclopenta-

d i e n y l d i c a r b o n y l i r o n ( l l ) c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 

it-Cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e (0*101 g. , 0*00048 

mol) was weighed i n t o an ampoule and degassed overnight i n vacuo. The 

sample was cooled to -196°C ( l i q u i d n i t r o g e n bath) and hydrogen c h l o r i d e 
3 

(10 cm , 0*38 mol) condensed i n . S o l u t i o n was e f f e c t e d by warming the 

mixture to -95° (toluene slush b a t h ) . The sample was then cooled to 

-196° ( l i q u i d n i t r o g e n bath) and phosphorus p e n t a f l u o r i d e (0*0015 mol) 

condensed i n . The mixture was allowed to stand f o r twelve hours at 

-84°C ( s o l i d carbon dioxide/acetone s l u r r y ) before v o l a t i l e s were 

removed i n vacuo at low temperature. Examination of the product 

i s o l a t e d at room temperature by i n f r a r e d spectroscopy showed i t to be 

jt-cy c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) c h l o r i d e , no increase i n weight 

was observed. 

4.2.3. Act i o n of n i t r o s y l c h l o r i d e on a s o l u t i o n of rt-cyclopentadienyl-

d i c a r b o n y l i r o n ( l l ) c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 



it-Cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e (0*486 g., 0*00229 mol) 

was weighed i n t o an ampoule and degassed overnight i n vacuo. The sample 

was cooled to -196°C ( l i q u i d n i t r o g e n bath) and hydrogen c h l o r i d e (8 cm?, 

0*28 mol) and n i t r o s y l c h l o r i d e (0*005 mol) d i s t i l l e d i n . The mixture 

was allowed to stand at -84°C ( s o l i d carbon dioxide/acetone s l u r r y ) f o r 

twenty four hours before removing v o l a t i l e s i n vacuo at low temperature. 

No increase i n weight was observed and the i n f r a r e d spectrum of the 

product i s o l a t e d at room temperature showed i t t o be at-cyclopentadienyl-

d i c a r b o n y l i r o n ( l l ) c h l o r i d e . 

4.2.4. Reaction of c h l o r i n e w i t h a s o l u t i o n of n-cyclopentadienyl-

dicarbonyl i r o n ( l l ) c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 

n-Cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e (0*329 g., 0*00136 

mol) was weighed i n t o an ampoule and degassed i n vacuo overnight. The 

sample was cooled to -196°C ( l i q u i d n i t r o g e n bath) and hydrogen c h l o r i d e 

(7 cm , 0*25 mol) and c h l o r i n e (0*002 mol) condensed i n . W i t h i n a few 

minutes of warming the mixture to -84°C ( s o l i d carbon dioxide/acetone 

s l u r r y ) a p r e c i p i t a t e was observed. A f t e r c o o l i n g the mixture to -196°C, 

an i n f r a r e d spectrum of the v o l a t i l e f r a c t i o n showed i t t o be carbon 

monoxide. A l l v o l a t i l e s were removed i n vacuo at low temperature. On 

warming to room temperature the product was observed t o darken r a p i d l y . 

I n f r a r e d spectra of the product i n the v region showed absorption bands 

at 2120s, 2070vs, 2053vs, and 2018s cm"1. 

4.2.5. Action of boron t r i c h l o r i d e on a s o l u t i o n of rt-cyclopentadienyl-

d i c a r b o n y l i r o n ( l l ) bromide i n l i q u i d hydrogen c h l o r i d e 

n-Cyclopentadienyldicarbonyl i r o n ( l l ) bromide (0*577 g., 0*00225 mol 

was degassed i n vacuo over n i g h t . The sample was cooled to -196°C ( l i q u i d 
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n i t r o g e n b a t h ) , hydrogen c h l o r i d e (8 cm , 0*28 mol) and boron t r i c h l o r i d e 

(0*006 mol) were then d i s t i l l e d i n t o the ampoule. The mixture was allowed 

to stand at -84°C ( s o l i d carbon dioxide/acetone s l u r r y ) f o r s i x t e e n hours 

before removal of a l l v o l a t i l e s i n vacuo at low temperature. No increase 

i n weight was observed and an i n f r a r e d spectrum of the product showed i t 

to be ir-cyclopentadienyldicarbonyl i r o n ( l l ) bromide. 

4.2.6. A c t i o n of boron t r i b r o m i d e w i t h a s o l u t i o n of i t - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l l ) bromide i n l i q u i d hydrogen c h l o r i d e 

rt-Cyclopentadienyldicarbonyl i r o n ( l l ) bromide (0*457 g. , 0*00178 

mol) was weighed i n t o an ampoule andcfegassed overnight i n vacuo. The 

sample was cooled to -196°C ( l i q u i d n i t r o g e n b a t h ) , hydrogen c h l o r i d e 

(10 cm , 0*38 mol) and boron t r i b r o m i d e (0*005 mol) were then d i s t i l l e d 

i n t o the ampoule. The mixture was allowed t o stand at -84°C ( s o l i d 

carbon dioxide/acetone s l u r r y ) before removal of v o l a t i l e s i n vacuo at 

low temperature. No increase i n weight was observed and the i n f r a r e d 

spectrum of the s o l i d i s o l a t e d a t room temperature showed i t t o be 

jt-cycl o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) bromide. I n f r a r e d spectra o f the 

v o l a t i l e s showed boron t r i c h l o r i d e t o be present, and boron t r i b r o m i d e 

to be absent. 

4.2.7. A c t i o n of boron t r i c h l o r i d e on a s o l u t i o n of jt - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l l ) i o d i d e 

J t-Cyclopentadienyldicarbonyl i r o n ( I l ) i o d i d e (0*617 g. , 0*0020 mol) 

was weighed i n t o an ampoule and degassed i n hi g h vacuo ov e r n i g h t . A f t e r 

c o o l i n g the sample t o -196°C ( l i q u i d n i t r o g e n b a t h ) , hydrogen c h l o r i d e 
3 

(8 cm , 0*28 mol ) and boron t r i c h l o r i d e (0*005 mol) was d i s t i l l e d i n t o 

the ampoule. The ampoule was allowed t o stand at -84°C ( s o l i d carbon 
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dioxide/acetone s l u r r y ) f o r twenty hours before removal of v o l a t i l e s i n 

vacuo a t low temperature. No increase i n weight was observed and the 

i n f r a r e d spectrum of the s o l i d obtained at room temperature showed i t 

to be jt-cyclopentadienyldicarbonyl i r o n i o d i d e . 

4.2.8. j t - C y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) t e t r a c h l o r o b o r a t e . 

(Jt-CrHr)Fe(CO)„+BCl/ " 5 5 3 — 4 
n-C y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c h l o r i d e (0*38 g. , 0*0016 

mol) was weighed i n t o an ampoule and degassed i n vacuo overn i g h t . The 

sample was then cooled to -196°C ( l i q u i d n i t r o g e n bath) and hydrogen 
3 

c h l o r i d e (12 cm , 0*43 mol) condensed i n . S o l u t i o n was e f f e c t e d by 

warming to -95°C (toluene slush b a t h ) ; the s o l u t i o n was cooled to -196°C 

( l i q u i d n i t r o g e n bath) and boron t r i c h l o r i d e (0*005 mol) condensed i n t o 

the ampoule. On warming the mixture to -84°C ( s o l i d carbon d i o x i d e / 

acetone s l u r r y ) a pale y e l l o w s o l i d was p r e c i p i t a t e d from s o l u t i o n . 

A f t e r removal of a l l v o l a t i l e s i n vacuo at low temperature a y e l l o w s o l i d 

remained. Found: C,26*l; H,l*7; CI,38*2; Cgl^BCl^FeO,^ requires C,26*9; 

H,l*4; CI,39*7%. 

4.2.9. The i n f r a r e d spectra of it-cyc l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) 

h a l i d e ( h a l i d e = c h l o r i d e , bromide and i o d i d e ) were recorded as 

sul p h u r i c a c i d s o l u t i o n s over the region 2200-1900 cm \ the 

r e s u l t s are given i n Table 4.1. 

4.2.10. Conductimetric Study 

Conductimetric t i t r a t i o n of it-c y c l o p e n t a d i e n y l d j c a r b o n y l i r o n ( l l ) 

c h l o r i d e w i t h boron t r i c h l o r i d e i n l i q u i d hydrogen c h l o r i d e . 

Cyclopentadienyldicarbonyl i r o n ( ' i l ) c h l o r i d e (0*0275 g., 0*00013 

mol) was weighed i n t o a c o n d u c t i v i t y c e l l and degassed i n vacuo. A f t e r 
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c o o l i n g the sample t o -196 C ( l i q u i d n i t r o g e n bath) hydrogen c h l o r i d e 

(5 ml., 0*17 mol) was condensed i n t o the c e l l . The c o n d u c t i v i t y of the 

s o l u t i o n was measured at -95°C (toluene slush b a t h ) . The s o l u t i o n was 

then cooled to -196°C ( l i q u i d n i t r o g e n bath) and boron t r i c h l o r i d e 

(0*000025 mol) condensed i n . The mixture was allowed t o warm t o -95°C 

(toluene slush bath) before the c o n d u c t i v i t y was determined. Further 

a l i q u o t s of boron t r i c h l o r i d e were introduced i n the same manner and the 

c o n d u c t i v i t y determined a f t e r each a d d i t i o n . A break i n the c o n d u c t i v i t y 

was observed at about the l'O t O ^ molar r a t i o (acid:base). ( F i g . 4 . 1 ) . 
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CHAPTER 5 

REACTIONS OF TETRAKIS(it-CYCLOPENTADIENYLCARBONYL IRON(D) 

5.1 Results and Discussion 

Tetrakis(rt-cyclopentadienylcarbonyl i r o n ( l ) ) was f i r s t prepared i n 

1966 by King ( 9 1 ) . Bromine was shown t o o x i d i s e the carbonyl t o give the 

tr i b r o m i d e s a l t o f the u n i p o s i t i v e c a t i o n , [ (:r-C,.H,.)Fe(C0)]^+Br2 . The 

paramagnetic s u s c e p t i b i l i t y was consistent w i t h one unpaired e l e c t r o n 

per four i r o n atoms. No metal-hydrogen resonance i n t r i f l u o r o a c e t i c 

a c i d i n the range 10-200T was observed. 

Tetr a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) was observed t o be 

soluble i n l i q u i d hydrogen c h l o r i d e a t -95° witho u t loss of a measurable 

amount of carbon monoxide, and could be recovered unchanged at room 

temperature. 

The s o l u t i o n of t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) i n 
2 -1 -1 

l i q u i d hydrogen c h l o r i d e has a molar conductance of 20 cm ohm mole 

f o r a O^OISM s o l u t i o n , which i s about h a l f t h a t observed f o r a s o l u t i o n 

of b i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) i n hydrogen c h l o r i d e (molar 
2 - 1 -1 

conductance f o r a 0*015M s o l u t i o n 40 cm ohm mole ) . The above f a c t s 

suggest t h a t t e t r a k i s ( j t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) i s less basic 

than b i s ( i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( I ) ) . A base can be defined 

as an e l e c t r o n donor, and the more r e a d i l y the el e c t r o n s are donated 

the stronger i s the base. I n both the dimeric and t e t r a m e r i c compounds 

each i r o n atom i s i n the +1 o x i d a t i o n s t a t e and has a p i bonded cyclo-

pentadienyl l i g a n d . The basic s t r e n g t h of the compounds would t h e r e f o r e 

depend on how r e a d i l y a p o s i t i v e charge can be d e l o c a l i s e d . C l e a r l y 

the compound w i t h the two carbon monoxide lig a n d s per i r o n atom can 

d e l o c a l i s e any p o s i t i v e charge more e f f e c t i v e l y than the compound w i t h 

one carbon monoxide l i g a n d per i r o n atom. The above argument assumes 
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t h a t the proton would be present i n the same r a t i o t o the i r o n atoms i n 

both compound i . e . monoprotonation i n the dimeric compound and 

d i p r o t o n a t i o n i n the tet r a m e r i c compound. I f mono p r o t o n a t i o n of each 

compound occurs there are four carbon monoxide ligands which can 

d e l o c a l i s e the charge, thus s i m i l a r b a s i c i t i e s might be expected. I n the 

te t r a m e r i c compound the carbon monoxide ligands attempt t o d e l o c a l i s e 

+5 charges ( 4 , +1 i r o n atoms and a proton) i n the dimeric compound only 

+3 charges have t o be de l o c a l i s e d (two +1 i r o n atoms and a p r o t o n ) , 

suggesting the dimeric compound as the strongest base even i n the case of 

monoprotonation. Low spin i r o n compounds attempt t o achieve the i r o n 

atom w i t h an e s s e n t i a l l y n e u t r a l o v e r a l l charge, so the carbon monoxide 

ligands t r y t o donate e l e c t r o n density t o reduce the +1 on the i r o n t o 

zero, hence we must consider the i r o n atom charges and not only the 

a d d i t i o n of one e x t r a p o s i t i v e charge. I n a l l the discussion the ir-

c y clopentadienyl l i g a n d has been assumed to play l i t t l e or no p a r t i n the 

s t a b i l i s a t i o n of the c a t i o n s , t h i s i s borne out by the f a c t t h a t very 

l i t t l e change i n the spectroscopic p r o p e r t i e s of the l i g a n d occur i n a 

very wide range of compounds. 

A conductimetric study of the r e a c t i o n of boron t r i c h l o r i d e w i t h 

t e t r a k i s d c - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) i n l i q u i d hydrogen c h l o r i d e 

showed t h a t a d d i t i o n of boron t r i c h l o r i d e reduced the conductance of the 

s o l u t i o n w i t h breaks i n the curve at the 1:1 and 2:1 molar r a t i o s 

(acid:base) (Figure 5.1). The f i n a l conductance's were very low; the 

decrease i n conductance can be due t o adduct formation or by replacement 

of a more mobile i o n by a less mobile i o n or by p r e c i p i t a t i o n of 

conducting m a t e r i a l out of s o l u t i o n . During the conductimetric t i t r a t i o n 

no c l e a r i n d i c a t i o n of when p r e c i p i t a t i o n s t a r t e d was observed but 

at the completion of the t i t r a t i o n a green p r e c i p i t a t e and an almost 
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Figure 5.1 

Conductimetric t i t r a t i o n of T e t r a k i s ( t f cyclopentadienylcarbonyl 
i r o n ( l ) ) w i t h boron t r i c h l o r i d e 
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c o l o u r l e s s s o l u t i o n was observed. The increase i n weight was consistent 

w i t h the a d d i t i o n of two moles of HBCl. r a t h e r than two moles of BC1„ 
4 3 

and the i n f r a r e d spectrum showed absorption bands at 698 and 673 cm ^ 

c h a r a c t e r i s t i c of the t e t r a c h l o r o b o r a t e i o n , BC1, ( 1 7 ) . The t e t r a k i s 
4 

( i t-cyclopentadienylcarbonyl i r o n ) dihydrogen t e t r a c h l o r o b o r a t e was 

observed to lose hydrogen c h l o r i d e r e a d i l y at room temperature to give 

t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) bis(boron t r i c h l o r i d e ) which 

e x h i b i t s bands at 806 and 749 cm ^ a t t r i b u t a b l e to co-ordinated boron 

t r i c h l o r i d e . The i n f r a r e d spectrum of the t e t r a c h l o r o b o r a t e and boron 

t r i c h l o r i d e adduct are shown i n spectrum 5.1 and 5.2 r e s p e c t i v e l y . 

Attempts to d i s t i n g u i s h between adduct and s a l t formation using 

phosphorus p e n t a f l u o r i d e as the acid i n a conductimetric t i t r a t i o n s 

were unsuccessful since complete r e a c t i o n was never observed. I s o l a t i o n 

of a pure hexafluorophosphate s a l t was achieved however which was found 

to be paramagnetic. This was the f i r s t example of a r e a c t i o n i n hydrogen 

c h l o r i d e where phosphorus p e n t a f l u o r i d e acted as an o x i d i s i n g agent. 

The studies of Ferguson and Meyer (104) showed t h a t t e t r a k i s ( r t - c y c l o -

pentadienylcarbonyl i r o n ( l ) ) could be e l e c t r o c h e m i c a l l y o x i d i s e d to the 

monocation and d i c a t i o n w i t h p o t e n t i a l s of +0'32v and +l»07v r e s p e c t i v e l y . 

The f i r s t example of a doubly protonated n e u t r a l metal complex 

obtained by d i s s o l u t i o n i n acid was r e c e n t l y reported (105) but i s o l a t i o n 

of a s o l i d s a l t from the s u l p h u r i c acid s o l u t i o n proved impossible. 

The only r e p o r t concerning the basic s t r e n g t h of t e t r a k i s ( j t - c y c l o p e n t a -

d i e n y l c a r b o n y l i r o n ( l ) ) was i n r e a c t i o n w i t h aluminium t r i e t h y l , which 

showed t h a t each term i n a l carbon monoxide l i g a n d bonded v i a the oxygen 

atom to the aluminium of the aluminium t r i e t h y l (106). This was the 

3PF. + 2e 2PF + PF 
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Spectrum Number =5.2 

Tetrakis(iT-cyclopentad.ienylcarbonyl i r o n ( I ) ) bis(boron t r i c h l o r i d e ) 
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Table 5.1 

I n f r a r e d Spectra of the T e t r a k i s ( j t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) 
Compounds i n the 4000-250 cm"1 Region 



Assignment [(rt-C 5H 5)Fe(CO)] 4 

Compound 
[ ( r t - C 5 H 5 ) F e ( C O ) ] 4 H 2

2 + . 2 B C l 4 " 

C-H S t r e t c h 3108sh 3115w 
3096w 

1673w 
1656w.sh 1726m 
1644ms 1706s 

vco 1629s 1700m.sh 
1619s 1684m 
159lw.sh 

C-C S t r e t c h 143lsh 
1426m 
1360w 

1064w 1060w 
1026w 
1018w 1016w 
lOlOw 1006sh 

958w 
950sh 

933sh 935sh 
920w 

89 l s h 

870sh 870m.sh 
864m 

PF,~ 
3 6 850s 

836m 831s 
826m 

B-Cl 

738w.sh 
716m.sh 

v 3 BC1 4- 698s 
v, + v. BC1." 1 4 4 673s 

618s 
600s 

598m 
584sh 

574ms 
v, PF ~ 4 6 528s 

516msh 
506w 

470w 
440w.sh 
368m 

355m 356m.sh 

105. 



Compound 
Assignment [fcC.OFeCCO)] . 5 5 4 2BC1 3 [U--C 5H 5)Fe(CO)] 4

+PF 6" 

C-H S t r e t c h 3109w 3113w 

1738w.sh 
vco 1706m 1719m.sh vco 1667s 1702s 

1693 s 

C-C S t r e t c h 

1065w 

1015m 

962w 

883m 

143 lw 
1424m 
1358vw 
1120vw 
106 2w 

1016w 
1006w 

951w 

856s 
3 o 848s 

834s 838s 
824 s 

B-Cl 806s 
749m. sh 
741w.sh 
721w.sh 

v 3 BC1 4" 
v, + v, BC1 " 1 4 4 629s.sh 

619s 
600s 

581m.sh 

w 556s 

498m 
478m 

356m 
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Compound 
Assignment [ ( n - C 5 H 5 ) F e ( C O ) ] 4

+ B r 3 " [ ( i t - C 5 H 5 ) F e ( C O ) ] 4
+ I 7 " 

C-H Stretch 3113w 3108w 

1728w.sh 1734m 
1700m.sh 1704s.sh 

vco 1690s 1694s 
1681s.sh 1664w. sh 

C-C St r e t c h 1430m 
1424m 1426w 

1356vw 
1120vw 

1066w 1061w 

1016w 
1006w 1006w 

940w 93 8w 

887m 

870m 874m 

v PF 3 6 848m 

826sh 

846m 

B-Cl 

v 3 BC1 4-
v, + v. BC1 " 

w 
495m.sh 

480m 476m 

358m 356m 
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f i r s t example of a carbon monoxide being co-ordinated through both 

carbon and oxygen. Apart from the proton nuclear magentic resonance 

study c a r r i e d out by King (91) no pr o t o n a t i o n studies on t e t r a k i s ( j t -

cyclopentadienylcarbonyl i r o n ( l ) ) have been reported. The f a c t t h a t no 

Fe-H resonance was observed i n the t r i f l u o r o a c e t i c s o l u t i o n could be 

due t o e i t h e r no p r o t o n a t i o n o c c u r r i n g i n s o l u t i o n or t h a t the exchange 

r a t e was such t h a t the Fe-H resonance was time averaged w i t h the t r i -

f l u o r o a c e t i c acid s i g n a l and broadened out so t h a t i t was not 

observable. 

The i n f r a r e d spectra of t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) 

i n some strong acids are given i n Table 5.2. 

Table 5.2 
I n f r a r e d Spectra of Te t r a k i s ( j t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) i n 

acid mulls recorded over the 2200-1600 cm ^ region 

Acid v absorptions (cm 

H2 S°4 1714s 

H 2S0 4/S0 3 2127w, 2079m, 1686s 

CH3S03H 1708s 

HS03C1 2125m, 2075s, 2028m, 1714ms 

CF3C00H 1786s,* 1716m 

HPF£ 6 1710s 

H 2P0 3F 1716s 

* v c _ 0 of CF3C00H 
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I n a l l cases a v absorption occurred at about 1710 cm , which i s a 

s h i f t of about 90 cm 1 to higher frequencies from the v Q absorption 

observed f o r t e t r a k i s ( i t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) . The p o s i t i o n 

of the q absorptions i n the acid s o l u t i o n s i s at a very s i m i l a r 

p o s i t i o n to t h a t observed f o r the v absorption of the t e t r a k i s ( r t - c y c l o -

pentadienylcarbonyl i r o n c a t i o n ) ( 9 1 ) . Unchanged t e t r a k i s ( i t - c y c l o p e n t a -

d i e n y l c a r b o n y l i r o n ( l ) ) could be ohtained from s o l u t i o n s i n s u l p h u r i c acid 

and t r i f l u o r o a c e t i c acid by a d d i t i o n of water and by evaporation i n 

vacuo, r e s p e c t i v e l y , i . e . , no o x i d a t i o n had occurred. I n the spectrum 

using oleum as the solvent decomposition to the rt-cyclopentadienyl-

t r i c a r b o n y l i r o n ( l l ) c a t i o n was observed; and where chlorosulphonic a c i d 

was used as solvent rt-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e was 

produced i n a d d i t i o n t o the i t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) 

c a t i o n . The observed carbonyl absorption s h i f t i s much more than can be 

explained by a simple solvent s h i f t and can only reasonably be explained 

by p r o t o n a t i o n of the i r o n atom(s). 

The i n f r a r e d spectrum of t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) 

dihydrogen t e t r a c h l o r o b o r a t e f a i l e d to show the presence of an absorption 

c h a r a c t e r i s t i c of a 0-H group also suggesting t h a t p r o t o n a t i o n of the 

i r o n atom(s) had occurred (spectrum 5.1). 

The s t r u c t u r e of the diprotonated t e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l 

i r o n ) c a t i o n has not been f u l l y e l u c i d a t e d . S o l i d s t a t e i n f r a r e d spectra 

of these t e t r a m e r i c compounds show a very complicated series of carbonyl 

absorption bands. Attempts to examine these compounds i n s o l u t i o n were 

unsuccessful as a solvent could not be found which d i d not decompose the 

protonated species on d i s s o l u t i o n . "^Fe Mossbauer spectroscopy might be 

successful but i s o l a t i o n of a pure compound was found to be very d i f f i c u l t . 

By analogy w i t h b i s ( r t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) and other 
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dinuclear compounds (29) the proton might be expected t o l i e along the 

i r o n - i r o n bonds (edge of the tetrahedron formed by the four i r o n atoms). 

The a d d i t i o n of two protons on opposite edges would r e s u l t i n a s t r u c t u r e 

w i t h s. symmetry and only one v absorption would be expected. Mono 
t f Vj—U 

p r o t o n a t i o n would have to p o s i t i o n the proton i n s i d e the cage i n order 

t h a t only one carbonyl absorption would be observed. The "^Fe Mossbauer 

spectrum of a s o l u t i o n of tetrakis(«-cyclopentadienylcarbonyl i r o n ( l ) ) i n 

t r i f l u o r o a c e t i c acid showed c l e a r l y a change i n e l e c t r o n density at the 

nucleus to t h a t observed f o r t e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) . 

The r e s u l t s also show t h a t the i r o n atoms are a l l equivalent and are 

diamagnetic. Although no evidence about the number of protons attached 

to the compound could be obtained from the Mossbauer studies; studies i n 

hydrogen c h l o r i d e c l e a r l y showed d i p r o t o n a t i o n occurred. The only 

s t r u c t u r e which c l e a r l y f i t s i n w i t h the "^Fe Mossbauer evidence i s one 

which has symmetry and has a l l four i r o n atoms equivalent w i t h a proton 

b r i d g i n g two i r o n atoms on opposite edges of the tetrahedron. 

Ferguson and Meyer (104) had shown t h a t a mono- and d i - c a t i o n of 

t e t r a k i s ( it-cyclopentadienylcarbonyl i r o n ( l ) ) could be produced e l e c t r o -

chemically. I n an attempt to i s o l a t e the t e t r a k i s ( j t - c y c l o p e n t a d i e n y l -

carbonyl i r o n ) d i c a t i o n an o x i d a t i o n using c h l o r i n e i n l i q u i d hydrogen 

c h l o r i d e was c a r r i e d out. The r e a c t i o n r e s u l t e d i n i s o l a t i o n of a 

mixture which contained a p r i n c i p l e product which had a v absorption 

at 1692 cm ^ and some j t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c h l o r i d e and 

n-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e . The p r i n c i p l e product 

was thought to be the monocation but a l l attempts to separate the 

components of the mixture produced impure products. 
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Preparation of the t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) mono-

c a t i o n as the hexafluorophosphate, t r i b r o m i d e and heptaiodide s a l t s 

( s p e c t r a 5.3-5.5 r e s p e c t i v e l y ) were prepared by unambiguous routes. The 

u l t r a v i o l e t / v i s i b l e spectra of the hexafluorophosphate s a l t of t e t r a k i s 

(rt-cyclopentadienylcarbonyl i r o n ) prepared by phosphorus p e n t a f l u o r i d e i n 

hydrogen c h l o r i d e and by the o x i d a t i o n routes were recorded and showed 

no d i f f e r e n c e s w i t h i n the experimental e r r o r of the technique used (Table 

5.3). 

Table 5.3 

UV/Visible Spectra of Tet r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l 
i r o n ) compounds 

Compound Solvent 
Absorptions 

cm 
E x t i n c t i o n 

Coeff. 

[(n-C 5H 5)Fe(CO)] 4 CH CN 15,150 
25,380sh 
34,480sh 

1,730 
11,000 
13,730 

[(C.H c)Fe(CO)]. + PF " + 

5 5 4 6 CH3CN 15,060 
25,770 
34,480 

2,850 
15,700 
23,200 

[ ( C 5 H 5 ) F e ( C O ) ] 4
+ PF 6" * CH3CN 15,110 

25,770 
34,480 

2,900 
17,000 
21,800 

+ prepared from r e a c t i o n of HC1/PF and [(rt-C,.H )Fe(C0)] 

* prepared from r e a c t i o n of Bu.NPF + Br, and [(JT-C H )Fe(C0)] 

The c a t i o n showed a marked increase i n the e x t i n c t i o n c o e f f i c i e n t s of the 

absorption bands although minimal change i n the frequency of the 

absorption bands were observed. 
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Decomposition of the c a t i o n was followed by observing the 

disappearance of the v^, ̂  absorption band at ca. 1700 cm - 1 i n the i n f r a r e d 

spectrum. The heptaiodide was the most s t a b l e , then the hexafluorophosphate 

and f i n a l l y the t r i b r o m i d e . The product from the c h l o r i n a t i o n of 

t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) behaved d i f f e r e n t l y from the 

above compounds (which showed a t o t a l disappearance of carbonyl 

absorptions) by r e v e r t i n g to t e t r a k i s ( i r - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) . 

This r e a c t i o n occurred r e l a t i v e l y f a s t (about two days). The s t a b i l i t y 

of the i o n i c species showed the c o r r e c t type of trend f o r s a l t s of a 

large c a t i o n . The most s t a b l e species would be expected when the c a t i o n 

and anion were of s i m i l a r s i z e , p r o v i d i n g of course t h a t the i n d i v i d u a l 

ions were themselves s t a b l e . 

Magnetic studies on the t e t r a k i s ( j t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) 

c a t i o n as the hexafluorophosphate and heptaiodide s a l t s were c a r r i e d out 

i n conjunction w i t h Mr. J. Cope and Dr. J.J. Cox. The r e s u l t s of these 

s tudies are given i n Appendix C. 
13 

C Fourier magnetic resonance spectra of t e t r a k i s ( r t - c y c l o p e n t a -

d i e n y l c a r b o n y l i r o n ( l ) ) and i t s hexafluorophosphate s a l t were c a r r i e d out 

at Queen Mary College under the SRC sponsored research programme. Table 

5.4 gives the r e s u l t s of these studies together w i t h the values f o r some 

r e l a t e d compounds. The parent carbonyl shows a resonance a t t r i b u t a b l e 

to the n-cyclopentadienyl l i g a n d at +99*24 ppm which suggests a stronger 

ir overlap w i t h metal d o r b i t a l s than observed i n the cases of 

Jt-cyclopentadienyldicarbonyl i r o n ( l l ) h a l i d e s . The spectra of the hexa-

fluorophosphate s a l t showed a sharp n-cyclopentadienyl resonance at 

+206*99 ppm. The large s h i f t i s almost c e r t a i n l y due t o the f a c t t h a t the 

c a t i o n i s paramagnetic (one unpaired e l e c t r o n per molecule). The f a c t 



113. 

Table 5.4 

C Nuclear Magnetic Resonance Spectra 

Compound 
* 

Absorptions Compound 
5(«-C 5H 5) S(C-O) &(CH 3) 

[ ( j t - C H ) F e ( C O ) ] . 5 5 4 99*24 

[(n-C_H,.)Fe(CO)] ,+PF." 5 5 4 6 205'99 

(n-C 5H 5)Fe(CO) 2Cl + 85*6 212 '9 

(jt-C 5H 5)Fe(CO) 2Br + 85*4 213 '2 

(n-C 5 H 5 ) F e ( C O ) 2 I + 84 »8 213'8 

(rt-C 5H 5)Fe(CO) 2CH 3
+ 85'3 218»4 -23'5 

* Resonances taken r e l a t i v e to t e t r a m e t h y l s i l a n e = 0 * 0 ppm 
t L.F. F a r n e l l , E.W. Randall and E, Rosenburg, J. Chem. Soc.(D), 

1971, 1078. 

th a t a sharp resonance could be r e a d i l y obtained i n the C nmr, i n 

contrast t o ̂ "H nmr (where a broad l i n e only was e x h i b i t e d ) may mean t h a t 
13 

paramagnetic complexes co n t a i n i n g carbon may be examined by C techniques. 

Magnetic measurements using nmr techniques may enable a very precise 

measurement of the paramagnetism of the complex and e l i m i n a t e packing 

problems encountered i n measurements using the Gouy technique (107). 

Current techniques using nmr t o measure paramagnetism use a solvent 

con t a i n i n g an observer compound which e x h i b i t s a sharp resonant absorption. 

The s h i f t of the s i g n a l of the observer from i n the neat solvent to i n the 

s o l u t i o n c o n t a i n i n g a paramagnetic species can then be r e l a t e d t o the 

bulk s u s c e p t i b i l i t y of the s o l u t i o n and thus t o the paramagnetism of the 

complex. The use of f o u r i e r techniques enables much more precise s h i f t 

measurements t o be made and gives a much b e t t e r s i g n a l t o noise r a t i o , 
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hence enabling more accurate measurements to be c a r r i e d out. The spectra 
13 

recorded f a i l e d to show the C resonance a t t r i b u t a b l e t o the carbonyl 
lig a n d s . F a r n e l l and co-workers i n t h e i r work on metal carbonyls (108) 

13 
pointed out t h a t the decay times f o r C v a r i e d according to t h e i r 
environment and th a t spectra w i t h d i f f e r e n t pulse times were needed to 

13 
record a l l the C resonances i n the compounds. Further studies may 

13 

provide the evidence f o r the resonance of the C i n the carbonyl ligands 

but t h i s technique seems t o be less s e n s i t i v e to changes i n carbonyl 

bonding than i n f r a r e d spectroscopy. Detecting small d i f f e r e n c e s i n the 

carbonyl ligands i n attempts to assign the s t r u c t u r e of the compounds was 

thought to be best accomplished by i n f r a r e d spectroscopy. 

5.2. Experimental 

5.2.1. Dihydrogen T e t r a k i s ( i t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) t e t r a -

chloroborate. [(fl-CCHc)Fe(C0)].H„2+2BCl, ~ J 5 5 4 2 4 
Tetrakis(n-cyclopentadienylcarbonyl i r o n ( l ) ) (0*3683 g. , 0*618 

3 

mmoles) was degassed i n vacuo over n i g h t . Hydrogen c h l o r i d e (10 cm , 0*38 

mole) was d i s t i l l e d i n t o the ampoule cooled to -196°C ( l i q u i d n i t r o g e n 

b a t h ) , on warming to -95°C (toluene slush bath) a homogeneous s o l u t i o n was 

obtained. The s o l u t i o n was cooled to -196°C ( l i q u i d n i t r o g e n bath) and 

boron t r i c h l o r i d e (8 mmoles) was condensed i n from the gas phase. The 

mixture was allowed t o react a t -84°C ( s o l i d carbon dioxide/acetone s l u r r y ) 

o v e r n i g h t , a dark green s o l i d being p r e c i p i t a t e d . A f t e r removing a l l 

v o l a t i l e s i n vacuo a t temperatures below -84°C the s o l i d was allowed to 

warm to room temperature. Found: C,32*34; H,2*88; CI,28*8; 7„ increase i n 

weight on t e t r a k i s ( i t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) 54*50. 
C24 H22 B2 C 18 F e4°4 r e c l u i r e s C,31*84; H,2*45; CI,31*33; % increase on 

te t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) , 51*9. 
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5.2.2. Te t r a k i s ( i t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) d i ( b o r o n t r i c h l o r i d e ) , 

[ (ii-C^.H^.)Fe(CO)] 4.2BCl 3, was prepared i n an i d e n t i c a l manner to 

th a t used f o r preparing dihydrogen tetrakisCn-cyclopentadienylcarbonyl 

i r o n ( l ) ) t e t r a c h l o r o b o r a t e except that the product was pumped on at room 

temperature f o r about t h i r t y minutes. Found: C,34*2; H,2*05; CI,25*7; 

% increase i n weight on t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) 38*95, 

C„,H„rB„Cl,Fe.O. requires C,34*73; H,2*43; CI,25*62; % increase i n weight 24 20 2 6 4 4 
on tetrakisCrt-cyclopentadienylcarbonyl i r o n ( l ) ) , 39*3. 

5.2.3. Tetrakis(rt-cyclopentadienylcarbonyl i r o n ) hexafluorophosphate, 

[ ( r t - C H j F e ( C O ) ] , + P F / 5 5 4 — 6 
Tetrakis(rt-cyclopentadienylcarbonyl i r o n ( l ) ) (0*1280 g., 0*215 

3 

mmoles) was degassed i n vacuo overnight. Hydrogen c h l o r i d e (10 cm , 

0*38 mole) was condensed i n t o the ampoule a f t e r c o o l i n g t o -196°C ( l i q u i d 

n i t r o g e n b a t h ) , on warming t o -95°C (toluene slush bath) a homogeneous 

s o l u t i o n was obtained. The s o l u t i o n was cooled to -196°C ( l i q u i d 

n i t r o g e n bath) and phosphorus p e n t a f l u o r i d e (3 mmoles) was condensed i n from 

the gas phase. The mixture was allowed to react at -84°C ( s o l i d carbon 

dioxide/acetone s l u r r y ) overnight before removing a l l v o l a t i l e s i n vacuo. 

A f t e r warming t o room temperature the s o l i d product was washed w i t h 

methylene c h l o r i d e to remove unreacted s t a r t i n g m a t e r i a l t o leave a 

i n s o l u b l e green s o l i d . Found: C,38*44; H,2*81; Fe,30*20; P,3*95; 
C24 H20 F6 F e4°4 P r e c l u i r e s C,38*91; H,2*72; Fe,30*16; P,4*18. 

A l t e r n a t i v e p r e p a r a t i o n procedures f o r t e t r a k i s ( j t - c y c l o p e n t a d i e n y l -

carbonyl i r o n ) hexafluorophosphate, [ (rt-C,.H..)Fe(C0)] ̂ +PF 6" 

(A) T e t r a k i s ( i t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) (5*95 g. , 0*01 mol) 

and tetra-n-butylammonium hexafluorophosphate (3*81 g., 0*01 mol) were 

dissolved i n a minimum q u a n t i t y of methylene c h l o r i d e . A f t e r f i l t e r i n g 
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through a pad of f i l t e r a i d to the f i l t r a t e was added dropwise a s o l u t i o n 
3 

of bromine (0*8 g. , 0*01 mol) i n methylene c h l o r i d e (200 cm ) . A f t e r 

f i l t e r i n g o f f the p r e c i p i t a t e i t was dissolved i n acetone and r e -

p r e c i p i t a t e d by the c a r e f u l a d d i t i o n of hexane. Found: C,39*06; H,2*69; 

Fe,30*2; P,3*97; C^H F F e ^ P requires C,38*91; H,2*72; Fe,30*16; 

P,4*18. 

(B) TO t e t r a k i s ( i t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) (2*98 g. , 0*005 

mol) i n methylene c h l o r i d e (150 cm ) was added dropwise a s o l u t i o n of 

t r i p h e n y l methyl hexafluorophosphate (1*88 g. , 0*005 mol) i n a minimum 

q u a n t i t y of methylene c h l o r i d e . The t r i p h e n y l carbonium hexafluorophosphate 

was prepared immediately p r i o r to use by d i s s o l v i n g t r i p h e n y l methyl 

c a r b i n o l (4*5 g., 0*017 mole) i n p r o p r i o n i c anhydride (45 cm , 0*35 moles). 

A f t e r c o o l i n g the s o l u t i o n to 10°C, hexafluorophosphoric acid (4*5 cm^, 

65% s o l u t i o n ) was added slowly ensuring t h a t the temperature remained 

below 15°C. A f t e r a l l o w i n g the ye l l o w c r y s t a l s t o s e t t l e the supernatant 

l i q u o r was decanted o f f and the s o l i d washed q u i c k l y w i t h four p o r t i o n s 
3 

of cold dry d i e t h y l ether (3 cm ) and the product f i n a l l y d r i e d i n vacuo. 

The s o l u t i o n of the i r o n compound was f i l t e r e d a t the pump, the 

residue dissolved i n acetone and r e p r e c i p i t a t e d by the c a r e f u l a d d i t i o n 

of hexane. Found: C,38*29; H,2*78; Fe,30*10; C_.H.^F.Fe.0.P req u i r e s 
' ' 24 20 6 4 4 

C,38*91; H,2*72; Fe,30*16. 

5.2.4. Te t r a k i s ( f l - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) heptaiodide, 

_ [ O r - C 5 H 5 ) F e ( C 0 ) ] 4
+ I ~ 

To t e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) (5*95 g., 0*01 
3 

mole) i n methylene c h l o r i d e (250 cm ) was added dropwise i o d i n e 8*9 g., 

0*07 mole) dissolved i n a minimum q u a n t i t y of methylene c h l o r i d e . A f t e r 

s t i r r i n g the s o l u t i o n overnight i t was f i l t e r e d a t the pump t o y i e l d a 
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p a l e green s o l i d . Found: C,19*40; H,l*34; Fe,15*60; 1,60*1; 

C 2 4 U 2 0 F e 4 I 7 ° 4 r e ^ u i r e s C,19*41; H,l*36; Fe,15*05; 1,59*87. 

5.2.5. Reaction of t e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) w ith 

c h l o r i n e i n l i q u i d hydrogen c h l o r i d e 

T e t r a k i s ( i r - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) (0*0777 g. , 0*130 

mmoles) was degassed i n vacuo overnight. Hydrogen c h l o r i d e (7 cm , 0*25 

mol) was condensed i n t o the ampoule cooled to -196°C ( l i q u i d n i t r o g e n 

b a t h ) , warming to -95°C (to l u e n e s l u s h bath) gave a homogeneous s o l u t i o n . 

A f t e r c o o l i n g the mixture to -196°C ( l i q u i d n i t r o g e n bath) c h l o r i n e 

(0*17 rnrnole) was condensed i n from the gas phase and the mixture was 

allowed to r e a c t a t -95° f o r about four hours. On c o o l i n g the mixture 

to -196° ( l i q u i d n i t r o g e n bath) some non-condensable gas was detected 

( c a . 6 mm. i n 65 cm , 0*03 mole), removal of a l l v o l a t i l e s at low 

temperature i n vacuo r e s u l t e d i n a green s o l i d being i s o l a t e d at room 

temperature. The i n f r a r e d spectrum showed v absorptions at 2122w, 
V-i — vJ 

2074w, 2048m, 2002m, 1692s, 1623m. Attempts to separate the components 

were not s u c c e s s f u l a l s o the products smelt of chlorocarbons suggesting 

c h l o r i n a t i o n of the i t - c y c l o p e n t a d i e n y l r i n g . A weight i n c r e a s e 

corresponding to a d d i t i o n of 1 mole of c h l o r i n e per mole of s t a r t i n g 

m a t e r i a l was observed. 

5.2.6. Conductimetric s t u d i e s of t e t r a k i s ( i t - c y c l o p e n t a d i e n y l c a r b o n y l 

i r o n ( l ) ) s o l u t i o n s i n hydrogen c h l o r i d e 

( a ) w ith boron t r i c h l o r i d e 

T e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) (0*0533 g., 

0*0896 mmoles) was degassed i n vacuo overnight. A f t e r c o o l i n g the 

c o n d u c t i v i t y c e l l to -196°C ( l i q u i d n i t r o g e n b a t h ) , hydrogen c h l o r i d e 
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(7 cm , 0*25 mole) was condensed i n from the gas phase. A l i q u o t s of 

boron t r i c h l o r i d e were added from the gas phase and the r e a c t i o n followed 

u o r i d u c t i m e t r i c a l l y , Breaks i n the t i t r a t i o n curve were observed a t the 

1:1 and 2:1 mole r a t i o s ( a c i d : b a s e ) . The c o n d u c t i v i t y curve i s shown i n 

F i g u r e 5.1. 

( b ) with c h l o r i n e 

T e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) (0*0777 g., 

0*130 mmoles) was degassed i n vacuo overnight. A f t e r c o o l i n g to -196°C 
3 

( l i q u i d n i t r o g e n b a t h ) , hydrogen c h l o r i d e (7 cm , 0*25 mole) was 

condensed i n from the gas phase. A l i q u o t s of c h l o r i n e were added from the 

gas phase and the r e a c t i o n followed c o n d u c t i m e t r i c a l l y . A general i n c r e a s e 

i n c o n d u c t i v i t y was observed but the i n d i v i d u a l c o n d u c t i v i t i e s were very 

v a r i a b l e , and s i n c e a mixture of products was obtained, no r e l i a b l e 

evidence could be gleaned. 

5.2.7. I n f r a r e d s p e c t r a of t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) 

i n some strong anhydrous a c i d s 

T e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) was degassed i n vacuo 

overnight. The a c i d s used i n t h i s study were degassed p r i o r to use, 

s o l u t i o n s of the t e t r a k i s ( j t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) were 

prepared under a n i t r o g e n s h i e l d and were smeared between polythene s h e e t s 

and examined i n the 2200-1600 cm ^ region by i n f r a r e d spectroscopy. 

The v abs o r p t i o n bands are given i n Table 5.2. 

5.2.8. '''H Nuclear magnetic resonance s t u d i e s were c a r r i e d out on 

s o l u t i o n s of t e t r a k i s ( o r - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) i n hydrogen 

c h l o r i d e and i n t r i f l u o r o a c e t i c a c i d . I n the case of the hydrogen 

c h l o r i d e s o l u t i o n i n s u f f i c i e n t sample d i s s o l v e d to d e t e c t the protons 



on the rt-cyclopentadienyl l i g a n d . The s p e c t r a i n t r i f l u o r o a c e t i c a c i d 

showed the rt-cyclopentadienyl r i n g protons, no proton a t t a c h e d to a metal 

atom could be detected i n the -20 to +100 ppm range. 
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CHAPTER 6 

STUDIES ON THE rt-CYCLOPENTADIENYLDICARBONYL IRON-u-HALOGENO rt-CYCLO-

PENTADIENYLDICARBONYL IRON CATIONS. [ ( i i - C ^ l Q F e C C O ) J ,,X+, X = C I . Br or I 

6.1. R e s u l t s and D i s c u s s i o n 

Davis and co-workers ( 2 9 ) i n t h e i r s t u d i e s of the protonation of 

n e u t r a l t r a n s i t i o n metal complexes found t h a t rt-cyclopentadienyldi-

carbonyl i r o n ( l l ) c h l o r i d e r e a c t e d w i t h s u l p h u r i c a c i d to l i b e r a t e hydrogen 

c h l o r i d e . No other r e a c t i o n products were i d e n t i f i e d . The author noted 

tha t i n a d d i t i o n to the e v o l u t i o n of hydrogen c h l o r i d e a b r i g h t cherry 

red s o l u t i o n was formed when jt-cyclopentadienyldicarbony1 i r o n ( l l ) c h l o r i d e 

r e a c t e d with s u l p h u r i c a c i d . S i m i l a r l y b r i g h t c h e r r y red s o l u t i o n s were 

obtained from the r e a c t i o n s of rt-cyclopentadienyldicarbonyl i r o n ( l l ) 

bromide and of rt-cyclopentadienyldicarbonyl i r o n ( l l ) i o d i d e with 

s u l p h u r i c a c i d , hydrogen bromide and hydrogen i o d i d e being evolved, 

r e s p e c t i v e l y . A d d i t i o n of hexafluorophosphoric a c i d to the che r r y red 

s o l u t i o n s p r e c i p i t a t e d the j t - c y c l o p e n t a d i e n y l d i c a r b o n y l iron-(j,-halogeno 

rt-cyclopentadienyldicarbonyl i r o n hexafluorophosphates, halogeno = c h l o r o , 

bromo and iodo. The p r e p a r a t i o n of the rt-cyclopentadienyldicarbonyl 

iron-u.-halogeno j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) c a t i o n s had 

p r e v i o u s l y been reported by F i s c h e r and Moser (96,97) who r e a c t e d 

aluminium t r i h a l i d e w i t h rt-cyclopentadienyldicarbonyl i r o n ( l l ) h a l i d e i n 

l i q u i d sulphur d i o x i d e . The rt-cyclopentadicarbonyl iron-p,-iodo 

n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) c a t i o n has been shown to be formed 

as an int e r m e d i a t e i n the r e a c t i o n of b i s ( J t - c y c l o p e n t a d i e n y l d i c a r b o n y l 

i r o n ( l ) ) with i o d i n e to give n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) 

i o d i d e ( 9 9 ) . The r e a c t i o n of halogens with b i s ( n - c y c l o p e n t a d i e n y l -
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d i c a r b o n y l i r o n ( l ) ) i n the presence of t e t r a p h e n y l boron a l s o g i v e s n-

c y c l o p e n t a d i e n y l d i c a r b o n y l iron-u.-halogens rt-cyclopentadienyldicarbonyl 

i r o n s a l t s , i n the case of the c h l o r i n a t i o n an equal quantity of j t - c y c l o -

p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c h l o r i d e i s a l s o produced (100,101). 

The s t r u c t u r e of the ir-cyclopentadienyldicarboimyl iron-|j,-halogeno 

jc-cyclopentadieny ldicarbony 1 i r o n ( l l ) c a t i o n s and the i n t e r p r e t a t i o n of the 

carbonyl s t r e t c h i n g modes, i n p a r t i c u l a r the occurrence of three and four 

bands i n d i f f e r e n t s a l t s has not been attempted. 

A c o n s i d e r a t i o n of l o c a l symmetry, us i n g the carbonyls as probes 

would p r e d i c t e i t h e r two or four carbonyl a b s o r p t i o n s , no s t r u c t u r e which 

would give r i s e to three carbonyl absorptions could be envisaged. 

C a r e f u l examination of the s u l p h u r i c a c i d s o l u t i o n s of it-cyclopenta-

d i e n y l d i c a r b o n y l i r o n ( l l ) h a l i d e s ( h a l i d e = c h l o r i d e , bromide or i o d i d e ) 

was c a r r i e d out over the region 1950-2200 cm ^ u s i n g i n f r a r e d spectroscopy. 

The r e s u l t s are given i n Table 6.1; and the s p e c t r a are shown on pages 

91-93. 

The band at h i g h e r wavenumbers i s c l e a r l y s p l i t i n t o two i n the case 

of the it-cyclopentadienyldicarbony1 i r o n ( l l ) bromide and n - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l l ) i o d i d e . I n the case of the n - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l l ) c h l o r i d e however a s l i g h t shoulder occurs on the lower 

frequency s i d e of the band. The lower frequency carbonyl absorption band 

i s broad but d i s t o r t i o n i s only c l e a r l y shown i n the case of j t - c y c l o -

p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) i o d i d e . 

R e s u l t s of the examination of the J t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n -

p,-halogeno n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) hexafluorophosphates, 

halogeno = c h l o r o , bromo or iodo i n the 2200-1950 cm ^ region using 

i n f r a r e d spectroscopy are given i n Table 6.1, and the s p e c t r a a r e shown 

i n s p e c t r a 6.1-6.6. 
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The high frequency carbonyl absorption shows a d e f i n i t e s p l i t t i n g 

i n t o two a b s o r p t i o n bands i n a l l j t - c y c l o p e n t a d i e n y l d i c a r b o n y l iron-p,-

halogeno rt-cyclopentadieayldicarbonyl i r o n ( l l ) complexes when examined 

i n methylene c h l o r i d e s o l u t i o n or KBr d i s c s . The methylene c h l o r i d e 

s o l u t i o n s p e c t r a do not however show any s p l i t t i n g on the low frequency 

carbonyl absorption band, such as e x h i b i t e d i n the KBr d i s c s p e c t r a . The 

lower frequency carbonyl band has a h a l f width of about 14 cm ^ which i s 

about one and a h a l f times the width of the low frequency carbonyl 

a b s o r p t i o n band of the j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) h a l i d e s when 

recorded under i d e n t i c a l i n s t r u m e n t a l and experimental c o n d i t i o n s . T h i s 

i s s uggestive that the lower frequency carbonyl a b s o r p t i o n band may be 

composed of an unresolved doublet. The s t r u c t u r e of the rt-cyclopenta-

d i e n y l d i c a r b o n y l iron-(j,-halogeno rt-cyclopentadienyldicarbonyl i r o n ( l l ) 

c a t i o n s i s unknown but the s t r u c t u r e s ( i ) to ( I V ) shown on page 71 

are l i k e l y . Conversion of the c i s isomer i n t o the t r a n s isomer can be 

achieved by r o t a t i o n of one of the rt-cyclopentadienyldicarbonyl i r o n 

groups about the i r o n halogen band. Both the c i s and t r a n s forms of the 

c a t i o n s would be expected to give four carbonyl a b s o r p t i o n bands a l l 

i n f r a r e d a c t i v e . However the carbonyl absorptions of the c i s and t r a n s 

forms would not be expected to occur at very d i f f e r e n t f r e q u e n c i e s and 

would probably r e s u l t i n the o b s e r v a t i o n of only four bands i n a mixture 

of the isomers. The s p l i t t i n g of the lower frequency carbonyl a b s o r p t i o n 

band i n the KBr d i s c s p e c t r a may be due to s o l i d s t a t e e f f e c t s , or i t 

might be due to the c r y s t a l form of the c a t i o n s e x i s t i n g i n the isomer 

which g i v e s the maximum s p l i t t i n g of the carbonyl f r e q u e n c i e s . The h a l f -

width of the carbonyl absorption bands observed i n the KBr d i s c s p e c t r a 

are broader than those observed i n the methylene c h l o r i d e s o l u t i o n . The 



130. 

p o s s i b i l i t y of r e a c t i o n with the KBr was e l i m i n a t e d by r e c o r d i n g the 

s p e c t r a as Nujol m u l l s which gave s p e c t r a w i t h bands i n the same p o s i t i o n . 

The bands tended however to be broader and the s p e c t r a show more s c a t t e r , 

t h i s was thought to be due to the f a c t that the rt-cyclopentadienyl-

d i c a r b o n y l iron-p,-halogeno rt-cyclopentadienyldicarbonyl i r o n ( l l ) hexa-

fluorophosphates are r e l a t i v e l y s o f t and that g r i n d i n g w i t h n u j o l d i d not 

give such a f i n e l y ground sample as that obtained when g r i n d i n g with 

potassium bromide. I f the halogen i n the c a t i o n s i s not s y m m e t r i c a l l y 

s i t u a t e d between the two i r o n atoms we would expect four carbonyl 

a b s o r p t i o n s . For rt-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e the two 

carbonyl a b s o r p t i o n s occur a t 2050 and 2010 cm ^ (8 5 ) and f o r rt-cyclo-

p e n t a d i e n y l d i c a r b o n y l p y r i d i n e i r o n ( l l ) hexafluorophosphate the two 

carbonyl a b s o r p t i o n s occur at 2070 and 2025 cm ^ ( 1 0 9 ) , which suggests 

that any asymmetry i n the i r o n - c h l o r i n e - i r o n bond probably would not 

r e s u l t i n a marked d i f f e r e n c e i n the f r e q u e n c i e s of the carbonyl 

absorptions of the two rt-cyclopentadienyldicarbonyl i r o n groups. 

I n an attempt to determine whether or not the i r o n - h a l o g e n - i r o n bond 

i n these c a t i o n s are symmetrical we i n v e s t i g a t e d the "^Fe Mossbauer 

s p e c t r a and the X-ray photoelectron s p e c t r a of the compounds. The r e s u l t s 

of our "*^Fe s t u d i e s and X-ray photoelectron s t u d i e s are given i n d e t a i l 

i n Chapter 7. Neither of the above mentioned techniques could d e t e c t 

any d i f f e r e n c e i n the two i r o n atoms, hence the evidence i s s t r o n g l y 

s u g g e s t i v e Q f a symmetrical i r o n - h a l o g e n - i r o n bond. The X-ray c r y s t a l 

s t r u c t u r e of the rt-cyclopentadienyldicarbonyl iron-u,-bromo rt-cyclopenta­

d i e n y l d i c a r b o n y l i r o n ( l l ) hexafluorophosphate i s now being determined i n 

c o n j u n c t i o n with Dr. N. Alcock a t Warwick U n i v e r s i t y . 

The rt-cyclopentadienyldicarbonyl iron-(j,-hydrogen rt-cyclopentadienyl-

d i c a r b o n y l c a t i o n has been observed to decompose r e a d i l y on warming to 
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form the i t - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n c a t i o n . S i m i l a r l y the n-

c y c l o p e n t a d i e n y l d i c a r b o n y l iron-p,-halogeno n - c y c l o p e n t a d i e n y l d i c a r b o n y l 

i r o n c a t i o n s were observed to decompose slowly on g e n t l e h e a t i n g . The. 

decomposition was followed by monitoring 2200-1900 cm ^ region u s i n g 

i n f r a r e d spectroscopy. The s t a b i l i t y of the [ ( r t - C ^ H ^ F e t C O ^ ] c a t i o n s 

(X = H, C I , Br and I ) was found to i n c r e a s e with i n c r e a s i n g atomic weight 

of the b r i d g i n g atom, X. I n the compounds where X was c h l o r i n e or bromine 

the only product of decomposition i d e n t i f i e d was the n - c y c l o p e n t a d i e n y l -

t r i c a r b o n y l i r o n ( l l ) c a t i o n . I n the case where X was i o d i n e i n a d d i t i o n 

to the formation of the n - c y c l o p e n t a d i e n y l t r i c a r b o n y l i r o n ( l l ) c a t i o n , 

T t-cyclopentadienyldicarbonyl i r o n ( l l ) i o d i d e was a l s o formed. The case 

where X was hydrogen has been d i s c u s s e d p r e v i o u s l y i n Chapter 3. T y p i c a l 

s p e c t r a of the n - c y c l o p e n t a d i e n y l d i c a r b o n y l iron-p,-halogeno n-cyclopenta-

d i e n y l d i c a r b o n y l i r o n hexafluorophosphate (halogeno = c h l o r o , bromo or 

iodo) are given i n s p e c t r a 6.7-6.12. The s p e c t r a of the decomposed 

samples were recorded a f t e r a period of h e a t i n g at 80°C fo r s i x days 

The f a r i n f r a r e d s p e c t r a (400-50 cm ^) of the n - c y c l o p e n t a d i e n y l -

d i c a r b o n y l iron-p,-halogeno j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n h e x a f l u o r o -

phosphates were recorded as n u j o l m u l l s . I n a l l cases the Fe-X, (X = C I , 

Br or I ) of the parent rt-cyclopentadienyldicarbonyl i r o n ( l l ) h a l i d e s 

was moved to lower f r e q u e n c i e s i n the [ ( i t - C c H _ ) F e ( C 0 ) o ] „X +PF, (X = 
J J Li. O 

C I , Br or I ) compounds. These r e s u l t s are considered i n d e t a i l i n 

Chapter 8. 

The u l t r a v i o l e t / v i s i b l e a b s o r p t i o n s p e c t r a of the n-cyclopenta­

d i e n y l d i c a r b o n y l i r o n ( l l ) h a l i d e s and of the n - c y c l o p e n t a d i e n y l d i c a r b o n y l 

iron-|j,-halogeno n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) hexafluorophosphates 

were recorded i n methylene c h l o r i d e s o l u t i o n ( h a l i d e = c h l o r i d e , bromide 

or i o d i d e ; halogeno = c h l o r o , bromo or i o d o ) . The r e s u l t s are given i n 
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Table 6.3. The i n i t i a l a n a l y s i s of the s p e c t r a of the ( r t - C 5 H 5 ) F e ( C O ) 2 X 

shows them to be composed of a peak a t about 20,000 cm 1 which appears as 

a shoulder on the absorption edge of the lower frequency u l t r a v i o l e t 

band. T h i s lower frequency u l t r a v i o l e t band o c c u r s a t about 28,000 cm 1 

and shows marked d i s t o r t i o n s suggesting that more than one t r a n s i t i o n i s 

r e s p o n s i b l e . A f u r t h e r band a t higher f r e q u e n c i e s was observed which was 

d i s t o r t e d by the a b s o r p t i o n edge of the s o l v e n t (methylene c h l o r i d e ) . 

The i n t e n s i t y of a l l the a b s o r p t i o n bands i n c r e a s e d with i n c r e a s i n g 

atomic weight of the h a l i d e . Examination of the u l t r a v i o l e t / v i s i b l e 

a b s o r p t i o n s p e c t r a of the j t - c y c l o p e n t a d i e n y l d i c a r b o n y l iron-^-halogeno 

i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) hexafluorophosphates (halogeno = 

c h l o r o , bromo or iodo) shows t h a t they f o l l o w s i m i l a r t rends to those 

e x h i b i t e d by the ot-cyclopentadienyldicarbonyl i r o n ( l l ) h a l i d e s ( h a l i d e = 

c h l o r i d e , bromide or i o d i d e ) . The u l t r a v i o l e t r e g i o n of the s p e c t r a 

shows c l e a r l y three d i s t i n c t bands. F e ( l l ) has a d^ c o n f i g u r a t i o n and i n 

the rt-cyclopentadienyl compounds mentioned i n t h i s s e c t i o n the i r o n atom 

would be i n a low s p i n s t a t e . Such an environment would be expected to 

give r i s e to two t r a n s i t i o n s , *T^ •<— ^A^ and ^T^ — *A^. The 

abs o r p t i o n band a t the lowest frequency ( c a . 20,000-21,000 cm i s 

probably ^T^ ''"Â  t r a n s i t i o n . The ^ — "*"Â  t r a n s i t i o n i s expected 

to give r i s e to an a b s o r p t i o n a t ca. 27,000 cm ^; the a b s o r p t i o n bands 

observed a t 25,000-30,000 cm"1 may be due to the 1 T 2 ^ t r a n s i t i o n 

but the e x t i n c t i o n c o e f f i c i e n t s a r e l a r g e r than expected. One 

e x p l a n a t i o n being that the — t r a n s i t i o n i s obscured by charge 

t r a n s f e r bands of the complexes. For complexes of i r o n with a d low 

s p i n environment the complexes of c i s 1 , 2 - b i s ( d i m e t h y l a r s i n o ) e t h y l e n e 

were chosen as a rough guide ( 1 1 0 ) . Apart from some s t u d i e s on 
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Table 6.3 

U l t r a V i o l e t and V i s i b l e S p e c t r a of the ( j f - C ^ H , . ) F e ( C O ) a n d 
[ ( r t - C r . H r ) F e ( C O ) J n X + P F ~ Compounds (X = C I , Br or I ) over the 5 5 2 2 — 6 r-* 

region 38,000-14,000 cm" 

Compound Absorption Band r _1 cm x 

E x t i n c t i o n 
C o e f f i c i e n t 

( n - C 5 H 5 ) F e ( C 0 ) 2 C l 21,050 
29,850 
35,590 

155 
1,070 
2,055 

U - C 5 H 5 ) F e ( C 0 ) 2 B r 21,140 
28,740 
34,130 

330 
1,330 
4,690 

U - C 5 H 5 ) F e ( C O ) 2 I 20,070 
29,150 
38,460 

570 
2,330 
4,740 

[ ( n - C 5 H 5 ) F e ( C O ) 2 ] 9 C l + P F 6 " 19,840 
25,550 
30,000 
35,340 

475 
2,630 
4,120 
5,750 

[ ( n - C 5 H 5 ) F e ( C O ) 2 ] 2 B r + P F 6 ~ 19,800 
25,640 
29,240 
35,840 

525 
3,230 
5,000 
5,265 

[ ( r t - C 5 H 5 ) F e ( C O ) 2 ] 2 I + P F 6 " 20,410 
25,640 
28,820 
37,880 

740 
10,200 
12,800 
18,365 
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fe r r o c e n e (111,112) l i t t l e work has been c a r r i e d out on the e l e c t r o n i c 

s p e c t r a of n- c y c l o p e n t a d i e n y l i r o n complexes. No d e t a i l e d assignment of 

the charge t r a n s f e r bands of the complexes examined has been attempted. 

The assignment of the charge t r a n s f e r bands r e q u i r e s more d e t a i l e d 

i nformation than i s presented i n t h i s t h e s i s and was considered to be 

out s i d e the scope of t h i s t h e s i s . 

The general trend of i n c r e a s i n g i n t e n s i t y and reducing frequency of 

the a b s o r p t i o n bands f o l l o w s the expected trend i n the s e r i e s CI < Br < I 

fo r both s e r i e s of complexes examined. 

6.2. Experimental S e c t i o n 

The rt-cyclopentadienyldicarbonyl iron-|j,-halogeno j r - c y c l o p e n t a d i e n y l -

i r o n c a t i o n s , [(.it-CJl^feiCO)^]^ , (X = C I , Br or I ) were prepared by 

e i t h e r of the two general methods given below. 

Method A 

To n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) h a l i d e ( h a l i d e = c h l o r i d e , 
3 

bromide or i o d i d e ) (0»005 mole) was added i c e cold s u l p h u r i c a c i d (2 cm , 

sp.gr. 1*84) and a homogeneous s o l u t i o n e f f e c t e d . The s o l u t i o n was 

evacuated using a water pump u n t i l e v o l u t i o n of hydrogen h a l i d e almost 
ceased. A f t e r c o o l i n g the s o l u t i o n i n i c e cold water i c e c o l d d i s t i l l e d 

3 

water (6 cm ) was added and the s o l u t i o n f i l t e r e d a t the pump. To the 

f i l t r a t e was added hexafluorophosphoric a c i d ( 6 5 % aqueous s o l u t i o n ) 

spotwise u n t i l p r e c i p i t a t i o n ceased. A f t e r f i l t e r i n g o f f a t the pump the 

s o l i d product was d i s s o l v e d i n acetone and r e p r e c i p i t a t e d by the a d d i t i o n 

of hexane to give a red c r y s t a l l i n e s o l i d . 

Method B 

To a s o l u t i o n of i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) h a l i d e 
3 

( h a l i d e = c h l o r i d e , bromide or i o d i d e ) (0*005 mole) i n toluene (15 cm ) wa 

http://sp.gr
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added a s o l u t i o n of s i l v e r hexafluorophosphate (0*0625 g. , 0*0025 mole) 
3 

i n toluene (10 cm ) . A f t e r a l l o w i n g the r e a c t i o n to proceed f o r t h i r t y 

minutes the p r e c i p i t a t e of s i l v e r h a l i d e was f i l t e r e d o f f a t the pump. 

The toluene was removed i n vacuo to y i e l d a red s o l i d , which a f t e r 

d i s s o l u t i o n i n acetone and r e p r e c i p i t a t i o n by the a d d i t i o n of hexane gave 

a red c r y s t a l l i n e s o l i d . 

rt-Cyclopentadienyldicarbonyl iron-^x-chloro n - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n hexaf luorophosphate, [ ( r t - C ^ H ^ F e t C O ^ ] 2 C 1 + P F £ " was 

prepared by both of the general methods to give a red c r y s t a l l i n e s o l i d . 

Found: C,31*54; H,l*90; CI,6*42; Fe = 20*6; P,5*71; C^H C l F g F e ^ P 

r e q u i r e s C,31*47; H,l*88; CI,6*63; Fe,20*90; P,5*80. 

rt-Cyclopentadienyldicarbonyl iron-(j,bromo fl-cyclopentadienyl-

d i c a r b o n y l i r o n hexaf luorophosphate, [ ( j r - C c H c )Fe(C0)„] ,,Br +PF, was 
5 5 2 2 6 

prepared by both of the ge n e r a l methods to give a red c r y s t a l l i n e s o l i d . 

Found: C,29*03; H,l*73; Fe,19*27; P,5*33; C^H B r F g F e ^ P r e q u i r e s 

C,29*05; H,l*74; Fe,19*30; P,5*35. 

ir- C y c l o p e n t a d i e n y l d i c a r b o n y l iron-|j,-iodo j t - c y c l o p e n t a d i e n y l d i c a r b o n y l 

i r o n hexaf luorophosphate, [ (rt-C,-H 5)Fe(CO) 2] 2 I + P F 6 ~ was prepared by Method 

A to give a red c r y s t a l l i n e s o l i d . Found: C,26*81; H,l*47; Fe,17*90; 1,20*31 

P,5*04; C 1 4 H 1 0 F 6 F e 2 I 0 4 r e q u i r e s C,26*87; H,l*61; Fe,17*85; 1,20*28; P,4*95. 
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CHAPTER 7 

ELECTRON SPECTROSCOPY AND 5 7 F e MOSSBAUER SPECTROSCOPY 

7.1. E l e c t r o n Spectroscopy 

7.1.1. I n t r o d u c t i o n 

E l e c t r o n spectroscopy i s the l a t e s t technique to be developed by 

p h y s i c i s t s to study the fundamental p r o p e r t i e s of matter and which chemists 

have recognised as a p o t e n t i a l l y i n v a l u a b l e chemical technique. 

T h i s technique i n v o l v e s the measurement of the e n e r g i e s of e l e c t r o n s 

which have been e j e c t e d from molecules i r r a d i a t e d with a mono-energetic 

beam of photons. The two types of e x c i t i n g r a d i a t i o n used ( X - r a y s and 

u.v. l i g h t ) enable a convenient d i v i s i o n of e l e c t r o n spectroscopy i n t o 

two c l a s s e s . Where the e x c i t i n g r a d i a t i o n i s high energy X-rays the 

technique i s known as X-ray Photoelectron Spectroscopy (X.P.S.) or 

E l e c t r o n Spectroscopy f o r Chemical A n a l y s i s (E.S.C.A.). The use of a beam 

of u.v. l i g h t as the e x c i t i n g r a d i a t i o n i s known as Photo e l e c t r o n 

Spectroscopy ( P . E . S . ) . Throughout t h i s t h e s i s the technique i n v o l v i n g 

X-ray i r r a d i a t i o n w i l l be ab b r e v i a t e d to XPS and the technique i n v o l v i n g 

u.v. i r r a d i a t i o n w i l l be abbreviated to PES. E l e c t r o n spectroscopy (both 

XPS and PES) has a very s i g n i f i c a n t and v a l u a b l e r o l e to pl a y as a 

chemical t o o l . T h i s i s s i n c e i t o f f e r s q u a l i t a t i v e f l e x i b i l i t y coupled 

with q u a n t i t a t i v e measurements. 

The foundations of e l e c t r o n spectroscopy were l a i d i n 1946 (113) 

when the b a s i c theory of a XPS instrument was d e s c r i b e d , a double 

f o c u s s i n g instrument was d e s c r i b e d a decade l a t e r ( 1 1 4 ) . I n 1958 the 

obs e r v a t i o n s of chemical s h i f t s f o r copper were f i r s t recorded ( 1 1 5 ) , but 

the general a p p l i c a b i l i t y of these chemical s h i f t s were not a p p r e c i a t e d 
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u n t i l 1964 (116-118). Turner i n 1962 f i r s t reported the u t i l i z a t i o n of 

PES f o r i o n i s a t i o n p o t e n t i a l measurements ( 1 1 9 ) . 

The b a s i c p r o c e s s e s i n v o l v e d i n e l e c t r o n spectroscopy (shown i n block 

diagram form i n F i g u r e 7.1) are the impingement of i o n i s i n g r a d i a t i o n on 

a sample causing e j e c t i o n of e l e c t r o n s . A f t e r the e l e c t r o n s have been 

passed through a monochrometer, t h e i r energy i s measured and d i s p l a y e d as 

a s i g n a l p r o p o r t i o n a l to the i n t e n s i t y of the e l e c t r o n s f a l l i n g on the 

d e t e c t o r . The information obtained from e l e c t r o n spectroscopy depends on 

the e x c i t i n g r a d i a t i o n and the r e s o l u t i o n of the monochromator. High 

energy e x c i t i n g r a d i a t i o n ( f o r example X - r a y s ) enables the e j e c t i o n of 

core e l e c t r o n s . Conversely low energy e x c i t i n g r a d i a t i o n ( f o r example 

vacuum u l t r a v i o l e t photons) enables e j e c t i o n of e l e c t r o n s from the 

v a lence s h e l l . 

E l e c t r o n spectroscopy i s a f a i r l y r e c e n t l y developed technique so a 

b r i e f i n t r o d u c t i o n to the theory w i l l be included here. 

The two b a s i c p r o c e s s e s which cause the e j e c t i o n of e l e c t r o n s are 

p h o t o i o n i s a t i o n ( 1 ) and e l e c t r o n bombardment ( 2 ) . 

A + hv —&- A + e ^ ( 1 ) 

A + e © A + * + e P + e © ( 2 ) 

The e x c i t i n g i r r a d i a t i o n (hv^) must, of course, have g r e a t e r energy than 

the binding energy of the e l e c t r o n e j e c t e d . The r e l a x a t i o n of e l e c t r o n s 

occur by e i t h e r X-ray emission ( 3 ) or Auger e l e c t r o n emission ( 4 ) 

A — A + h v 2 ( 3 ) 

A + * _ A-H- + e 0 ( 4 ) 
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The p r o b a b i l i t y of p h o t o e x c i t a t i o n of an e l e c t r o n i s i n v e r s e l y 

p r o p o r t i o n a l to the square of the o r b i t a l r a d i u s . Thus p h o t o e x c i t a t i o n 

i s not e q u a l l y probable fo r a l l e l e c t r o n s , or indeed f o r the same e l e c t r o n 

among d i f f e r e n t atoms. For l i g h t atoms the p r o b a b i l i t y of e x c i t a t i o n of 

a I s e l e c t r o n w i l l be about twenty times t h a t for a 2s e l e c t r o n . T h i s 

becomes l e s s important for the core e l e c t r o n s as the atomic number of the 

element i n c r e a s e s s i n c e the o r b i t a l s r a d i u s w i l l decrease with i n c r e a s i n g 

n u c l e a r charge. The p r o b a b i l i t y of e x c i t a t i o n of a given e l e c t r o n v a r i e s 
3 

as Z where Z i s the n u c l e a r charge, i e . c o n s i d e r i n g a I s e l e c t r o n of 

hydrogen and a I s e l e c t r o n of i o d i n e , the p r o b a b i l i t y of e x c i t a t i o n of 

the i o d i n e I s e l e c t r o n i s 143,577 times that of the hydrogen I s e l e c t r o n . 

The most i n t e n s e photoelectron l i n e s a r e , t h e r e f o r e , expected from the I s 

e l e c t r o n s i n elements of h igh atomic number. E x c i t a t i o n of core e l e c t r o n s 

has the h i g h e s t p r o b a b i l i t y , however, e x c i t a t i o n of outer e l e c t r o n s occurs 

with a reasonable p r o b a b i l i t y . 

P h o t o i o n i z a t i o n for an e l e c t r i c a l i n s u l a t o r i s shown i n F i g u r e 7.2. 
2 

The photo e j e c t i o n of a I s e l e c t r o n l e a v e s a s x s t a t e vacant or a K h o l e . 
~£ 

The e l e c t r o n must be e j e c t e d to the F r e e E l e c t r o n L e v e l , i . e . a p o s i t i o n 

where the e j e c t e d e l e c t r o n no longer experience any f o r c e s due to the 

sample, before i t s binding energy can be determined. Promotion of the 

2s e l e c t r o n to the conduction band i s an e x c i t a t i o n or promotion not a 

photo e j e c t i o n , and i s accompanied by a b s o r p t i o n of a X-ray photon. The 

i nformation obtained from binding energy s t u d i e s i s i n t r i n s i c a l l y 

contained i n X-ray adsorption data, although i t i s much more d i f f i c u l t to 

e x t r a c t from the X-ray abs o r p t i o n data. 

A f t e r e j e c t i o n of an e l e c t r o n , e l e c t r o n r e l a x a t i o n takes p l a c e and 

i s summarised i n F i g u r e 7.3. F i g u r e 7.3 shows e l e c t r o n r e l a x a t i o n f o r a 
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F i g . 7.2 Photo i o n i s a t i o n of an e l e c t r i c a l i n s u l a t o r . 
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F i g . 7.3 Diagram f o r e l e c t r o n r e l a x a t i o n . 
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atom c o n t a i n i n g a I s vacancy. The normal and X-ray emission l i n e s 

are shown as t r a n s i t i o n s from the 2p and 3d o r b i t a l s to the I s o r b i t a l 

r e s p e c t i v e l y . T h i s r e p r e s e n t s X-ray f l u o r e s c e n c e i f p h o t o i o n i s a t i o n by 

X-rays has been used or X-ray emission f o r e l e c t r o n e x c i t a t i o n . Auger 

e l e c t r o n emission i s the other main process f o r e l e c t r o n i c r e l a x a t i o n . 

Auger emission i s a r a d i a t i o n l e s s p rocess i n which an e l e c t r o n from a 

higher o r b i t a l undergoes a t r a n s i t i o n to a lower o r b i t a l w h i l e 

simultaneously a second e l e c t r o n i s e j e c t e d from the atom. F i g u r e 7.3 

shows a KLL Auger e l e c t r o n emission. The term KLL means that the primary 

vacancy occurred i n the K s h e l l , an L e l e c t r o n underwent a t r a n s i t i o n to 

f i l l the primary vacancy, and a second L e l e c t r o n was e j e c t e d . The 

p r o b a b i l i t y of Auger emission i s high i n l i g h t atoms ( v i r t u a l l y u n i t y f o r 

atoms of atomic number 11 or l e s s ) , c o n v e r s e l y X-ray emission has 

v i r t u a l l y zero p r o b a b i l i t y f o r the same atoms. Auger e l e c t r o n s serve as 

a good i n t e r n a l standard s i n c e t h e i r energy i s independent of energy of 

the e x c i t i n g photon (photoejected e l e c t r o n s have energ i e s depending on the 

energy of the e x c i t i n g photon). E l e c t r o n spectroscopy has two major 

advantages over X-ray f l u o r e s c e n c e , f i r s t l y , i n g e n e r a l , l i n e widths are 

much narrower and can t h e r e f o r e be measured more p r e c i s e l y and secondly, 

a l l elements can be examined. X-ray f l u o r e s c e n c e i s i n general only 

a p p l i c a b l e to elements with Z g r e a t e r than 20. 

The photo e j e c t i o n of an e l e c t r o n r e s u l t s i n the e l e c t r o n having a 

k i n e t i c energy E 1 and by the a p p l i c a t i o n of the c o n s e r v a t i o n of energy we 

have 

E' = hv - E - E* K r B 

where hv i s the energy of the i n c i d e n t X-ray, Ê _ i s the r e c o i l energy. 

For magnesium K<x X-rays the maximum r e c o i l energy i s l e s s than one e l e c t r o n 
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v o l t and becomes n e g l i g i b l y small for elements a f t e r helium ( i . e . Z > 2 ) . 

E' i s the energy r e q u i r e d to promote the e l e c t r o n to the vacuum of the 

spectrometer. 

The r e c o i l energy term i s necessary because i n the p h o t o e j e c t i o n of 

the e l e c t r o n the k i n e t i c energy w i l l be d i s t r i b u t e d between the e l e c t r o n 

and the atom. Since i n a l l cases the e l e c t r o n has very much l e s s mass than 

the atom almost a l l of the k i n e t i c energy w i l l be taken up by the e l e c t r o n 

i n order t h a t the momentum of the atom and the e l e c t r o n i s zero. 

I n g e neral a sm a l l e l e c t r i c f i e l d e x i s t s i n the space between the 

source and the entrance s l i t of the spectrometer. T h i s a r i s e s because 

grounding the source and the spectrometer m a t e r i a l means that t h e i r Fermi 

l e v e l s a r e the same. Any d i f f e r e n c e i n work f u n c t i o n of the source 

m a t e r i a l and the spectrometer m a t e r i a l g i v e s a d i f f e r e n c e i n macro 

p o t e n t i a l (120,121) i . e . a contact p o t e n t i a l . The k i n e t i c energy E ^ of 

the e l e c t r o n when i t e n t e r s the spectrometer i s t h e r e f o r e d i f f e r e n t from 

the energy E' which i t had on e j e c t i o n from the source. The energy of 

the e l e c t r o n measured i s E . The Fermi l e v e l i s chosen as a r e f e r e n c e 

l e v e l f o r e l e c t r o n binding e n e r g i e s and taken as zero binding energy. 

A p p l i c a t i o n of the conservation of energy g i v e s 

E B = h V " \ ~ *sp 

where E i s the binding energy of the e l e c t r o n hv i s the energy of the 
a 

i n c i d e n t X-ray, E i s the measured k i n e t i c energy of the e j e c t e d e l e c t r o n K 
and 0 i s the work f u n c t i o n of the spectrometer. I t should be noted sp 

th a t work f u n c t i o n of the source m a t e r i a l does not enter i n t o the equation. 

I t has been found that i n i n s u l a t o r s s u f f i c i e n t numbers of f r e e charge 

c a r r i e r s are formed during X-ray i r r a d i a t i o n to enable the Fermi l e v e l to 

a d j u s t to the thermodynamical e q u i l i b r i u m s t a t e thus a l l o w i n g examination 

by XPS ( 1 1 8 ) . 
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Examinations of m a t e r i a l s u s i n g XPS can a l s o be s u b j e c t to e r r o r s 

a r i s i n g from s u r f a c e charges b u i l d i n g up on the source. I n i o n i c s o l i d s 

a term due to the Madelung P o t e n t i a l w i l l need to be taken i n t o account. 

I n the XPS s t u d i e s of the author the C^ g l e v e l of the J t - c y c l o p e n t a d i e n y l 

l i g a n d was assumed to remain constant and a l l the other l e v e l s were 

measured with r e f e r e n c e to the l e v e l of the rt-cyclopentadienyl 

l i g a n d s . T h i s type of technique overcomes the changes i n Madelung P o t e n t i a l 

of the c r y s t a l and any charge b u i l d up a t the s u r f a c e , but of course the 

a b s o l u t e v a l u e s are only true i f the assumption i s c o r r e c t . S i n c e the 

s t u d i e s are p r i m a r i l y concerned w i t h changes i n binding energy and the 

width of the l i n e s i t i s not n e c e s s a r y to know the a b s o l u t e v a l u e s . 

The photon source of an e l e c t r o n spectrometer i d e a l l y s u p p l i e s a 

steady l e v e l of monochromatic r a d i a t i o n which can be focussed on the 

sample. X-ray tubes are used i n XPS, a magnesium Ka tube being employed 

on the instrument used. The X-ray tube i s o f t e n separated from the sample. 

compartment by a t h i n window through which the e x c i t i n g r a d i a t i o n p a s s e s . 

For PES an u l t r a v i o l e t source i s used, a helium source being employed on 

the instrument used i n the authors study. The main t r a n s i t i o n o c c u r r i n g 

i n the helium lamp i s an e l e c t r o n dropping from the s i n g l e t 2p l e v e l to 
o 

the I s l e v e l g i v i n g r i s e to l i g h t of wavelength 584A which corresponds to 

an energy of 21*21 eV. T h i s t r a n s i t i o n produces about 98% of the energy 

r a d i a t e d by a Helium lamp. 

PES i s p a r t i c u l a r l y u s e f u l for examining the v a l e n c e s h e l l e l e c t r o n s 

s i n c e b e t t e r r e s o l u t i o n i s obtained than when us i n g XPS. T h i s i s p a r t l y 

due to the f a c t that u.v. photons have a much narrower l i n e w i d t h than 

X-ray photons. The Heisenberg U n c e r t a i n t y P r i n c i p l e s t a t e s that i t i s 

i m p o s s i b l e to determine a c c u r a t e l y by experimental means both the exact 

p o s i t i o n and the exact energy content of a s m a l l p a r t i c l e such as an 
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e l e c t r o n 

AE AT > h 

where AE represents the possible ranges of values which might be assigned 

to the energy of the e l e c t r o n and AT represents the possible range of 

values f o r the time t h a t the e l e c t r o n may e x i s t w i t h an energy E. 

The l i n e w i d t h s of the photoejected e l e c t r o n are not only governed by 

the Heisenberg u n c e r t a i n t y p r i n c i p l e but also by the l i n e w i d t h of the 

i n c i d e n t r a d i a t i o n . I n a l l spectra except those obtained on vapours, some 

broadening w i l l occur due t o the s l i g h t l y d i f f e r i n g s i t e s of atoms i n the 

l a t t i c e . I f any change occurs on going from vapour to s o l i d t h i s also 

w i l l introduce some broadening e.g. hydrogen bonding and p o l y m e r i s a t i o n . 

XPS can be obtained from samples which are s o l i d s , l i q u i d s or gases, 

provided t h a t they do not decompose i n high vacuum. PES i s normally only 

c a r r i e d out on gases or v o l a t i l e l i q u i d s and s o l i d s , a l l spectra being 

recorded from sample molecules i n the gaseous s t a t e . 

For the m a j o r i t y of samples p h o t o e j e c t i o n of e l e c t r o n s only occurs 
o 

from a depth of about 100A. Thus e l e c t r o n spectroscopy gives i n f o r m a t i o n 

about the surfaces of m a t e r i a l s r a t h e r than d e a l i n g w i t h bulk p r o p e r t i e s . 

This i s a marked advantage when studying the surface p r o p e r t i e s of 
—8 

m a t e r i a l s . Spectra can be obtained from as l i t t l e as 10 g. of sample. 

The sample should be adequately grounded to minimise the charging 

e f f e c t s of the r a d i a t i o n on the sample. 

Elec t r o n paths are i n f l u e n c e d by magnetic f i e l d s hence i t i s 

important t h a t the earths y i e l d i n the region of the spectrometer i s 

reduced to zero. I d e a l l y one should reduce the earths f i e l d along the 
-4 

e l e c t r o n path to below 10 g. 
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Three common types of e l e c t r o n monochrometer have been employed i n 

e l e c t r o n spectroscopy namely r e t a r d i n g f i e l d , magnetic and e l e c t r o s t a t i c . 

The l a t t e r two use d i f f e r e n t means of focussing the e l e c t r o n w h i l s t the 

former employs a completely d i f f e r e n t p r i n c i p l e . 

The detectors used i n e l e c t r o n spectroscopy are GM counters, 

e l e c t r o n m u l t i p l i e r s , photographic p l a t e s or charge cups. 

Scan and readout systems commonly employed are continuous scan, 

incremental scan and multichannel analysers. 

The chemical s h i f t s measured i n e l e c t r o n spectroscopy can be r e l a t e d 

t o the atoms o x i d a t i o n s t a t e provided a series of standard compounds 

con t a i n i n g the atom i n question i n a number of o x i d a t i o n states have been 

measured. The magnitude of the chemical s h i f t s observed vary from one 

element to another as w e l l as from one o x i d a t i o n s t a t e to another i . e . 

a change of o x i d a t i o n s t a t e by u n i t y w i l l not have the same chemical 

s h i f t f o r a l l values of the i n i t i a l o x i d a t i o n s t a t e . 

Atomic core e l e c t r o n s are influenced by the a t t r a c t i v e force of the 

nucleus and the r e p u l s i v e force of the outer e l e c t r o n s . A change i n 

the population of e l e c t r o n s i n the valence s h e l l t h e r e f o r e a f f e c t s the 

bi n d i n g energy of the core e l e c t r o n s . As valency s h e l l e l e c t r o n s are 

removed the binding energy of the core electrons increases which r e s u l t s 

i n a decrease i n the k i n e t i c energy of the e l e c t r o n when photoejected. 

I n compounds which contain r e a d i l y p o l a r i s e d e l e c t r o n clouds, such as 

n o r b i t a l s , a simple e l e c t r o s t a t i c approach can not be used, the most 

s a t i s f a c t o r y approach being t h a t of molecular o r b i t a l c a l c u l a t i o n s . 

E l e c t r o n spectroscopy has however a great p o t e n t i a l f o r chemical 

s t r u c t u r e determination, since i t not only enables the d e t e c t i o n of an 

atom i n d i f f e r e n t chemical environments but also the number of atoms i n 
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each p a r t i c u l a r environment. For example the e l e c t r o n spectrum of 

sodium azide shows two peaks i n the n i t r o g e n Is region w i t h a r a t i o of 

2:1 corresponding to the two i d e n t i c a l end nitrogens and the centre 

n i t r o g e n . PES enables i o n i s a t i o n p o t e n t i a l s , p a r t i c u l a r l y up to 21*21 eV 

l i m i t of the helium u l t r a v i o l e t source, to be determined. 

XPS spectra discussed i n t h i s chapter were k i n d l y provided by Dr. 

D.T. Clark and Mr. D.B. Adams. PES spectra were k i n d l y supplied by 

Messrs. Perkin Elmer L t d . 

7.1.2. Results and Discussion 

Photoelectron spectra of the it-cyclopentadienyl compounds examined 

are given i n Table 7.1. Bis ( j r - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) was 

also examined but the spectra v a r i e d w i t h temperature and i t was thought 

t h a t the spectrumwas a t t r i b u t a b l e mainly t o decomposition products and 

was t h e r e f o r e u n r e l i a b l e . T e trakis(rt-cyclopentadienylcarbonyl i r o n ( l ) ) 

was the most r e a d i l y i o n i s e d compound examined which was i n agreement 

w i t h the i r o n atom being i n a formal o x i d a t i o n s t a t e + 1 , a l l other 

compounds contained i r o n atoms i n the (+2) o x i d a t i o n s t a t e . Of the +2 

i r o n compounds examined ferrocene was the most r e a d i l y i o n i s e d and i t s 

spectrum has been i n t e r p r e t e d on the basis of molecular o r b i t a l 

c a l c u l a t i o n s . I o n i s a t i o n became i n c r e a s i n g l y d i f f i c u l t as one of the 

n-cyclopentadienyl ligands was replaced by a dicarbonyl l i g a n d grouping; 

a general increase i n i o n i s a t i o n p o t e n t i a l s was observed as the l i g a n d 

changed along the series a-methyl, i o d i n e , bromine and c h l o r i n e . The 

r e s u l t s showed t h a t the molecular o r b i t a l s v a r i e d very l i t t l e although 

the e l e c t r o n e g a t i v i t y of the l i g a n d v a r i e d over the range 2»65-3,15 

( I to C I ) . This i s not too s u r p r i s i n g since carbon monoxide acts as a 
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p a r t i c u l a r l y good source of e l e c t r o n d e n s i t y . An increase i n e l e c t r o ­

n e g a t i v i t y of the l i g a n d would tend to reduce e l e c t r o n density at the 

i r o n atom which would reduce the amount of back donation from the i r o n 

atom t o the carbon monoxide. Back donation lowers the frequency of the 

carbonyl s t r e t c h , hence the carbonyl s t r e t c h of (jt-C,.H,.^eCCO^Cl would 

be expected t o be at higher frequency than t h a t observed f o r 

(jt-C,.H,_ jFeCCO^I and t h i s i s indeed so. Jt-Cyclopentadienyldicarbonyl 

i r o n ( l l ) o " methyl has carbonyl s t r e t c h i n g frequencies at lower values than 

does n-cyclopentadienyldicarbonyl i r o n ( l l ) i o d i d e suggesting, as does the 

photoelectron spectra, t h a t the o-methyl l i g a n d i s less e l e c t r o n e g a t i v e 

than i o d i n e . 

The PES of i r o n pentacarbonyl has been examined by Lloyd and 

Schlag (122) who found two strong peaks i n the 8-10 eV region but were 

unable to resolve the complex system of peaks of higher energy than 13*5 

eV. The two peaks i n the 8-10 eV range were assigned to non-bonding and 

anti-bonding d type o r b i t a l s . The i r o n atom i s i n a formal o x i d a t i o n 

s t a t e of zero, but the i o n i s a t i o n p o t e n t i a l s recorded were higher than 

the i r o n +1 and +2 compounds. The bonding scheme f o r i r o n pentacarbonyl 

must be d i f f e r e n t to th a t f o r the jr-cyclopentadienyl complexes and no 

u s e f u l c o r r e l a t i o n s can be obtained u n t i l more d e t a i l e d i n f o r m a t i o n about 

the bonding schemes are known. 

The r e s u l t s of the X-ray photoelectron s p e c t r a l studies are given 

i n Table 7.2. Although s a t i s f a c t o r y elemental analyses were obtained f o r 

a l l compounds, examination by XPS showed the presence of sulphate and of 

s i l v e r i n the samples prepared by the s u l p h u r i c acid and s i l v e r h exafluoro-

phosphate techniques r e s p e c t i v e l y . R e p r e c i p i t a t i o n of the compounds from 

acetone s o l u t i o n by the a d d i t i o n of hexane f a i l e d to e l i m i n a t e these 
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i m p u r i t i e s . Any technique t h a t examined bulk p r o p e r t i e s f a i l e d to show 

any appreciable amount of i m p u r i t i e s and i t was concluded t h a t these 

compounds only contained i m p u r i t i e s on the c r y s t a l surfaces. 

The spectra of the compounds were recorded over narrow ranges which 

were so chosen to supply the i n f o r m a t i o n sought. The b i n d i n g energy of 

the i r o n 2p l e v e l s , halogen p l e v e l s and carbon Is l e v e l were recorded 

f o r a l l compounds. Phosphorus 2p l e v e l s and f l u o r i n e I s l e v e l s were 

recorded f o r the hexafluorophosphate s a l t s . The i r o n +1 compounds had 

Fe2p l e v e l s w i t h lower bi n d i n g energies than the i r o n +2 compounds. There 

was only a very marginal d i f f e r e n c e between the two i r o n +1 compounds but 

t e t r a k i s ( i r - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) had a lower bi n d i n g energy 

than b i s ( r t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) . I f , however, the b i n d i n g 

energy of the C. l e v e l of the n-cyclopentadienyl l i g a n d was assumed to 
X. s 

remain constant and a l l l e v e l s measured r e l a t i v e to the n-cyclopentadienyl 

C^s l e v e l the order was reversed. Bis( Jt-cyclopentadienyldicarbonyl 

i r o n ( l ) ) would be expected to have lower Fe 2p binding energy than 

te t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y 1 i r o n ( l ) ) since the former compound 

has two carbon monoxide ligands per i r o n atom w h i l s t the l a t t e r only has 

one carbon monoxide l i g a n d per i r o n atom. The assumption t h a t the 

it-cyclopentadienyl l i g a n d C. l e v e l remains constant also enables a 
J. s 

s a t i s f a c t o r y explanation f o r the observed l e v e l s of the carbon 

monoxide li g a n d s . The binding energy of the carbon monoxide C. l e v e l 
J. s 

would be expected to increase as the l i g a n d progressed along the s e r i e s , 

monodentate, bidentate and f i n a l l y t r i d e n t a t e . There would also be a 

l a r g e r d i f f e r e n c e i n b i n d i n g energies between mono and b i d e n t a t e than 

between b i and t r i d e n t a t e t h i s f o l l o w s the p a t t e r n observed f o r the 

frequency s h i f t s of the carbonyl absorptions i n the i n f r a r e d spectra. 
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The spectra of the i r o n +2 compounds are reported i n Table 7.2; the 

binding energy of the C. l e v e l of the n-cyclopentadienyl l i g a n d has been 
J. s 

assumed to remain constant and d i f f e r e n c e s i n the binding energies of the 

e l e c t r o n l e v e l s are not absolute. This i s not important to chemists since 

they are u s u a l l y p r i m a r i l y i n t e r e s t e d i n s h i f t s which can be i n t e r p r e t e d 
as changes i n e l e c t r o n d i s t r i b u t i o n s . 

3/2 
The 2p l e v e l of the i r o n atom i n the rt-cyclopentadienyldicarbonyl 

i r o n ( l l ) h a l i d e s ( c h l o r i d e , bromide and i o d i d e ) had a b i n d i n g energy of 

712*5 eV (+ 0*1V) w i t h a h a l f - w i d t h of 1*4-1 -5 eV. The C, l e v e l — I s 
a t t r i b u t e d t o the carbon monoxide l i g a n d was w i t h i n 0*2eV f o r the three 

compounds, and had a h a l f width of 1*4-1*5 eV. I n the case of the rt-

cyclopentadienyldicarbonyl iron-|j,-halogeno it- c y c l o p e n t a d i e n y l d i c a r b o n y l 
3/2 

i r o n hexafluorophosphates (halogeno= c h l o r o , bromo and iodo) the i r o n 2p 

l e v e l has a b i n d i n g energy which increases as the halogens atomic weight 

increases. Arguments based on e l e c t r o n e g a t i v i t y would p r e d i c t s h i f t s 

which are i n the opposite d i r e c t i o n t o those observed. The b i n d i n g 

energy w i l l r e f l e c t the amount of sigma donation from the halogen, the 

more sigma e l e c t r o n density donated to the i r o n atom the lower the b i n d i n g 

energy. The ( j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) ) monocation would be 

expected to be a s o f t a c i d i . e . one which has r e a d i l y p o l a r i s a b l e e l e c t r o n 

clouds. Soft acids i n t e r a c t more s t r o n g l y w i t h s o f t bases than w i t h hard 

bases. I o d i d e would be c l a s s i f i e d as a s o f t e r base than bromide which i n 

t u r n i s a s o f t e r base than c h l o r i d e . .The product of two n-cyclopentadienyl-

dicarbonyl i r o n ( l l ) cations i n t e r a c t i n g w i t h a h a l i d e would, t h e r e f o r e , 

be expected to give the most st a b l e product when the h a l i d e was i o d i d e . 

The thermal s t a b i l i t i e s of these compounds show an increase w i t h i n c r e a s i n g 

atomic weight of the h a l i d e . The e l e c t r o n d e n s i t y at the i r o n atom i n the 
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s l e v e l s would t h e r e f o r e be expected t o increase on going from c h l o r i d e to 

i o d i d e , and t h i s i s confirmed by the ~*̂ Fe Mossbauer stu d i e s . The above 

argument would also suggest t h a t the binding energies of the i r o n atom 

should decrease on going from c h l o r i d e to i o d i d e . The XPS of the i r o n 2p 

l e v e l s w i l l also be a l t e r e d by the amount of back donation to the halogen 

atom, "^Fe Mossbauer s h i f t s however are only i n f l u e n c e d very m a r g i n a l l y 

by a l t e r a t i o n s i n e l e c t r o n density i n l e v e l s other than s o r b i t a l s . An 

increase i n the b i n d i n g energy of a l e v e l i n d i c a t e s removal of e l e c t r o n 

density from t h a t l e v e l . Therefore an increase i n the b i n d i n g energy 

of the i r o n 2p l e v e l s observed f o r the [(ir-C 5H 5)Fe(CO) 2] 2 X + (X = CI, Br 

and I ) cations i s c o n s i s t e n t w i t h i o d i d e being the best p i acceptor, and 

c h l o r i d e being the poorest p i acceptor. An a l t e r n a t i v e explanation f o r the 

observed i r o n 2p b i n d i n g energies i n these compounds i s given below. 

Consider t h a t the e l e c t r o n density at the i r o n atoms and h a l i d e atoms 

remain constant 

CI I 
qFe = qFe 

h a l h a l 

The observed binding energy B i s given by equations (1) and ( 2 ) 
CI 

Fe " k q F e " 7 1 ^ ( 1 ) 

I 
n l - i 1 q h a l , 0. 
Fe = k q F e " TTe^T ( 2 ) 

where k i s a constant and r i s the i n t e r n u c l e a r distance 

• A = R C 1 tt1 - C 1 » I ( 1 1 >, 
Fe ~ Fe ~ q h a l ^ r Fe-Cl " r Fe-I ; 
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The i n t e r n u c l e a r distance would be l a r g e s t f o r the i o d i d e r e s u l t i n g i n A 

which i s negative. 

The bi n d i n g energies of the halogen atoms are observed to increase on 

going from the rt-cyclopentadienyldicarbonyl i r o n ( l l ) h a l i d e t o the 

corresponding it-cyclopentadienyldicarbonyl iron-p,-halogeno it-cyclopenta-

d i e n y l d i c a r b o n y l i r o n hexafluorophosphate, which i s consistent w i t h the 

i n t r o d u c t i o n of a p o s i t i v e charge. The b i n d i n g energy of the c h l o r i n e 

atom i n n-cyclopentadienyldicarbonyl iron-p,-chloro rt-cyclopentadienyl­

dicarbonyl i r o n hexafluorophosphate when compared w i t h the c h l o r i n e atom 

i n c h l o r i n a t e d methanes (123) i s consistent w i t h the c h l o r i n e c a r r y i n g 

some o v e r a l l negative charge, although somewhat reduced from t h a t which 

the c h l o r i n e atom i n it-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e 

c a r r i e s . An examination of the carbon I s l e v e l of the carbon monoxide 

ligands of the rt-cyclopentadienylcarbonyl iron-p,-halogeno rt-cyclopenta­

d i e n y l d i c a r b o n y l i r o n ( l l ) cations shows decrease i n bin d i n g energy w i t h 

i n c r e a s i n g atomic number of the halogen. This i s consistent w i t h the 

carbon monoxide donating more e l e c t r o n density when associated w i t h the 

more e l e c t r o n e g a t i v e halogen. The carbon monoxide ligands are most 

t i g h t l y bound i n the rt-cyclopentadienyldicarbonyl i r o n ( l l ) c h l o r i d e . 

Examination of the t e t r a k i s ( r t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) 

compounds shows only marginal increases i n b i n d i n g energies on o x i d a t i o n 

to the monocation. The increases observed are w i t h i n experimental e r r o r 

(+ 0*25 eV) and are intermediate between the i r o n +1 and i r o n +2 

compounds discussed p r e v i o u s l y . There would only be expected marginal 

changes since one e l e c t r o n i s being removed from four i r o n atoms (.^Fe 

Mossbauer studies show t h a t a l l the four i r o n atoms are e q u i v a l e n t ) . 

T y p i c a l spectra are given i n Spectra 7.1-7.8. 
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Spectrum number 7 .7 ; 
| DC5H5)Fe(GO)J4 ; 

A 

I 

At!Sf f r i f v. 

a 

Fe 2P^ C 1S 

l 
526 532 539 545 967 970 

E L E C T R O N V O L T S 1*> 



i 167 

rn 

CM 

CVJ 

ST oo I 1 

y 
0 LL LU E 

LU 
L0 

CO L0 y to 
I I 

CM 

i n 

CO 

CVJ 

0 LL oo 
CM 
ID 

J 
31VH INflOO 



168. 

7.2. Fe Mossbauer Spectroscopy 

7.2.1. I n t r o d u c t i o n 

The Nobel p r i z e i n P h y s i c s f o r 1961 was awarded t o R.L. Mossbauer 

f o r h i s d i s c o v e r y o f t h e r e c o i l e s s e m i s s i o n o f y r a y s and t h e i r r e s o n a n t 

r e a b s o r p t i o n . T h i s t e c h n i q u e i s now u n i v e r s a l l y known as Mossbauer 

Spectroscopy. D u r i n g t h e p a s t decade Mossbauer s p e c t r o s c o p y has p l a y e d 

an i n c r e a s i n g l y i m p o r t a n t r o l e i n many d i v e r s e a r e a s o f c h e m i s t r y . The 

Mossbauer e f f e c t has been observed f o r a t l e a s t 32 elements and has been 

p r e d i c t e d f o r a f u r t h e r 17 ele m e n t s . There i s no Mossbauer e f f e c t i n 

elements w i t h a t o m i c number l e s s t h a n 26 e x c e p t f o r p o t a s s i u m , however, 

Mossbauer n u c l e i can be used as ' o b s e r v e r s ' o f a c h e m i c a l e n v i r o n m e n t 

c o m p r i s i n g n o n - a c t i v e e l e m e n t s . 

I n f o r m a t i o n o f c h e m i c a l s i g n i f i c a n c e has been o b t a i n e d f r o m about 

t w e l v e Mossbauer n u c l e i . W e l l over 1000 compounds have been i n v e s t i g a t e d 

o f w h i c h h a l f have been compounds o f i r o n and one t h i r d a r e compounds o f 

t i n . 

The a p p l i c a t i o n o f Mossbauer s p e c t r o s c o p y t o c h e m i s t r y depends on 

h y p e r f i n e i n t e r a c t i o n s between the n u c l e a r energy l e v e l s . These i n t e r ­

a c t i o n s g i v e r i s e t o c h e m i c a l s h i f t s , 6, q u a d r u p o l e s p l i t t i n g s , A, and 

ma g n e t i c h y p e r f i n e Zeeman s p l i t t i n g s . These e f f e c t s can be observed i n 

Mossbauer s p e c t r o s c o p y s i n c e t h e energy q u a n t a can be measured e x t r e m e l y 

p r e c i s e l y . The gamma r a y has an energy p r e c i s i o n d e t e r m i n e d s o l e l y by t h e 

He i s e n b e r g U n c e r t a i n t y P r i n c i p l e . I f t h e e x c i t e d s t a t e energy l e v e l has 

a l i f e t i m e o f t and an energy E , t h e u n c e r t a i n t y i n t h e gamma r a y energy 

AE i s g i v e n by 
Y 

t . AE > h 
Y 
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Thus f o r "^Fe w i t h a l i f e t i m e o f 10 ^ sec and an energy o f 14*4 KeV, t h e 
12 

p r e c i s i o n o f t h e energy i s E /AE =- 10 . These Mossbauer l i n e s a r e a t 
v y 

9 
l e a s t 10 t i m e s s h a r p e r than a t y p i c a l i n f r a r e d l i n e i n t h e gas phase. I n 
p r a c t i c e i t i s i m p o s s i b l e t o measure t h e a b s o l u t e energy o f t h e gamma r a y 

t o b e t t e r t h a n 1 p a r t i n 10"*, b u t r e l a t i v e e n e r g i e s can be measured t o 1 
12 

p a r t i n 10 . T h i s i s a c h i e v e d by m o d u l a t i n g t h e energy o f t h e y r a y s by 
-12 

moving t h e source r e l a t i v e t o t h e ab s o r b e r by 10 o f t h e speed o f l i g h t , 

i . e . by about 1 mm/sec. The e x p e r i m e n t a l t e c h n i q u e c o n s i s t s o f moving t h e 

•y r a y source r e l a t i v e t o t h e a b s o r b e r , t h e spectrum c o n s i s t i n g o f a p l o t 

o f v r a y cou n t s a g a i n s t r e l a t i v e v e l o c i t y o f source towards a b s o r b e r . A t 

some v e l o c i t y t h e r e i s a r e s o n a n t - a b s o r p t i o n and t h e count r a t e d e c r e a s e s . 

I n o r d e r t o use Mossbauer s p e c t r o s c o p y a knowledge o f t h e e l e c t r o n -

n u c l e a r h y p e r f i n e i n t e r a c t i o n s i s nec e s s a r y . The c h e m i c a l s h i f t , &, 

depends on t h e f a c t t h a t n u c l e a r energy l e v e l s depend m i n u t e l y on t h e 

che m i c a l e n v i r o n m e n t o f t h e n u c l e u s . The r a d i u s o f t h e n u c l e u s i s 

d i f f e r e n t i n t h e e x c i t e d and ground s t a t e s and u s i n g F i r s t Order 

p e r t u r b a t i o n t h e o r y t h e c h e m i c a l s h i f t can be shown t o be g i v e n by 

e q u a t i o n ( l ) . 
5 = c o n s t a n t . ^ . &/Y 0/ 2 — 0) 

r s 

where & i s t h e c h e m i c a l s h i f t 

Art „ 2 2 c o n s t a n t = — Ze r 5 
6r = r a d i u s o f e x c i t e d - r a d i u s o f ground s t a t e 

2 
&/Y 0/ i s t h e change i n S e l e c t r o n d e n s i t y a t the n u c l e u s i n g o i n g s 

f r o m t h e source t o t h e a b s o r b e r . When o r / r i s p o s i t i v e a p o s i t i v e 

c h e m i c a l s h i f t c o r responds t o an i n c r e a s e i n s e l e c t r o n d e n s i t y a t t h e 

nu c l e u s c o n v e r s e l y when 6 r / r i s n e g a t i v e a p o s i t i v e c h e m i c a l s h i f t 
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c o r r e s p o n d t o a decrease i n s e l e c t r o n d e n s i t y a t t h e n u c l e u s . Steady 

t r e n d s w i t h e l e c t r o n e g a t i v i t y a r e f r e q u e n t l y o bserved. Changes i n v a l e n c y 

a l s o cause changes i n t h e e f f e c t i v e s e l e c t r o n d e n s i t y a t t h e n u c l e u s , 

t h i s i s shown v e r y s t r o n g l y by t i n . T i n i n t h e +2 and +4 o x i d a t i o n s t a t e s 

has an e l e c t r o n i c s t r u c t u r e 5s^ and 5s°, r e s p e c t i v e l y , and on g o i n g f r o m 

a S n ( l l ) compound t o a S n ( l V ) compound a v e r y remarked r e d u c t i o n i n s 

e l e c t r o n d e n s i t y i s ob s e r v e d . For "^Fe o r / r i s n e g a t i v e thus an i n c r e a s e 

i n c h e m i c a l s h i f t s i g n i f i e s a decrease i n s e l e c t r o n d e n s i t y . A l t h o u g h 

h i g h s p i n i r o n compounds show c h e m i c a l s h i f t s dependent on i t s o x i d a t i o n 

s t a t e low s p i n i r o n compounds have c h e m i c a l s h i f t s w h i c h t e n d t o be 

inde p e n d e n t o f o x i d a t i o n s t a t e f r o m -2 t o +2. T h i s i s due t o t h e f a c t 

t h a t i n a l o w s p i n e n v i r o n m e n t t h e c e n t r a l i r o n atom tends towards charge 

n e u t r a l i t y i n d e p e n d e n t l y o f i t s f o r m a l o x i d a t i o n s t a t e . W i t h complexes 

c o n t a i n i n g n-bonding l i g a n d s , t h e n-back-bonding d e - s h i e l d s t h e n u c l e u s 

by removing d e l e c t r o n s , hence t h e s t r o n g e s t it bonder has t h e h i g h e s t s 

e l e c t r o n d e n s i t y a t t h e n u c l e u s and t h e s m a l l e s t c h e m i c a l s h i f t . 

I f t h e n u c l e u s i s n o t s p h e r i c a l ( a s assumed p r e v i o u s l y ) any n u c l e a r 

s t a t e w i t h a s p i n I > Jr has a q u a d r u p o l e moment, Q, whi c h can a l i g n 

i t s e l f e i t h e r p a r a l l e l o r p e r p e n d i c u l a r t o an e l e c t r i c f i e l d g r a d i e n t . 
57 3 For Fe t h e e x c i t e d s t a t e has I = —, and the ground s t a t e has I = \ 

hence two l i n e s a r e obs e r v e d . Some s p e c t r a o f "^Fe compounds do n o t show 

a q u a d r u p o l e s p l i t t i n g , t h i s i s due t o t h e f a c t t h a t t h e r e i s no e l e c t r i c 
57 

f i e l d g r a d i e n t a t t h e Fe n u c l e u s i . e . t h e r e i s i d e n t i c a l e l e c t r o n 

d e n s i t y i n the x, y and z d i r e c t i o n s . The u s u a l method o f d e t e r m i n i n g 

t h e d i r e c t i o n o f t h e e l e c t r i c f i e l d g r a d i e n t i s by the a p p l i c a t i o n o f a 
3 

e x t e r n a l m a g n e t i c f i e l d , a l t h o u g h t h e l i n e due t o m = + — i s sometimes 

broadened by magne t i c i n t e r a c t i o n s t h u s e n a b l i n g t h e d e t e r m i n a t i o n o: t h e 

l i n e a s s o c i a t e d w i t h t h i s s u b s t a t e . 
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The t h i r d and l a s t m a j o r t y p e o f e l e c t r o n - n u c l e a r h y p e r f i n e 

i n t e r a c t i o n s t h a t can be s t u d i e d by Mossbauer i s h y p e r f i n e Zeeman 

s p l i t t i n g o f t h e n u c l e a r energy l e v e l s i n a m a g n e t i c f i e l d . Each l e v e l o f 

s p i n quantum number I w i l l s p l i t i n t o ( 2 1 + 1) s u b l e v e l s and a change i n 

quantum number o f 0 o r + 1 i s o n l y a l l o w e d . For "^Fe t h e ground s t a t e has 

I = and t h e e x c i t e d s t a t e has I = —, t h e energy l e v e l diagram i s g i v e n 

i n F i g u r e 7.4. I f i n t h e m a g n e t i c a l l y p e r t u r b e d spectrum t h e s p a c i n g o f 

t h e h i g h e s t v e l o c i t y p a i r o f l i n e s i s g r e a t e r t h a n t h e s p a c i n g o f t h e 

l o w e s t v e l o c i t y p a i r o f l i n e s , t h e s i g n o f t h e e l e c t r i c f i e l d g r a d i e n t 
3 

i s such t h a t i t r a i s e s t h e + l e v e l s . 

"^Fe Mossbauer s t u d i e s were p r o v i d e d by the P.C.M.U., H a r w e l l and 

the a u t h o r would l i k e t o thank Dr. Johnson and Dr. Dale f o r t h e i r 

a s s i s t a n c e . The computer programme f o r t h e c a l c u l a t i o n o f parameters o f 

the m a g n e t i c a l l y p e r t u r b e d s p e c t r a was w r i t t e n by Dr. B. Dale and i s t o 

be p u b l i s h e d s h o r t l y . 

7.2.2. R e s u l t s and D i s c u s s i o n 

"^Fe Mossbauer s t u d i e s o f the i t - c y c l o p e n t a d i e n y l compounds a r e 

r e c o r d e d i n Tab l e 7.3. A l l t h e compounds had q u a d r u p o l e s p l i t s p e c t r a 

c o n s i s t e n t w i t h n o n - s y m m e t r i c a l o c t a h e d r a l symmetry about t h e i r o n atom. 

An e x a m i n a t i o n o f b i s ( n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) and i t s 

p r o t o n a t e d s a l t s shows t h a t on p r o t o n a t i o n a p o s i t i v e c h e m i c a l s h i f t i s 

observed w h i c h i n d i c a t e s a decrease i n s e l e c t r o n d e n s i t y . The h a l f -

w i d t h s o f the a b s o r p t i o n s a r e about 0*25 mm/sec w h i c h i s c o n s i s t e n t w i t h 

a s i n g l e t r a t h e r t h a n an u n r e s o l v e d d o u b l e t , no i n c r e a s e i n w i d t h o c c u r r e d 

on c o o l i n g . Herber e t a l ( 1 2 4 ) s t u d i e d t h e Mossbauer s p e c t r a o f 51 

o r g a n o - i r o n compounds and c a l c u l a t e d t h e p a r t i a l isomer s h i f t s f o r v a r i o u s 
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l i g a n d s . They concluded t h a t l i g a n d s w h i c h donate a l o n e p a i r o f e l e c t r o n s 

t o t h e i r o n atom make o n l y a v e r y m i n o r c o n t r i b u t i o n t o t h e isomer s h i f t . 

Hence s u b s t i t u t i o n o f one e l e c t r o n p a i r donor by a n o t h e r w i l l n o t always 

s i g n i f i c a n t l y a l t e r t h e resonance o f t h e i r o n atom. T h i s has been v e r y 

c l e a r l y d e m o n s t r a t e d by C a r t y e t a l ( 1 2 5 ) who examined t h e "^Fe Mossbauer 

s p e c t r a o f t h e complex [ ( n - C ^ H ^ F e ^ C O ^ l ^ h ^ P C C P P t ^ and found t h a t 

the two i r o n atoms were i d e n t i c a l . However a d d i t i o n o f a p r o t o n t o 

c a r b o n y l i r o n a n i o n s i s n o r m a l l y accompanied by s i g n i f i c a n t changes i n t h e 

isomer s h i f t and q u a d r u p o l e s p l i t t i n g ( 1 2 6 ) . "^Fe Mossbauer s t u d i e s o f 

numerous low s p i n i r o n ( l l ) complexes were examined by B a n c r o f t e t a l 

( 1 2 7 ) who c a l c u l a t e d t h e p a r t i a l c e n t r e s h i f t and p a r t i a l q u a d r u p o l e 

s p l i t o f s e v e r a l o f t h e more common l i g a n d s . A c o r r e l a t i o n between t h e 

p a r t i a l c e n t r e s h i f t and t h e l i g a n d f i e l d s t r e n g t h was deduced and f o u n d 

t o h o l d f o r a l l t h e cases examined. A l l t h e s e s t u d i e s were c a r r i e d o u t 

a t 295°K b u t t h i s t e c h n i q u e c o u l d be a p p l i e d t o r e s u l t s o b t a i n e d a t any 

t e m p e r a t u r e p r o v i d e d a s u f f i c i e n t number o f compounds have been examined. 

I n t h e i t - e y e l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) h a l i d e s ( h a l i d e = 

c h l o r i d e , bromide o r i o d i d e ) t h e s e l e c t r o n d e n s i t y i s l e s s than i n t h e 

b i s ( j t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) compounds me n t i o n e d p r e v i o u s l y 

and t h e s e l e c t r o n d e n s i t y i n c r e a s e s as the e l e c t r o n e g a t i v i t y o f t h e 

h a l i d e decreases as e x p e c t e d . The i t - c y c l o p e n t a d i e n y l d i c a r b o n y l iron-|jL-

h alogeno i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n compounds ( h a l o g e n o = c h l o r o , 

bromo o r i o d o w i t h t h e e x c e p t i o n o f t h e t e t r a c h l o r o b o r a t e s a l t ( w h i c h w i l l 

be discussed l a t e r ) show a f u r t h e r decrease i n s e l e c t r o n d e n s i t y and a 

s i m i l a r t r e n d w i t h e l e c t r o n e g a t i v i t y o f t h e h a l o g e n as o b served p r e v i o u s l y . 

The h a l f w i d t h o f t h e a b s o r p t i o n bands a r e 0*25 mm/sec a t room 
o 

t e m p e r a t u r e b u t on c o o l i n g t o 1*3 K some b r o a d e n i n g has o c c u r r e d . The 



T a b l e 7.3 

Fe Mossbauer Data 

Compound Temp. 
( K ) 

* 
Isomer S h i f t 

(mm/s) 

Quadrupole 
S p l i t t i n g 

(mm/s) 

Widths a t 
h a l f h e i g h t 

(mm/s) 

[ ( j t - C 5 H 5 ) F e ( C O ) 2 ] 2 78 0»47 1*91 

[ ( r t - C 5 H 5 ) F e ( C O ) 2 ] 2 78 0*46 1*89 

[ U - C 5 H 5 ) F e ( C O ) 2 ] 2 H + B C 1 A " 300 
4*2 

0'49 
0»60 

1*87 
1*90 

0*25 
0*25 

[ ( r t - C 5 H 5 ) F e ( C O ) 2 ] 2 H + P F 6 " 300 
4*2 

0*47 
0*55 

1*82 
1*83 

0*25 
0*25 

( r t - C 5 H 5 ) F e ( C O ) 2 C l 300 0*51 1*86 0-29 

( j t - C 5 H 5 ) F e ( C O ) 2 B r 300 0*52 1*85 0*20 

( n - C 5 H 5 ) F e ( C O ) 2 I 300 0-49 1»83 0*21 

[ ( i t - C 5 H 5 ) F e ( C O ) 2 ] 2 C l + B C l 4 " 300 
4*2 

0*50 
0*60 

1*86 
1*93 

0«25 
0*29 

[ ( J I - C 5 H 5 )Fe(CO) 2 ] 2 C 1 + P F 6 " 300 
1*3 

0*58 
0*67 

1*90 
1*97 

0'24 
0*29 

[ ( j t - C 5 H 5 ) F e ( C O ) 2 l 2 B r + P F 6 " 300 
1'3 

0*55 
0*63 

1*76 
1*96 

0*25 
0-29 

[ U - C . H j F e ( C O ) J 0 I + P F ~ 5 5 2 2 6 300 
1*3 

0«53 
0*62 

1'64 
1*83 

0»27 
0*30 

[ ( i r - C 5 H 5 ) F e ( C O ) ] 4 78 
77 
1'4 

0*52 
0*50 
0«52 

1*71 
1'78 
1*80 

0*31 
0'48 

[ ( n - C 5 H 5 ) F e ( C O ) ] 4
+ P F 6 " 1-7 0*53 1*43 0*28 

[ ( i r - C c H c ) F e ( C O ) ] . i n H„SO. 5 5 4 2 4 1*8 0»42 1*53 0»28 

[ ( n - C 5 H 5 ) F e ( C O ) ] 4 i n CH SO H 1*7 0*42 1*56 0*33 

[ ( r t - C 5 H 5 ) F e ( C O ) ] 4 i n CF3COOH 1*8 0*47 I'll 0*28 

r e l a t i v e t o sodium n i t r o p r u s s i d e 
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b r o a d e n i n g may be due t o t h e f a c t t h a t t o o b t a i n a t e m p e r a t u r e o f 1*3 K 

l i q u i d h e l i u m i s b o i l e d o f f under vacuo i n t r o d u c i n g pump v i b r a t i o n s and 

a l s o r e d u c i n g t h e t i m e f o r c o l l e c t i n g d a t a . T h i s i n t e r p r e t a t i o n w o u ld 

seem t o be t h e most l i k e l y s i n c e t h e XPS t e c h n i q u e f a i l e d t o show any 

v a r i a t i o n i n t h e h a l f - w i d t h s o f t h e s i g n a l s o b t a i n e d . The "^Fe Mossbauer 

s p e c t r a o f t h e samples were r e c o r d e d a t low t e m p e r a t u r e s i n o r d e r t o 

reduce t h e p o s s i b i l i t y o f t h e s i t u a t i o n where t h e b r i d g i n g atom i s 

o s c i l l a t i n g between t h e two i r o n atoms i . e . s t r u c t u r e s V t o V I I I shown 

on page 72. The r a t e o f a r e a c t i o n was g i v e n by A r r h e n i u s as 

l o g 1 ( ) K = l o g 1 ( ) A - E/2-303RT 

where K. i s t h e r a t e c o n s t a n t ; A i s t h e p r e - e x p o n e n t i a l f a c t o r ; E i s t h e 

a c t i v a t i o n energy. 

Since i n t h e "^Fe Mossbauer s p e c t r a we do n o t see two d i f f e r e n t i r o n 

atoms a t 1*4°K, t h e r a t e o f exchange o f t h e c h l o r i n e atom from one atom 

t o t h e o t h e r must be a t l e a s t 10^ ( i , e . r e c i p r o c a l o f t i m e s c a l e o f ~^Fe 

Mossbauer) o r f a s t e r , A t room t e m p e r a t u r e we do n o t see an a b s o r p t i o n 

band c h a r a c t e r i s t i c o f a i r o n c h l o r i n e t e r m i n a l s t r e t c h , so t h a t i f 
12 

exchange i s o c c u r r i n g i t must be slower t h a n 10 ( i . e . r e c i p r o c a l o f 

t i m e s c a l e o f i n f r a r e d ) . I f we s u b s t i t u t e t h e se r a t e s and t e m p e r a t u r e s 

i n t o t h e A r r h e n i u s Rate e q u a t i o n we c a l c u l a t e an a c t i v a t i o n energy E o f 

35 c a l o r i e s . A c t i v a t i o n e n e r g i e s o f s i m i l a r t y p e s o f r e a c t i o n c o u l d n o t 

be found i n the l i t e r a t u r e . I n cases o f e l e c t r o n t r a n s f e r and l i g a n d 

exchange a l l had a c t i v a t i o n e n e r g i e s o f t h e o r d e r o f s e v e r a l k i l o c a l o r i e s . 

I t i s t h e r e f o r e a r e a s o n a b l e assumption t h a t t h e t r a n s f e r o f t h e c h l o r i n e 

atom f r o m one i r o n atom t o t h e o t h e r would have an a c t i v a t i o n energy o f 

g r e a t e r t h a n 35 c a l o r i e s . I t i s t h e r e f o r e most u n l i k e l y t h a t t h e c h l o r i n e 

atom i s n o t a s s o c i a t e d w i t h b o t h i r o n atoms. 



The s p e c t r u m o f t h e T T - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n - ^ - c h l o r o 

n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n t e t r a c h l o r o b o r a t e i s v e r y s i m i l a r t o 

t h a t r e c o r d e d f o r t h e T T - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( I I ) c h l o r i d e and 

t h e r e i s a s t r o n g p o s s i b i l i t y t h a t by t h e t i m e t h a t t h e spectrum had been 

r e c o r d e d t h e sample had decomposed a c c o r d i n g t o t h e e q u a t i o n : 

At room t e m p e r a t u r e b o r o n t r i c h l o r i d e i s e v o l v e d s l o w l y f r o m t h e t e t r a ­

c h l o r o b o r a t e , and i n vacuo T T - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) c h l o r i d e 

i s r e a d i l y formed. 

T e t r a k i s ( T T - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) has a c h e m i c a l s h i f t 

w h i c h i n d i c a t e s a l o w e r s e l e c t r o n d e n s i t y a t t h e i r o n n u c l e u s t h a n t h a t 

o b s e r v e d f o r b i s ( T T - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l ) ) . The a b s o r p t i o n s 

a t 1,4°K a r e v e r y b r o a d and a r e almost c e r t a i n l y due t o i n s t r u m e n t a l 

b r o a d e n i n g . I n s t r u m e n t a l b r o a d e n i n g i s shown by t h e l i n e shape h a v i n g a 

v e r y l a r g e Gaussian component, i n s t e a d o f a p r e d o m i n a n t l y L o r e n z i a n shape. 

On f o r m i n g t h e t e t r a k i s ( T T - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) c a t i o n a s l i g h t 

r e d u c t i o n i n s e l e c t r o n d e n s i t y was o b s e r v e d . I n an a t t e m p t t o d e t e r m i n e 

i f each o f t h e i r o n s i t e s i n t h e t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) 

c a t i o n were e q u i v a l e n t o r i f one i r o n atom was d i f f e r e n t f r o m t h e o t h e r t h r i 

i r o n atoms t h e "^Fe Mossbauer spectrum was r e c o r d e d i n t h e p r e s e n c e o f 

an e x t e r n a l m a g n e t i c f i e l d . Theory p r e d i c t s t h a t s i x a b s o r p t i o n s s h o u l d 

be seen f o r each i r o n atom i n a d i f f e r e n t e n v i r o n m e n t . I n t h e case o f t h e 

t e t r a m e r i c compound, t h e r e f o r e e i t h e r a s i n g l e s e x t u p l e t o r a s e x t u p l e t 

o f i n t e n s i t y t h r e e and s e x t u p l e t o f i n t e n s i t y one superimposed on each 

o t h e r s h o u l d be o b s e r v e d . The f a c t t h a t t h e s pectrum was r e c o r d e d on a 

powder n e c e s s i t a t e s c o m p u t a t i o n s i n c e a l l p o s s i b l e o r i e n t a t i o n s o f t h e 

c r y s t a l s w i t h r e s p e c t t o t h e a p p l i e d m a g n e t i c f i e l d w i l l be p r e s e n t . The 

+ [ ( n - C c H c ) F e ( C 0 ) o ] o C l n B C l 2(TT-C.H.)Fe(C0)„Cl + BC1 
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computer f i t was c a r r i e d o u t by Dr. B. Dale and t h e r e s u l t s a r e p r e s e n t e d 

i n T able 7.4. B o t h t h e h e p t a i o d i d e and h e x a f l u o r o p h o s p h a t e s a l t s 

e x h i b i t e d l i n e s o f 0.305 and 0.287 mm sec-''" h a l f w i d t h r e s p e c t i v e l y , 

s l i g h t l y b r o a d e r than t h e 0.27 mm sec ^ n o r m a l l y observed f o r s p e c t r a o f 

t h i s t y p e . Ax, Ay and Az a r e t h e t h r e e d i r e c t i o n s i n space a t t h e ̂ ^Fe 

n u c l e u s , a v a l u e o f about 0.4 i s e x p e c t e d f o r a d i a m a g n e t i c m a t e r i a l . The 

s l i g h t d e v i a t i o n f r o m 0.4 observed i s c o n s i s t e n t w i t h an i n t e r n a l m a g n e t i c 

f i e l d a c t i n g i n o p p o s i t i o n t o t h e a p p l i e d m a g n e t i c f i e l d . The f a c t t h a t 

Az i s d i f f e r e n t f r o m Ax and Ay i n d i c a t e a s m a l l asymmetric o r b i t a l component. 

The asymmetry p a r a m e t e r i s v e r y s m a l l i n d i c a t i n g t h a t t h e symmetry around t h e 

i r o n atom i s t h r e e o r f o u r f o l d . The e v i d e n c e s u p p o r t s a l l t h e i r o n atoms 

b e i n g e q u i v a l e n t o r v e r y n e a r l y so. 

The m a g n e t i c a l l y p e r t u r b e d spectrum o f t e t r a k i s ( i t - c y c l o p e n t a d i e n y l -

c a r b o n y l i r o n ( l ) ) i n t r i f l u o r o a c e t i c a c i d showed t h a t a l l t h e i r o n atoms 

were d i a m a g n e t i c and were e q u i v a l e n t . The h a l f w i d t h o f 0.25 mm sec ^ 

was v e r y narrow and v a l u e s f o r Ax, Ay and Az were 0.404. The v e r y s m a l l 

asymmetry parameter showed t h a t t h e symmetry about t h e i r o n atom was 

e i t h e r t h r e e o r f o u r f o l d . 

For t h e s o l u t i o n s o f t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) i n 

s u l p h u r i c , m e t h a n e s u l p h u r i c and t r i f l u o r o a c e t i c a c i d s ( t a b l e 7.3) t h e 

most i n t e r e s t i n g f e a t u r e was t h e isomer s h i f t . The isomer s h i f t i n d i c a t e d 

a g r e a t e r S e l e c t r o n d e n s i t y a t t h e "^Fe n u c l e u s t h a n t h a t o b s e r v e d i n any 

o f t h e o t h e r _ t B t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ) compounds. 

The a p p l i c a t i o n o f Group Theory t o a t e t r a h e d r o n o f f o u r atoms r e s u l t s 

i n t h e g e n e r a t i o n o f t h e f o l l o w i n g m o l e c u l a r o r b i t a l s . 

4 f a c e b o n d i n g symmetry 

6 edge bo n d i n g symmetry 

8 f a c e a n t i - b o n d i n g symmetry 

6 edge a n t i - b o n d i n g symmetry 

A l + T 2 
A1 + E + T 2 

E + T x + T 2 

T + T 
I 2* 
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A c c o r d i n g t o t h e t h e o r y o f a s c e n d i n g symmetry t h e energy o f t h e o r b i t a l s 

w i l l be A^ < E < T^ < T,,. The d e t a i l e d scheme o f t h e p o s i t i o n o f o r b i t a l s 

i n t h e o v e r a l l b o n d i n g scheme i s n o t known b u t i n g e n e r a l t h e f a c e b o n d i n g 

o r b i t a l s w i l l have lower energy t h a n t h e edge bo n d i n g o r b i t a l s w h i c h i n 

t u r n have l o w e r energy t h a n the f a c e a n t i - b o n d i n g o r b i t a l s . The edge 

a n t i - b o n d i n g o r b i t a l s w i l l have t h e h i g h e s t energy. I f we c o n s i d e r o n l y 

t h e f o u r i r o n atoms i n t h e + 1 o x i d a t i o n s t a t e and t h e f o u r c a r b o n y l l i g a n d s 

we have 36 e l e c t r o n s ( 4 x 7 + 4 x 2 ) t o f i l l t h e a v a i l a b l e m o l e c u l a r 

o r b i t a l s . T h i s r e s u l t s i n t h e f a c e b o n d i n g o r b i t a l s , edge b o n d i n g o r b i t a l s 

and t h e f a c e a n t i b o n d i n g o r b i t a l s b e i n g f i l l e d l e a v i n g t h e edge a n t i b o n d i n g 

o r b i t a l s empty. 

On o x i d a t i o n o f t e t r a k i s ( n - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) t o t h e 

mo n o c a t i o n t h e e l e c t r o n w i l l be removed f r o m t h e h i g h e s t f i l l e d o r b i t a l i e 

an a n t i b o n d i n g o r b i t a l . I t i s w o r t h y o f r e c a l l i n g t h e symmetries o f t h e 

v a r i o u s o r b i t a l s a t t h i s p o i n t and t h e y a r e : 

S A l + T 2 

P A1 + E + 11 + 2 T 2 

d A x -I- 2E + 2T X + 3 T 2 

I t i s now c l e a r t h a t t h e f a c e b o n d i n g and a n t i - b o n d i n g o r b i t a l s have an 

i d e n t i c a l symmetry t o t h e P o r b i t a l s and hence a l t e r a t i o n s i n t h e e l e c t r o n 

d e n s i t y o f these o r b i t a l s w i l l n o t have much a f f e c t on t h e "*̂ Fe mossbauer 

parameters s i n c e t h e s e parameters a r e p r i m a r i l y a f f e c t e d by changes i n 

S e l e c t r o n d e n s i t y . P r o t o n a t i o n however w i l l be most l i k e l y t o o c c u r on 

t h e edges o f t h e t e t r a h e d r o n o f i r o n atoms due t o s t e r i c i n t e r a c t i o n s 

r e s t r i c t i n g t h e a v a i l a b i l i t y o f t h e f a c e s . P r o t o n a t i o n o f two o p p o s i t e edges 

w i l l cause t e t r a g o n a l d i s t o r t i o n by t h e l e n g t h e n i n g o f t h e i r o n i r o n bonds 

i n v o l v e d i n p r o t o n a t i o n and r e s u l t i n t h e complex h a v i n g a symmetry. 

P r o t o n a t i o n causes a r e d u c t i o n o f t h e back b o n d i n g i n t o t h e c a r b o n y l 
a n t i - b o n d i n g o r b i t a l s , t h e o v e r a l l e f f e c t i s one o f c a u s i n g an enlargement 
o f t h e f a c e s o f t h e t e t r a h e d r o n o f i r o n atoms. T h i s e n largement t h e n 
a l l o w s t h e b o n d i n g o r b i t a l s o f the f a c e t o r e p u l s e t h e f i l l e d S o r b i t a l s o f 
t h e i r o n atom w h i c h r e s u l t s i n t h e o b s e r v a t i o n o f an i n c r e a s e i n S e l e c t r o n 
d e n s i t y a t t h e "^Fe n u c l e u s . 
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CHAPTER 8 

FAR INFRARED SPECTRAL STUDIES 

8.1. I n t r o d u c t i o n 

The f a r i n f r a r e d spectra recorded over the r e g i o n 50-400 cm"^ were 

obtained using a Beckman-RIIC FS-720 I n t e r f e r o m e t e r . The i n t e r f e r o g r a m 

was recorded on e i g h t t r a c k paper tape and then analysed using the 

computer program given i n Appendix A. The computation was c a r r i e d out 

using the IBM 360/67 computer j o i n t l y owned by the U n i v e r s i t i e s of Durham 

and Newcastle upon Tyne. Graph p l o t s of the processed data were 

performed e x c l u s i v e l y using the IBM 1130 computer of Durham U n i v e r s i t y 

using a program supplied by Mr. B.R. Lander of the Durham U n i v e r s i t y 

Computer U n i t . The author expresses h i s thanks t o Mr. B.R. Lander f o r 

supplying the graph p l o t t i n g procedures. 

Fourier theory was developed by J.B.J. Fou r i e r (129) when working 

on the theory of heat transmission, however t h i s theory has found 

a p p l i c a t i o n s f a r beyond the boundaries of heat transmission. The 

a p p l i c a t i o n of Fourier theory t o spectroscopy dates back to the 

pioneering work of Michelson (128). Michelson discovered t h a t the 

i n t e r f e r e n c e p a t t e r n from a two beam i n t e r f e r o m e t e r , as a f u n c t i o n of 

the path d i f f e r e n c e between the two beams, i s the Fourier transform of 

the o p t i c a l power spectrum of the source i l l u m i n a t i n g the i n t e r f e r o m e t e r . 

The development of o p t i c a l detectors and e l e c t r i c a l data recording 

techniques overcame Michelson 1s problems a r i s i n g from the f a c t he had 

to observe the f r i n g e s v i s u a l l y and estimate the v i s i b i l i t y of them. 

I t i s only since the advent of modern computer technology ( i . e . over the 

l a s t f i f t e e n years) t h a t F o u r i e r transform spectroscopy has become a 

p r a c t i c a l technique f o r complicated spectra. 
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There have been a number of e x c e l l e n t papers w r i t t e n on the 

a p p l i c a t i o n of Four i e r theory to i n t e r f e r o m e t r i c spectroscopy i n the f a r 

i n f r a r e d , f o r example by Strong and Vanasse (130), Jacqunot (131) , 

Connes (132) and Genzel (133). The d e t a i l e d theory of Fourier transform 

spectroscopy i s beyond the scope of t h i s t h e s i s and only a b r i e f resume 

of i t w i l l be included here. I t i s not necessary f o r the chemist to 

understand the theory of Fourier transformations i n order t h a t the spectra 

obtained by t h a t method can be i n t e r p r e t e d . 

8.1.1. Advantages of i n t e r f e r o m e t r y over conventional spectroscopic 

techniques. 

Studies of the absorption of l i g h t i n the 50-400 cm ^ region of 

the electromagnetic spectrum before the advent of i n t e r f e r o m e t r i c 

techniques were very d i f f i c u l t . Sources of r a d i a t i o n i n the f a r i n f r a r e d 

r egion (400 cm ^ and l e s s ) are very weak. The source which i s most 

commonly employed i s a hi g h pressure mercury discharge i n a s i l i c a 

envelope. The s i l i c a envelope i s opaque above about 70 cm ^, and at 

frequencies above 100 cm ^ these sources f u n c t i o n merely as hot s i l i c a 

rods. 

Dispersion monochrometers f o r use i n t h i s r egion are i n e f f i c i e n t and 

to cover the region several g r a t i n g s w i l l be r e q u i r e d . These mono-

chr-ometers also r e q u i r e a series of f i l t e r s f o r removing unwanted orders 

of d i f f r a c t e d r a d i a t i o n . Only a s i n g l e r e s o l u t i o n width of r a d i a t i o n w i l l 

f a l l on the detector at any instance. I n techniques using a d i s p e r s i o n 

monochrometer t o double the r e s o l u t i o n i t i s necessary to reduce the 

entrance and e x i t s l i t s by a f a c t o r of two, r e s u l t i n g i n the s i g n a l 

l e v e l being reduced by a f a c t o r of four . To o b t a i n a spectrum w i t h the 

same s i g n a l to noise r a t i o would take s i x t e e n times as l o n g , on the 
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assumption t h a t the noise i s random. I n t e r f e r o m e t r i c techniques a l l o w 

the whole s p e c t r a l range of i n t e r e s t to be i n c i d e n t on the detector a t 

one time r e s u l t i n g i n much higher s i g n a l t o noise r a t i o s . To o b t a i n a 

spectrum w i t h double the r e s o l u t i o n the length of t r a v e l of the moving 

m i r r o r has t o be doubled ( t h i s w i l l become cle a r from l a t e r d i s c u s s i o n s ) . 

The s p e c t r a l region over which an i n t e r f e r o m e t e r can be used i s governed 

by the e f f i c i e n c y of the beam s p l i t t e r , and i t i s these beam s p l i t t e r s 

which are the weakest l i n k i n the f a r i n f r a r e d Michelson i n t e r f e r o m e t e r . 

A membrane w i t h a r e f l e c t a n c e and transmittance of 50% would be an i d e a l 

beam s p l i t t e r . I n a c t u a l p r a c t i c e , the best r e s u l t s are achieved by using 

a d i e l e c t r i c r e f l e c t i o n from a f i l m , or a m e t a l l i c r e f l e c t i o n from a wire 

screen. The most commonly used f i l m i s Mylar or Melinex (polyethylene 

t e r e p h t h a l a t e ) because i t has a reasonably h i g h d i e l e c t r i c constant, a 

r e f r a c t i v e index of 1*85 i n the f a r i n f r a r e d (136) and i s r e a d i l y 

a v a i l a b l e . P l o t s of the e f f i c i e n c i e s of various thicknesses of beam 

s p l i t t e r s are given i n Figure 8.1. 

The i d e a l e f f i c i e n c y of the beam s p l i t t e r should be 25% ( i . e . product 

of transmittance and r e f l e c t a n c e v a l u e s ) . Complications a r i s e due to 

the f a c t t h a t m u l t i p l e r e f l e c t i o n s occur w i t h i n the beam s p l i t t e r (134,135) 

which give r i s e to the o v e r a l l e f f i c i e n c y of the beam s p l i t t e r being 

given by the equation 

Ea(2it vd' ) 

where E i s the e f f i c i e n c y , v i s the frequency of the i n d i c e n t r a d i a t i o n , 

and d 1 i s the apparent thickness of the beam s p l i t t e r m a t e r i a l . For a 

beam s p l i t t e r which i s at 45° t o the two Michelson m i r r o r s , and has a 

tru e thickness of d and a r e f r a c t i v e index of n, the r e l a t i o n s h i p i s 

d' = d / n 2 - | 
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By using d i f f e r e n t thicknesses of beam s p l i t t e r a wide range of frequencies 

can be covered very e f f i c i e n t l y . To o b t a i n the best r e s u l t s i t i s 

necessary t o use o p t i c a l f i l t e r i n g to remove any unwanted r a d i a t i o n . 

Table 8.1 l i s t s some u s e f u l beam s p l i t t e r and o p t i c a l f i l t e r combinations. 

Table 8.1 

Frequency Range Beam S p l i t t e r 
of i n t e r e s t 

1 
thickness F i l t e r s 

-1 
cm 

mm 

40-400 0*006 Black Polythene 

20-200 0*012 Black Polythene and 2 mm 
c r y s t a l quartz 

10-90 0*025 Black Polythene and 1 mm 
c r y s t a l quartz 

Black Polythene and 100 
5-50 0*050 lines/cm cross-ruled 

polythene f i l t e r 

Black Polythene and 60 
5-35 0*050 lines/cm cross-ruled 

polythene f i l t e r 

The detectors f o r use i n the f a r i n f r a r e d are the t h i r d and f i n a l 

problem area. Most commercial f a r i n f r a r e d spectrophotometers employ a 

Golay c e l l , which i s a pneumatic d e t e c t o r . The two b i g advantages of the 

Golay c e l l are t h a t i t operates at room temperature and i t i s r e a d i l y 

a v a i l a b l e . Compared w i t h the cooled bolometers and photoconductive 

detectors the Golay c e l l i s up to two orders of magnitude less s e n s i t i v e 

and i t s response i s r e l a t i v e l y slow. Noise-equivalent-power i s the power 

i n p u t of the detector r e q u i r e d t o give an output voltage of the same 
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magnitude as the noise of the detector; and the r e s p o n s i v i t y i s the 

output voltage of the detector per watt of power i n c i d e n t on the de t e c t o r . 

Golay c e l l s have a noise-equivalent-power of about 10 ^ watts and a 

r e s p o n s i v i t y of about 10^ v o l t s / w a t t . This enables a r e s o l u t i o n of 2 cm * 

to be u t i l i s e d i n g r a t i n g instruments w i t h a s i g n a l to noise r a t i o o f 

30-50, but a s i g n a l to noise r a t i o i n excess of 140 i s achieved i n a 

i n t e r f e r o m e t e r (both instruments covering the 30-400 cm ^ reg i o n and 

req u r i n g about two hours f o r the c o l l e c t i o n of d a t a ) . 

I n a l l of the problems o u t l i n e d above the technique of i n t e r f e r o m e t r y 

enables the best use of the l i m i t e d output of f a r i n f r a r e d sources. The 

only area where i n t e r f e r o m e t r y i s a t a disadvantage i s t h a t the 

in t e r f e r o g r a m requires computation before a spectrum can be obtained. 

The advent of small d i g i t a l computers and the f a c t t h a t most organisations 

have access t o d i g i t a l computers means t h a t t h i s disadvantage i s not too 

serious. 

8.1.2. Theory 

The theory of Fourier transforms given here w i l l be r e s t r i c t e d t o 

the basic f a c t o r s which d i r e c t l y a f f e c t the o p e r a t i o n a l performance of a 

Michelson i n t e r f e r o m e t e r . 

F o u r i e r transform spectroscopy i s based on the f a c t t h a t i n a two 

beam i n t e r f e r o m e t e r the i n t e n s i t y of the c e n t r a l l i g h t f r i n g e (measured 

at the output of the d e v i c e ) i s the Fourier transform of the i n c i d e n t 

o p t i c a l power spectrum. The s p e c t r a l i n t e n s i t y G( v ) at any frequency 

v (cm "*") w i t h the measured i n t e r f erogram i n t e n s i t y l ( x ) i s given by the 

equation 
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X = oo 

G( v ) = J [ I ( x ) - 4 l ( o ) ] .Cos(2rt v x ) . d x ( 1 ) 
x = 0 

where x i s the o p t i c a l path d i f f e r e n c e of the two beams and l ( o ) i s the 

in t e r f e r o g r a m i n t e n s i t y a t zero path d i f f e r e n c e (measured i n a r b i t r a r y 

u n i t s ) . I n the i n t e r f e r o m e t e r used f o r the authors studies the 

i n t e n s i t i e s of the i n t e r f e r o g r a m are measured at d i s c r e t e values of 

o p t i c a l path d i f f e r e n c e n.Ax up t o some maximum value N.Ax, where n i s an 

i n t e g e r equal t o 0,1,2,3,4, N and Ax i s the i n t e r f e r o g r a m sampling 

i n t e r v a l . I n order to o b t a i n unambiguous i n f o r m a t i o n , the value of Ax 

must be such t h a t 

* * 2 ( v x - v 2 ) < 2> 

where ( v ^ - i s the t o t a l band width of o p t i c a l frequencies received 

by the d e t e c t o r . I n f a r i n f r a r e d i n t e r f e r o m e t e r s low-pass f i l t e r s are 

used to r e s t r i c t the range of frequencies i n c i d e n t on the detect o r to 0 -

v . Where v i s the h i g h frequency cut o f f so t h a t max max i j 

Ax £ - ± - ( 3 ) 
max 

This ensures t h a t the amplitude of the highest frequency r a d i a t i o n i s 

measured at l e a s t once every h a l f cycle. Equation ( 1 ) then becomes 

approximated to the summation 

n=N 
G( v ) = £ [ i ( n . A x ) - -fel(o)] .Cos(2n v nAx).Ax ( 4 ) 

n=0 
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The output of the detector i s a m p l i f i e d and d i g i t i s e d . The range 

of the d i g i t i s e r i s from 0 t o 4095. A spectrum of i n t e n s i t y as a 

f u n c t i o n of frequency i s them computed d i g i t a l l y using equation ( 4 ) . 

ferogram, and must be subtracted from a l l the values of l ( x ) before 

Fourier transform computations commence. I t i s important to note t h a t 

the computed s p e c t r a l i n t e n s i t i e s G( v ) are d i r e c t l y p r o p o r t i o n a l to the 

measured amplitudes of the o s c i l l a t o r y i n t e r f e r o g r a m f u n c t i o n 

[ i ( n . A x ) - ^ l ( o ) ] , and t h a t the f i r s t (n = 0) value of the summation 

( ^ i j j l C o ) ) makes a constant c o n t r i b u t i o n t o the whole spectrum of 

frequencies and i s independent of v. Errors i n measuring the t r u e value 

of l ( o ) thus r e s u l t i n base l i n e s h i f t s i n the computed spectra which 

reduces the accuracy of absolute transmittance or r e f l e c t a n c e 

measurements. I n p r a c t i c e interferograms r a r e l y have a sampling p o i n t 

e x a c t l y at zero path p o s i t i o n , then care must be taken to c o r r e c t i n t e r -

ferograms f o r these s l i g h t displacements which are known as 'phase 

e r r o r s 1 . 

Two peaks are said to be j u s t resolved when the absorption maximum 

of one peak j u s t co-incides w i t h the base of the adjacent peak as shown 

below 

The value of ^C(o) may be obtained t a k i n g the average value of the i n t e r -

" I 

CO pq 

FREQUENCY 
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The o p t i c a l r e s o l u t i o n Av of an i n t e r f e r o m e t e r i s r e l a t e d t o the 

maximum path d i f f e r e n c e D of the recorded i n t e r f e r o g r a m by the 

in s t r u m e n t a l scanning or ' s l i t ' f u n c t i o n and i s of the form 

A V = 2 D r s i n M v V ) D - | 
L 2 i t ( v - v')D J 

where D i s the path d i f f e r e n c e and i s given by 

D = N.Ax (6) 

v 1 i s the frequency of the peak at i t s maxima and has a wi d t h at 

h a l f h e i g h t of ( v - v 1 ) . Equation ( 5 ) reduces such t h a t the smallest 

i n t e r v a l resolved i s approximately given by: 

Av =- 0»7/D ( 7 ) 

When the region of i n t e r e s t includes a large number of frequencies 

(as i s u s u a l l y the case) the subs i d i a r y side lobes of the scanning 

f u n c t i o n ( 5 ) cause o s c i l l a t i o n s t o be seen near regions where r a p i d 

changes i n s p e c t r a l i n t e n s i t y are o c c u r r i n g . The o s c i l l a t i o n s can be 

mistaken f o r weak s p e c t r a l l i n e s and i t i s t h e r e f o r e , d e s i r a b l e t o 

suppress these o s c i l l a t i o n s . This can be achieved mathematically by 

weighting or 'apodising' the recorded i n t e r f e r o g r a m values 

[ i ( n . A x ) - | r l ( o ) ] so t h a t the modulation of the i n t e r f erogram goes to 

zero a t maximum path d i f f e r e n c e D, (N.Ax). Common apodisation techniques 

i s t o modify the scanning f u n c t i o n ( 5 ) so tha t i t takes the form 

A v = 2 D r s i n 2 ( 2 j r ( v - v')D) "I ( g ) 

L (2n( v - v')Dr J 

This scanning f u n c t i o n .takes no negative values and the side-lobes are 

considerably reduced, although the c e n t r a l band i s made much broader. 
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The o p t i c a l r e s o l u t i o n now becomes 

Av - i ( 9 ) 

The r e s o l v i n g power R of an i n t e r f e r o m e t e r i s also l i m i t e d by the 

angular beam spread of o f f - a x i s rays brought about by imperfect 

c o l l i m a t i o n of the f i n i t e source aperture. I f the source subtends a 

s o l i d angle 0 a t the c o l l i m a t i n g m i r r o r , then the maximum value of 

R (131) i s given by: 

R = v/Av (10) 

R = ^ ~ 8 ( | ) 2 (11) 2n 
0 

where d i s the source diameter and f i s the f o c a l l e n g t h of the 

c o l l i m a t i n g m i r r o r . 

The FS-720 has source apertures of 10, 5 and 3 mm which r e s u l t i n 
3 3 4 r e s o l v i n g powers of 10 , 4 x 10 and 10 r e s p e c t i v e l y . 

The spread of o f f axis rays of l i g h t from the source also leads to 

an average ray path l e n g t h which i s s l i g h t l y longer than t h a t of an a x i a l 

ray r e s u l t i n g i n a l l frequencies i n the computed spectrum being over­

estimated by a f a c t o r of approximately ( 1 +0/4n). The t r u e frequencies 

v can be obtained from the computed frequencies v ( 0 ^ s ) by t n e formula: 

v . ll^Sl ( 1 2 ) 

I n p r a c t i c e t h i s c o r r e c t i o n f a c t o r i s very small ( o f the order of 
-4 

10 v
Q b s ) a n <* o n l y becomes s i g n i f i c a n t f o r h i g h r e s o l u t i o n studies at 

hig h frequencies. 
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8.1.3. In s t r u m e n t a t i o n 

The instrument used f o r these f a r i n f r a r e d studies was a Beckman-

RIIC model FS-720 spectrophotometer w i t h a FS-200 series e l e c t r o n i c s . 

The spectrophotometer consists of a Michelson i n t e r f e r o m e t e r which 

employs 8 cm diameter a l l r e f l e c t i n g o p t i c s of f / l ' 5 - f / 2 aperture. The 

sample o p t i c s give a 12 mm diameter image and f/2 aperture enabling 

reasonably small s o l i d or l i q u i d samples to be studied. A high pressure 

mercury source which i s water cooled i s used to provide the r a d i a n t 

energy and mylar f i l m s of thicknesses of 0•0006-0'0050 cm are used as 

beam s p l i t t e r s (see Table 8.1). A Pye-Unicam Golay c e l l f i t t e d w i t h a 

3 mm diameter diamond window i s used as the d e t e c t o r . The e n t i r e 
_2 

instrument operates i n a vacuum (2 x 10 or l e s s ) t o remove e f f e c t s of 

atmospheric absorptions ( p r i m a r i l y those of water vapour). 

The interferograms are recorded by the continuous movement of one 

of the Michelson m i r r o r s . The moveable m i r r o r has a movement of 10 cm 

e i t h e r side of zero path and the displacement of t h i s m i r r o r i s 

monitored by a subsidiary Moire f r i n g e system. The f i x e d Michelson 

m i r r o r i s adjusted by a system of levers and f o r best r e s u l t s should be 

adjusted w i t h the thin n e s t beam s p l i t t e r i n p o s i t i o n . 

The r a d i a t i o n of the mercury arc source i s chopped and the ac s i g n a l 

from the Golay i s a m p l i f i e d , then r e c t i f i e d and smoothed to give a dc 

e l e c t r i c a l voltage which i s p r o p o r t i o n a l to the i n t e n s i t y of the i n t e r -

ferogram. The d.c. e l e c t r i c a l output i s then fed to a d i g i t i z e r which 

coverts the s i g n a l i n t o 12 b i t binary numbers, which are recorded on 

e i g h t t r a c k paper tape. 

Equation (1) shows t h a t the i n t e n s i t i e s of the wavenumber computed 

spectrum are d i r e c t l y p r o p o r t i o n a l t o the amplitudes of the i n t e r f e r o g r a m 
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f u n c t i o n [ l ( x ) - i j r l ( o ) ] . I n order to record accurate spectra i t i s 

necessary t h a t the int e r f e r o g r a m values close to l ( o ) are recorded w i t h 

a very h i g h p r e c i s i o n . When s t r o n g l y absorbing samples are being 

examined i t i s necessary t o employ long time constants to main t a i n a 

high s i g n a l to noise r a t i o and th e r e f o r e the scanning times must be 

increased t o avoid d i s t o r t i o n s due t o the inherent time constant of the 

e l e c t r i c a l system. 

The highest p r a c t i c a l r e s o l u t i o n t h a t can be obtained w i t h a f a r 

i n f r a r e d i n t e r f e r o m e t e r i s u s u a l l y r e s t r i c t e d by s i g n a l to noise 

considerations. No advantage i s gained by scanning interferograms beyond 

a p o i n t where meaningful features c o n t a i n i n g s p e c t r a l i n f o r m a t i o n are 

i n d i s t i n g u i s h a b l e from the noise l e v e l . I n general the i n t e r f e r o g r a m 

s i g n a l t o noise should be much higher than the t o t a l number of s p e c t r a l 

elements to be resolved i n a s i n g l e scan, e.g. to achieve 1 cm ^ 

r e s o l u t i o n over an o p t i c a l band width of 400 cm \ the in t e r f e r o g r a m 

s i g n a l to noise r a t i o should be greater than 400:1. 

8.1.4. Computation 

The program to compute the wavenumber spectrum from the i n t e r f e r o -

gram i s given i n Appendix A. The program i s based on the Cooley-Tukey 

a l g o r i t h m ( 7 5 ) . I n the format presented i n t h i s t h e s i s the maximum 

number of p o i n t s to be transformed was 2048 and the core s t o r e 

requirements of the program was 143,000 bytes. On i n c r e a s i n g the size of 

the arrays to enable 8,192 p o i n t s t o be transformed the core store 

requirements were 494,000 bytes. Core s t o r e was not an immediate 

problem on the computer used, (core store 1 megabyte and i n c e r t a i n 

modes t h i s was backed up by a magnetic drum o f 1 megabyte). Table 8.2 



198. 

l i s t s the number of p o i n t s to be transformed, time required f o r 

computation and the maximum r e s o l u t i o n obtainable under the working 

con d i t i o n s used. These maximum r e s o l u t i o n values were obtained by 

running the water vapour spectrum under as near i d e n t i c a l c o n d i t i o n s as 

possible to those used f o r s o l i d s t a t e samples. The strong modulation 

of the water vapour i n t e r f e r o g r a m and the lower value of a m p l i f i e r gain 

both mean t h a t the s i g n a l to noise value would be much higher i n the 

case of the water vapour spectrum than i n the s o l i d s t a t e spectra. 

Table 8.2 

Central Processor U n i t Times Required f o r 
Fourier Transform Programs 

Number of Points 
to be transformed 

Time r e q u i r e d 
i n seconds 

256 36 
512 55 

1024 122 
2048 378 
4096 1367 
8192 5263 

The program (which was o r i g i n a l l y supplied by Dr. J. Yarwood of t h i s 

U n i v e r s i t y ) was w r i t t e n i n F o r t r a n I V and was o r i g i n a l l y w r i t t e n t o run 

under the IBM 360 Operating System, using a F o r t r a n IV l e v e l G computer. 

The author c a r r i e d out a l t e r a t i o n s t o enable the program to be 

compatible w i t h both the IBM 360 Operating System and the Michigan 

Terminal System c u r r e n t l y used on the IBM 360/67 computer. Other 

a l t e r a t i o n s were introduced to enable the program to run using a For t r a n 
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IV l e v e l H compiler, t h i s increased the core store requirements by about 

50 per cent but reduced the cpu time r e q u i r e d by 50 per cent also. 

A b r i e f d e s c r i p t i o n o£ the program w i l l now be given; e x p l a i n i n g 

the main f u n c t i o n of each s e c t i o n . 

(1) Main 

This s e c t i o n merely defines the sizes of the arrays r e q u i r e d , 

reads i n the c o n t r o l parameters to be used i n the computation and c a l l s 

each subprogram required i n the c o r r e c t order. 

( i i ) Subroutine TPREAD (tape read) 

The i n t e r f e r o g r a m which has been recorded as a 12 b i t binary 

number on an e i g h t t r a c k tape i s read i n and processed w i t h the program 

DCL99SPY. This program t r a n s l a t e s the 12 b i t b i n a r y numbers to 14 

(4 d i g i t i n t e g e r ) numbers and then stores these i n blocks of 20 as 

magnetic records on magnetic d i s c s . The TPREAD subprogram reads i n these 

14 numbers i n t o array A. The end of a data set being marked by a -999 

s i g n a l . Arrangement t o read i n a sample and background data set being 

provided. 

( i i i ) Subroutine SUBDH (data handling) 

This r o u t i n e c a l l s subroutine AMX (Array A maximum value) which 

then f i n d s the maximum value i n array A and then c a l c u l a t e s the average 

value of the in t e r f e r o g r a m . The c e n t r a l p o r t i o n o f array A which i s 

required f o r t r a n s f o r m a t i o n i s then selected and the average subtracted 

from each value i n the array. The 'reduced i n t e r f e r o g r a m 1 i s then auto-

c o r r e l a t e d t o remove any phase e r r o r . A u t o c o r r e l a t i o n i s the process of 

displacement m u l t i p l i c a t i o n and i n t e g r a t i o n of a f u n c t i o n w i t h i t s e l f . 

This process always r e s u l t s i n a f u n c t i o n which i s symmetrical about the 

maximum value, hence phase e r r o r s are e l i m i n a t e d . 
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Subroutine AMX i s then c a l l e d and the maximum value of the auto-

c o r r e l a t e d i n t e r f e r o g r a m found. The au t o c o r r e l a t e d i n t e r f e r o g r a m i s then 

normalised by d i v i d i n g each member i n the array by the maximum value of 

the a r r a y , and i s stored w i t h l a r g e s t number i n element 1 of the array. 

The t r e a t e d i n t e r f e r o g r a m i s then apodised using a cosine f u n c t i o n . 

( i v ) Subroutine TM ( t r a n s f o r m a t i o n ) 

The a u t o c o r r e l a t e d and apodised i n t e r f e r o g r a m then undergoes 

Fourier t r a n s f o r m a t i o n using the Cooley Tukey Algorithm ( 7 5 ) . 

( v ) Subroutine PT ( p l o t ) 

The r e s u l t s of the tra n s f o r m a t i o n over the region of i n t e r e s t 

are s l e e t e d , the square r o o t of the i n t e n s i t i e s taken and then normalised 

i n an absorbance mode. The subroutine c a l l s the subroutine LP ( l i n e 

p r i n t e r ) which p r i n t s the scale on the absorbance axis p r i o r t o p r i n t i n g 

the spectrum on the l i n e p r i n t e r using subroutine GP (graph p l o t ) . 

( v i ) Subroutine GP 

A p l o t of the spectrum on the l i n e p r i n t e r i s produced together 

w i t h e i t h e r cards or a magnetic record of the card images i n order t h a t 

a graph p l o t t e d spectrum may be obtained. 

The card output was then used i n conjunc t i o n w i t h the graph p l o t t i n g 

procedure which i s given i n Appendix A, t o give a p l o t of absorbance 

against frequency. The subprograms of the p l o t t e r program SCALF, FPLOT, 

FGRID* FCHAR, are standard subroutines of the disc monitor system of IBM 

f o r 1130 computers and i s given a f u l l d e s c r i p t i o n i n 'IBM 1130/1800 

P l o t t e r subroutines' p u b l i c a t i o n C26-3755. 
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8.2 Results and Discussions 

The examination of the i n f r a r e d spectra of compounds i n the 400-50 cm ^ 

region has only r e c e n t l y become f e a s i b l e on a r o u t i n e basis. There i s a 

lack of r e l i a b l e data i n the above region and f o r t h i s reason several 

compounds were re-examined i n order to t r y and f a c i l i t a t e the 

assignments of the absorption bands. 

8.2.1. Examination of the water vapour spectrum 

One of the standard methods of c a l i b r a t i n g a spectrophotometer i n 

the 400-50 cm ^ region i s by the use of water vapour. By recording the 

i n t e r f e r o g r a m of water vapour and then analysing the i n t e r f e r o g r a m using 

the f o u r i e r transform program given i n t h i s t h e s i s the f o l l o w i n g checks 

were made: 

(a) That the power spectrum ( p l o t of absorbance against frequency) 

gave absorbance values w i t h c o r r e c t frequency. 

(b) That r e l a t i v e absorbance values were comparable w i t h those 

obtained using a conventional i n f r a r e d spectrophotometer. 

( c ) And c a l c u l a t i o n of the r e s o l u t i o n obtained w i t h d i f f e r e n t lengths 

of recorded i n t e r f e r o g r a m . 

I t i s important t o p o i n t out at t h i s stage t h a t the r e s o l u t i o n 

f i g u r e s obtained (Table 8.3) r e f e r to a gas (water vapour). The absorption 

bands are subject t o pressure broadening ( s i n c e the i n t e r f e r o g r a m was 

recorded a t atmospheric pr e s s u r e ) , no attempt was made to o b t a i n high 

r e s o l u t i o n gas spectra but j u s t to give an idea of the minimum le n g t h of 

run necessary to achieve the desired r e s o l u t i o n . The c o n d i t i o n s used were 

as near as possible t o those used f o r the recording of the n u j o l m u l l 

spectra but i t i s probable t h a t the r e s o l u t i o n f i g u r e s obtained are 

somewhat o p t i m i s t i c . 
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Table 8.3 

Observed Resolution Values f o r Water Vapour 

Number of data sets Resolution cm ^ 

512 5.0 
1024 3.0-4.0 
2048 2.0 
4096 1*5 
8192 0*95 
16384 0'55 

Ty p i c a l spectra recorded f o r the ins t r u m e n t a l background and f o r water 

i n s t r u m e n t a l background are f o r water vapour are shown i n spectra 8.1 and 

8,2-8,7 r e s p e c t i v e l y . 

8.2.2. Metal carbonyl h a l i d e s 

Tetracarbonyl i r o n ( H ) dibromide and t e t r a c a r b o n y l iron ( n ) d i -

i o d i d e are known to have a c i s c o n f i g u r a t i o n (138-141) when f r e s h l y 

prepared. I n the presence of s u n l i g h t however the c i s form of the compound 

i s converted i n t o the trans isomer (142-144). The i n f r a r e d spectra of 

these compounds has been reported by Clark and Crosse (145) i n the 205-

70 cm region and these r e s u l t s have been confirmed. The Fe-Br s t r e t c h i n g 

r egion showed a complex band which can be assigned as f o l l o w s : 

The bands at 242 and 239 cm ^ are due to the asymmetric Fe-Br 

s t r e t c h i n g mode and are s p l i t due to the two isotopes of bromine. Bands 

at 220 and 217 cm * are due to the symmetrical Fe-Br s t r e t c h i n g mode and 

again the s p l i t t i n g a r i s e s from the two isotopes of bromine present. 

Calculated s p l i t t i n g f o r the two isotopes are 2*4 and 2*2 cm * r e s p e c t i v e l y . 
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The bands a t 206 and 198 cm are b o t h t o o i n t e n s e and t o o f a r a p a r t t o be 

due t o i s o t o p i c e f f e c t s and a r e p r o b a b l y due t o s o l i d s t a t e e f f e c t s . 

For t h e case o f t h e t e t r a c a r b o n y l i r o n d i - i o d i d e o n l y two a b s o r p t i o n 

bands a r e o b served i n t h e F e - I s t r e t c h i n g r e g i o n and can be a s s i g n e d t o 

t h e asymmetric and symmetric F e - I s t r e t c h i n g modes (200 and 186 cm ^ 

r e s p e c t i v e l y ) . A b s o r p t i o n bands i n t h e 100-120 cm ^ r e g i o n i n t h e s e 

compounds a r e a s s i g n e d as B(CFeC) modes. An a b s o r p t i o n a t 87 and 60 cm ^ 

has t e n t a t i v e l y been a s s i g n e d as a &(CFeX) mode i n t h e t e t r a c a r b o n y l i r o n 

d i b r o m i d e and t e t r a c a r b o n y l i r o n d i - i o d i d e r e s p e c t i v e l y . The 6(CRel) mode 

has p r e v i o u s l y been a s s i g n e d t o an a b s o r p t i o n band a t 42 cm ^ observed i n 

p e n t a c a r b o n y l r h e n ium i o d i d e ( 1 4 6 ) . The i n f r a r e d s p e c t r a o f t e t r a c a r b o n y l 

i r o n d i b r o m i d e and t e t r a c a r b o n y l i r o n d i - i o d i d e a r e shown i n s p e c t r a 8.8 

and 8.9 r e s p e c t i v e l y and a r e t a b u l a t e d t o g e t h e r w i t h o t h e r i r o n c a r b o n y l 

h a l i d e s p e c t r a i n T a b l e 8.4. 

7 t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n h a l i d e s ( h a l i d e = c h l o r i d e , bromide 

and i o d i d e ) show a b s o r p t i o n bands a t 302, 233 and 203 cm ^ r e s p e c t i v e l y 

w h i c h a r e a s s i g n e d t o a Fe-X s t r e t c h i n g mode. C o n f i r m a t i o n o f t h e 

assignments i n t h e case o f t h e c h l o r i d e and bromide came fr o m t h e 

o b s e r v a t i o n o f i s o t o p i c s p l i t t i n g o f t h e v Fe-X modes due t o t h e two 
35 37 79 81 i s o t o p e s o f t h e h a l o g e n s p r e s e n t ( C I , C I and Br , Br ) . The 

e x pected i s o t o p i c s p l i t t i n g s f o r c h l o r i n e and bromine i n t h e se complexes 
- 1 - 1 

were c a l c u l a t e d t o be 7*0 cm and 2*4 cm r e s p e c t i v e l y . Any a b s o r p t i o n s 

i n t h e 100-120 cm" 1 were t h o u g h t t o be 6(CFeC) modes. No B ( r i n g FeC), 

5 ( r i n g FeX) o r S(CFeX) modes c o u l d be a s s i g n e d t o any a b s o r p t i o n s o b s e r v e d . 

The s p e c t r a o f t h e n - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n h a l i d e s ( h a l i d e = 

c h l o r i d e , bromide and i o d i d e ) a r e shown i n s p e c t r a 8.10-8.12 r e s p e c t i v e l y . 



c o 
- H . 
60 
<D 
U 

s 

vO 
FK 

+ 5-1 
M 

CM 

"""CM •—\ o o 
01 

m 
« 

m o 

+ H CM 

CM 
/—\ o CO CO 

o in co 
0 0 v O 

CD CO CO 

m W 
m o 
1 

• i 

O 
CM 

CM 
/-^ 
O 
o 
0) 
Fn 

m W 
m o 
i 

i-i 
CM 

O 
o 
CD 

m 
a 

m o t 

u 
CM 

O 
O 
\~s 

CD 
F=H 

m 
Ed 

m o 
i 

is 

o 
CM o o 

CD 
Fn 

/ ~ s 
m 
m o 
i 

is 
CO 

13 
vO 

o 
CM 

a 
m 
as 

s co 
VO VO 
in <c oo 

CM 

o o 
C7\ 0 0 
CO CO 

m i-i 
- C O CO 

CO 
CM 

O 
CM 

s 
m 
r-i 

i n 

g 8 
G\ CM 
0 0 0 0 
CO CO 

CO g 
CO 
m 
CO 

CO CO 
<yi co 

g g 
CM CO 
m oo 
CM t-l 

CO 

.£3 
co 
fi co 
ifl O 
VO v O 
CO co 

CO 
CO 

o 
CM 

CM 
m 

CO 

CM 
CO 

co 
oo 

13 
0 0 

CO 

s > 
CO O 
m o 

,CO CO 

CO CO 
CO i-l 
CO CO 
CM CM 

CO 
CM 

!3 
oo 

13 
m 
CO 

g 
CO 
m 
co 

CO CO 
CM 0 0 
O cyi 
CO CM 

CO 
CM 
VO 

.13 
CO g g 
i-i en 
CM O 

CM 
H 

o u 
CD 

in 
CO 

CO 

o 
O 
CM 

v l 
0 0 

g g 
< f CO i-l o 
1-1 1-1 

ES o 
v O 

CM 
U 
M 

O 
o 
F n 

4-1 

fl 
CD 

I 
6 0 

• H 
CO 
CO 
<! 

MS 
0 0 0 0 
CO CO 

CO CO 
CM <7> 
• s f CO 
CM CM 

CO CO g is 
O i~- vo oo 
CM i-i O cyi 
CM CM <N i-l 

CO CO 
O <fr 
CM O 

g 
oo 

O 
I 

CD 
F n 

X! 
I 

CD 

O 
CD 
Fn 
O 
CO 

CD 
F n 
O 
CO 



215. 

^ 

i 

3 

i 
s 

i j oo I K 

oo 
I j j f~3 

1 -u 
i T J 

1.1 
t . l 
>-

to 
fx 

ci­ty 

8 



216 

I 

8 

• 
a: 
i—t 

0 0 CD a m r—i 

1 1—1 
• 
_ J UJ 

CD •D 

9 



8 LLJ 

• 
— 

j 
J L 

—i 
— 

8 a 
(_J 
LY oo 
Ld 

• QJ 
CD 

5 
LJ 9 _J 

Li. 

a 
h-

t UJ Q_ a 
(_) >-
L J 

8 

• f t li in IP 

O 
•NVHclOGhlV 



218 

8 

X 
a L J 

• 

or. 
• J ^ 

i—i 
— 

en CO 
_ J L J >- cd 

m 
L J 

CO !_) 

L J 
LL 

9 > L-J 

S 8 f 

ft in • ' ( 6 6 6 6 6 6 6 6 6 6 
33MVEfcJQSav 



1 

3 
f 

LiJ • 
—i • 
I—I 

l-H 
i—i 

• DC 
i—i J 
_ J 

J J oo rr 

DC 
• J LJ 

_ j > 

\ I—! 

• 

LiJ CL 



220. 

I G 
I J . 
L L 

L I 

i l l t 

'. J I J 

L L 

11. 
I . J 

1 

V 4 
i 
isi 

n 
r-i 

oo 
S I I d 

m 
> 2 

4J 
O 
tt) 

/ 1 « 

> 

I — 
I 



221 

8 

8 

LD 

CL 

U i r . 
r r i 

CO Ck! LJ CO CD 
ru 

0 0 

U 

uJ 
• 

«—.- -i • o 1 
O 

Mv'HMI j!-jH 



222. 

v. 

L D 
L L 

ru 

a. t 

Ql 00 

I J J <U 



223. 

The i n f r a r e d s p e c t r a o f t h e i t - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n - u . -

halogeno j r - c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n h e x a f l u o r o p h o s p h a t e s ( h a l o g e n o = 

c h l o r o , bromo and i o d o ) are shown i n s p e c t r a 8.13-8.15 r e s p e c t i v e l y . 

The asymmetric s t r e t c h i n g mode o f t h e Fe-X-Fe (X = C I , Br and I ) has 

been a s s i g n e d p a r t l y on t h e i n t e n s i t y o f a b s o r p t i o n s and p a r t l y on t h e 

e x p e c t e d change i n f r e q u e n c y on g o i n g f r o m c h l o r i n e t o i o d i n e . I f t h e 

Fe-X-Fe i s non l i n e a r b o t h t h e asymmetric and symmetric v i b r a t i o n s would 

be i n f r a r e d a c t i v e . The i n f r a r e d s p e c t r a below 250 cm * o f t h e s e b r i d g e d 

complexes was much more c o m p l i c a t e d t h a n t h e p a r e n t j r - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l l ) h a l i d e s ( h a l i d e = c h l o r i d e , bromide and i o d i d e ) . The 

a b s o r p t i o n s below 120 cm ^ were much more i n t e n s e i n t h e h e x a f l u o r o p h o s p h a t e 

s a l t s and t h i s was t h o u g h t t o c o n t a i n t h e l a t t i c e modes. A t t e m p t s t o 

o b t a i n h i g h r e s o l u t i o n s p e c t r a i n o r d e r t h a t t h e i s o t o p i c s p l i t t i n g o f 

t h e a b s o r p t i o n bands i n v o l v i n g c h l o r i n e o r bromine were u n s u c c e s s f u l . 

The bands w h i c h are e x p e c t e d t o be observed below 260 cm ^ a r e t h e 

s y m m e t r i c a l s t r e t c h o f Fe-X-Fe ( i f i t i s i n f r a r e d a c t i v e ) and such modes 

as 8 ( r i n g FeC), 5(CFeC), 8 ( r i n g FeX) and &(CFeX). The & ( r i n g Fe r i n g ) 

mode o f f e r r o c e n e has been a s s i g n e d a t 170 cm ^ (1 4 7 ) b u t no modes c l e a r l y 

o f t h e & ( r i n g FeC) t y p e c o u l d be observed i n b i s ( 7 t - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n ( l ) ) . 

8.2.3. fl-cyclopentadienylcarbonyl i r o n complexes 

The i n f r a r e d a b s o r p t i o n bands o f some rt-cyclopentadienylcarbonyl 

i r o n complexes a r e g i v e n i n T a b l e 8.5. The a b s o r p t i o n bands i n t h e 350-

400 cm * r e g i o n are a l m o s t c e r t a i n l y vFe-C s t r e t c h i n g modes. The 

a b s o r p t i o n bands a t 155-137 cm ^ may be due t o some form o f w a g g l i n g mode 

(&) b u t i t i s n o t c l e a r whether t h e y a r e &(CFeC) o r S ( r i n g FeC) o r b o t h 

modes. A l a r g e number o f r a t h e r broad a b s o r p t i o n s occur i n t h e 
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h e p t a i o d i d e and t r i b r o m i d e s a l t s o f t h e t e t r a k i s ( j t - c y c l o p e n t a d i e n y l c a r b o n y l 

i r o n ) c a t i o n w h i c h a r e assumed t o be a s s o c i a t e d w i t h t h e a n i o n as no 

a b s o r p t i o n s i n these r e g i o n s occur i n t h e h e x a f l u o r o p h o s p h a t e s a l t . 

S p e c t r a o f t h e compounds a r e shown i n s p e c t r a 8.16-8.20. 
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CHAPTER 9 

CONCLUSIONS AND FUTURE WORK 

9.1 Acid-Base Reactions 

The work on the p r o t o n a t i o n r e a c t i o n s described i n t h i s t h e s i s has 

shown t h a t jr-cyclopentadienylcarbonyl i r o n complexes can be protonated i n 

hydrogen c h l o r i d e at low temperatures. The course of the r e a c t i o n could 

be followed c o n d u c t i m e t r i c a l l y when boron t r i c h l o r i d e was used as the 

ac i d . Due t o the low s o l u b i l i t y o f the m a t e r i a l s a t low s o l u b i l i t y of 

the m a t e r i a l s a t low temperatures conductimetric techniques are l i m i t e d . 

The f a c t t h a t s o l i d products could be i s o l a t e d showed t h a t hydrogen 

c h l o r i d e has a major advantage over s u l p h u r i c a c i d systems. 

The range of compounds examined was very l i m i t e d but many other 

complexes could be examined, e s p e c i a l l y using l i q u i d hydrogen c h l o r i d e a t 

room temperature to enhance s o l u b i l i t y . 

I f conductimetric techniques could be developed which enabled them 

to be c a r r i e d out a t room temperature, conductimetric techniques might 

be more u s e f u l . One inherent problem i s t h a t these m a t e r i a l s tend to give 

side r e a c t i o n s which would probably be enhanced at room temperature. 

Techniques f o r the p u r i f i c a t i o n of r e a c t i o n products are very l i m i t e d and 

t h i s may r e s t r i c t the work somewhat. 

The f a i l u r e of jt-cyc l o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) bromide and 

jt-cycl o p e n t a d i e n y l d i c a r b o n y l i r o n ( l l ) i o d i d e to act as bases i n the 

solvent w i t h boron t r i c h l o r i d e may be overcome by using the corresponding 

hydrogen h a l i d e and boron t r i h a l i d e . 

The c u r r e n t trend f o r research i n non-aqueous solvents i s to e x p l o i t 

t h e i r p r e p a r a t i v e c h a r a c t e r i s t i c s . The value of hydrogen c h l o r i d e as an 
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a c i d i c medium may be extended i f a a p r o t i c solvent (such as hexane, methylene 

c h l o r i d e or sulphur d i o x i d e ) was used to d i s s o l v e the m a t e r i a l under 

i n v e s t i g a t i o n and hydrogen c h l o r i d e used as a reagent r a t h e r than the 

solvent. This might also l i m i t side r e a c t i o n s and a s s i s t i n o b t a i n i n g pure 

products, and enable i n f o r m a t i o n to be obtained from conductimetric studies 

once more, 

9.2. Oxidation Reactions 

The m a j o r i t y of the o x i d a t i o n studies i n the solvent were c a r r i e d 

out using c h l o r i n e . This proved to a t t a c k the r i n g s and cause extensive 

decomposition of the complexes. A more gentle oxidant would be perhaps 

more u s e f u l when examining these m a t e r i a l s . 

A technique t h a t has never been attempted but which may provide the 

answer i s to use electrochemical techniques and c o n t r o l the applied 

p o t e n t i a l s . I f compounds were studied which d i d not contain a r e a d i l y 

o x i d i s e d organic l i g a n d i n f o r m a t i o n about o x i d a t i o n of the metal complexes 

may be more r e a d i l y a v a i l a b l e . 

Very l i t t l e work on o x i d a t i o n s has been c a r r i e d out i n the solvent 

and the f i e l d i s l i t t l e understood and warrants f u r t h e r i n v e s t i g a t i o n 

9.3. S t r u c t u r e of the rt-cyclopentadienyldicarbonyl iron-u, halogeno-

n-cyclopentadienyldicarbonyl i r o n cations 

A l l of the spectroscopic techniques used t o examine the s t r u c t u r e of 

these cations i n d i c a t e a centrosymmetric s t r u c t u r e w i t h the halogen midway 

between the two i r o n atoms, and t h a t each ir-cyclopentadienyldicarbonyl i r o n 

u n i t i s i d e n t i c a l . Since a compound w i t h a b r i d g i n g atom placed nearer 

to one i r o n atom than the other i r o n atom was not a v a i l a b l e there i s a 

p o s s i b i l i t y t h a t the techniques are not s u f f i c i e n t l y s e n s i t i v e to s l i g h t 

changes i n the p o s i t i o n of the halogen atom. 
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To remove t h i s element of doubt the s t r u c t u r e of the n-cyclopentadienyl-

d i c a r b o n y l iron-|j,-bromo jt-cyclopentadienyldicarbonyl i r o n hexafluorophosphate 

i s now being c a r r i e d out i n conjunction w i t h Dr. N. Alcock a t Warwick 

U n i v e r s i t y , using X-ray c r y s t a l l o g r a p h y . This technique w i l l also i n 

a d d i t i o n to g i v i n g the stereochemistry and dimensions of the Fe-Br-Fe system 

give i n f o r m a t i o n about whether the two rt-cyclopentadienyldicarbonyl i r o n 

u n i t s are r e l a t e d by c i s or trans isomerism. I n s o l u t i o n there may be an 

e q u i l i b r i u m between the two forms but the most e n e r g e t i c a l l y favourable 

isomer probably c r y s t a l l i s e s out. 

9.4. Techniques A v a i l a b l e 

9.4.1. I n f r a r e d Spectroscopy 

This proved to be the most valuable spectroscopic technique a v a i l a b l e 

f o r the examination of the products obtained. With the advent of f o u r i e r 

transform spectrophotometers the range of r o u t i n e l y a v a i l a b l e instruments 

has been extended down to 10-20 cm ^. The time scale of i n f r a r e d spectroscopy 
-12 

i s about 10 seconds so t h a t i f the b r i d g i n g atom i s v i b r a t i n g a t t h i s 

s o r t of r a t e between the two i r o n atoms i t w i l l appear to be midway between 

the i r o n atoms. I f the b r i d g i n g atom i s attached t o one of the i r o n atoms 

longer than the time of a v i b r a t i o n then two d i f f e r e n t i t - c y c l o p e n t a d i e n y l -

d i c a r b o n y l i r o n u n i t s should be observable. The running of spectra at l i q u i d 

n i t r o g e n temperatures would help reduce hot bands and a s s i s t i n the 

achievement of higher r e s o l u t i o n spectra i n the f a r i n f r a r e d . The 

computation of the power spectrum from the i n t e r f e r o g r a m i s a f a i r l y 

s o p h i s t i c a t e d piece of programming and at t h i s stage i s s t i l l f a i r l y w e l l 

i n i t s i n f a n c y . The development of quicker, more accurate and s a t i s f a c t o r y 

programs to overcome the problems of the instrument being a s i n g l e beam 

spectrophotometer i s s t i l l d e s i r a b l e . 
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9.4.2. Fe Mossbauer and Elec t r o n Spectroscopy 

Both of these techniques are governed by the Heisenberg U n c e r t a i n t y 

P r i n c i p l e , the time scales however are very d i f f e r e n t . "^Fe Mossbauer 

has a time scale of about 10 ^ seconds whereas e l e c t r o n spectroscopy has a 
-12 

time scale of less than 10 seconds. Mossbauer spectroscopy i s l i m i t e d 

to examining the small change i n energy l e v e l s i n a nucleus brought about 

by changes i n the e l e c t r o n p opulations. P r i m a r i l y i t i s changes i n S 

e l e c t r o n density t h a t have greatest e f f e c t on Mossbauer parameters. The 

advantage of Mossbauer studies i s t h a t the changes i n nuclear energy l e v e l s 
12 

can be measured extremely p r e c i s e l y (approximately t o one p a r t i n 10 ) . 

Ele c t r o n spectroscopy has the advantages of a much f a s t e r time scale and 

i t i s a p p l i c a b l e to a l l elements, however, the measurement of the energy 

l e v e l s are nowhere n e a r l y so precise as those determined by Mossbauer 

spectroscopy. The a p p l i c a t i o n of XPS to low spin complexes i s probably 

the most c r i t i c a l o f the technique. This i s p a r t l y due to the f a c t t h a t 

the ligands tend t o act as resevoirs of e l e c t r o n d e n s i t y and reduce any 

changes t h a t occur by spreading the change over the whole molecule. I n 

p r a c t i c e ~^Fe Mossbauer spectroscopy proved t o be more s e n s i t i v e t o e l e c t r o n 

density changes than was XPS. Another problem w i t h XPS i s tha t i t i s 

p r i m a r i l y a surface technique and t h i s can lead t o r e s u l t s which are 

a t y p i c a l from the bulk p r o p e r t i e s of the m a t e r i a l under i n v e s t i g a t i o n . 

9.4.3. UV/Visible Spectroscopy 

I n many studies i n v o l v i n g r eactions of t r a n s i t i o n metal complexes 

u l t r a v i o l e t and v i s i b l e spectroscopy have proved t o be a very s e n s i t i v e 

method of d e t e c t i n g these r e a c t i o n s . Many of the techniques t h a t are 

ap p l i c a b l e to use i n the hydrogen c h l o r i d e solvent system s u f f e r from the 

f a c t that they are not s u f f i c i e n t l y s e n s i t i v e enough. There are p r a c t i c a l 
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d i f f i c u l t i e s of recording spectra i n l i q u i d hydrogen c h l o r i d e but the 

author f e e l s t h a t they are not ansurmountable. 
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/ f t * * * * * * * * * * * * * * * * * * : * * * * * * * * * * / 

/* * * */ 

/* * THIS PROGRAM WAS SUPPLIED BY MR.R.NELSON OF THE * */ 

/* * UNIVERSITY OF DURHAM COMPUTER UNIT. THE PROGRAM * */ 

/* * IS DESIGNED TO READ IN THE DATA FROM THE PAPER * */ 

/* * TAPE OUTPUT OF THE FS-720 AND STORE THE RECORDED * */ 

/* * INTERFEROGRAM VALUES IN BLOCKS OF TWENTY 14 * */ 

/* * NUMBERS IN A PRE ALLOCATED STORAGE AREA ON A * */ 

/* * MAGNETIC DISK. * */ 

/* * * */ 

YBINDEC : PROCEDURE OPTIONS iMAIN i i 

DCL CH(3) CHAR(l) , 

CARD CHAR18C) t 

CARDS FILE STREAM OUTPUT , 

( LH(3),RH(3) ) B I T ( 4 ) , 

BT(3) B I T ( 8 ) , 

(ERR t R »CNT f LOC JFIXED BIN , 

NULL BIT(8» IN IT<'00000000'B) i 

BLANK CHARI1) I N I T C •) , DUM CHAR<4) , 

COMPI3) B I T U ) INIT t 'GO 11' B» '001L'' B » •0010 ' B ) ; 

PUT EDIT ('BINARY TAPE CONVERSION') (SKIP,COL(21),A)5 

PUT SKIPI2) : 

ON ENDFILE (SCARDS) GO TO L999 ; 
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LOC,CNT=0 ; 

U l : GET EDIT (CARD) (A (80) I ; 

IF SU8STR(CARDtl,4)= ,//*P l THEN GO TO L02 ; 

GO TO L01 ; 

L 2 : GET EDIT (CH(1)) ( A l l ) ) ; 

IF UNSPEC(CHd) )=NULL I CH (1 1 = BLANK THEN GO TO LQ 2 ; 

ELSE GET EDIT ( ( C H ( I ) DO 1=2 TO 3 ) ) ( 2 ( A ( 1 ) ) ) ; 

CARD=« • ; 

GO TO LC4 5 

Lb3 : GET EDIT ( ( CH(I) DO 1=1 TO 3 ) ) ( A ( 1 ) I ; 

Li;4 : DO 1 = 1 TO 3 ; 

IF UNSPEC(CH(I))=NULL I CH(I ) = BLANK THEN GO TO ECO ; 

END ; 

ERR=0 ; 

DO 1=1 TO 3 ; 

BT(I)=UN SPEC(CH(I)) ; 

SUBSTR(BT(I),1,2)=«00 ,B ; 

LH(I)=SUBSTR<BT<I),1,4) ; 

RH(I)=SUBSTR(BT(I),5,4) ; 

IF LH( I )-.=COMP( I ) THEN ERR=1 ; 

END ; 

IF ERR THEN DO ; 

IF LH(3)=C0MP(1) THEN DO ; 

CH(1)=CH(3) ; 

GET EDIT((CH(I) DO 1=2 TO 3 ) ) (2 A ( l i ) ; 

GO TO L04 ; 
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END ; 

ELSE PUT EDIT(•ERROR * »(BT{I) DO 1 = 1 TO 3 ) ) 

(SKIP.A.3 < X { 3 ) , B ( 8 ) ) ) ; 

GO TO L03 ; 

END ; 

R=RH(1) || RH(2) I I RH(3) ; 

LGC=LOC+l ; 

PUT STRING (DUM) EDIT (R) ( F U ) ) ; 

SUBSTR(CARDtL0C,4>=DUM ; 

LOC=LOC+3 ; 

IF LOC=80 THEN DO ; 

LOC=0 ; CNT=CNT+1 ; 

PUT FILE < CARDS) EDIT(CARD) (A<80)) ; 

CARD=« • ; 

END ; 

GO TO L03 ; 

EGO : LOC=LOC+l ; SUBSTR<CARD,L0C,4)=«-999» ; 

PUT FILE(CARDS) ED IT(CARD) (A(80)> ; 

LOC=0 ; CNT=CNT+1 ; 

CARD=« • ; GET SKIP ; 

GO TO LOl ; 

L999 : PUT EDIT (CNT»'CARD IMAGES TO FILE CARDS*) 

(SKIP(2),F(10J ,A> ; 

END YBINDEC ; 
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Fo u r i e r Transform Program based on Cooley Tukey Algorithm. 
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£ # * * « * * * * * * * * * * * * * * * * * * * * * * * * * 

Q 4 * # * * * * * * $ * « 4 * : ( c * * « ] C < * $ * * * * * * * * 

C * * * * 

C * * THIS PROGRAM WAS ORIGINALLY SUPPLIED 8Y * * 

C * * OR.J.YARWOOD.BUT HAS SINCE BEEN MODIFIED BY D.A. * * 

C * * SYMON. PROGRAM WITH ABSORBANCE OUTPUT,USING A * * 

C * * PROCEDURE TO ENSURE THAT THE ARRAYS ARE POSITIVE. * * 

C * * SPECTRAL COMPUTATION IS DONE USING COMPLETE * * 

C * * AUTOCORRELATION •SUBDH3' WITH THE COOLEY-TUKEY * * 

C * * TRANSFORMATION ROUTINE. * * 

C * * * * 

C # # # 4 * $ * * « * # * * * * * * * * * * * * * * * * * * 

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

IMPLICIT REAL*4(A-H,0,StV-Z),INTEGER*4(J-N,P-R,T-U) 

DIMENSION A<8192? ,C(8192),8(4096),0(4096),F(1),G( 11, 

1 H ( 5 0 ) , 0 ( 1 0 2 4 ) , V ( 1 1 ) , I ( 1 5 ) , Z X ( 2 0 ) 

COMMON A,C,B,D 

COMMON/PUNCH/ NPAIR,XXQ(10) 

140 FORMAT(20A4) 

101 F0RMAT(3T2,3XA4,1XA4) 

103 FORMAT(13,16) 

100 FORMAT(14,2XF5.2,2XF7.2,2XF7.2,2X11,2X11,2X11,2X11) 

READ(8,103) NSETS,NEXIT 

IF(NEXIT.NE.081145) GO TO 98 

11 IF(NSETS)13,13,12 

12 I ( 7 ) = 0 
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I(9>=0 

NPAIR^O 

READ(8,100) N,FSINT,FREQL,FREQH,IOPUT,NSIG,NOUT,NCARD 

C * * * * 

C * * N/2 IS THE NUMBER OF POINTS TO BE TRANSFORMED * * 

C * * FS INT IS THE SAMPLING INTERVAL IN MICRONS * * 

C * * FREOL IS THE LOWER FREQUENCY LIMIT IN WAVE * * 

C * * NUMBERS, FREOH IS THE UPPER FREQUENCY LIMIT IN * * 

C * * WAVE NUMBERS. * * 

C * * IOPUT IS THE NUMBER OF POINTS PER RESOLUTION, * * 

C * * WHICH CAN ONLY BE 1,2,3,4 OR 5* * * 

C * * NSIG=2(D0UBLE BEAM),NSIG=1(SINGLE BEAM), * * 

C * * NOUT=0(NO LINE PRINTER OUTPUT),N0UT=1(SPECTRUM), * * 

C * * N0UT=2(SPECTRUM AND INTERMEDIATE ARRAYS). * * 

C * * NCARD=0(NO CARDS),NCARD=1(CARDS SINGLE BEAM), * * 

C * * NCARD=2(CARDS DOUBLE BEAM). * * 

C * * READS IN DATE (111 TO 113) AND TAPE REFERENCE * * 

C * * NUMBER,ZX IS THE TITLE FOR EACH SPECTRUM. * * 

C * * * * 

READ ( 8 , 1 0 1 ) 1 ( 1 1 ) , 1 ( 1 2 ) , 1 ( 1 3 ) , 1 ( 1 4 ) , 1 ( 1 5 ) 

READ(8,140) ZX 

WRTTE(6,200) N,FSI NT,FREOL,FREOH,IOPUT,NSIG,NOUT, 
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INCARD»I<14) 

200 FORMAT(•l',l4,2X,F5.2t2X,F7.2t4(2X,Il), 

140X t * SAMPLE TAPE REFERENCE NUMBER=»,A4) 

28 I ( 7 ) = I ( 7 ) + 1 

Z=FLOAT{N) 

HI=3.14159265 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

£ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * 

C * * CALLS SUBROUTINE WHICH READS IN BINARY DATA * * 

C * * FROM SOURCE TAPE. * * 

C * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

IF1NSIG.E0.2) GO TO 33 

IF< I (71.EQ.1) GO TO 32 

GO TO 33 

32 CALL TPREAD(M,N0UT,9) 

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * 

C * * READS BACKGROUND TAPE. * * 

C * * * * 

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

GO TO 34 
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33 CALL TPREAD(M,N0UT,5l 

C * * * * * * * * * * * * * * * * * * * * * * * $ * * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * 

C * * READS SAMPLE TAPE. * * 

C * * * * 

C * * * * * * * * * * # * * * * * * * * * * * * * * * * * * 

34 WRITE(6,141) ZX 

141 FORMAT(IH t80X10A4) 

WRITE(6,1421 

142 FORMAT ( /IH »SOX« * SPECTRUM NO = •) 

CALL SUBDH(N,Z,MtNOUT) 

J = N/2 

L=J 

K = N/4 

Z=Z/2.0 

£ * * * # * * * * * * * * * $ * * * * * * * * * * * * * * * 

£ * * * * * * * * * # * * $ * * * * * * * * * * * * * * * * 

C * * * * 

C * * J IS EQUAL TO N/2 TO START W1TH,L IS HALVED AT * * 

C * * EACH SUCCESSIVE STAGE IN THE TRANSFORM.THE MAX- * * 

C * * IMUM VALUE FOR J IS 4096. * * 

C * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
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C ALL SUBTMfNjNOUT) 

CALL SUBPTCI ( 9 I , I ( 7 » , I, FSI NT, FREQL , FREQH, 

1H 14) , K 15) t K 11 ) t I ( 1 2 ) , H 13) ,ZX,NOUT,NCARD,NSIG) 

IF(NSTG.EQ.1 J GO TO 31 

GO TO 113 

31 I F I I I 7 l . G T . i l GO TO 29 

30 DO 3 M=1,N 

0<M)=A<M) 

3 CONTINUE 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

c * * * * 

c * * * * 

c * * * * 

C * * IT STORES THE BACKGROUND SPECTRAL * * 

C * * ARRAY AFTER IT HAS BEEN PLOTTED * * 

C * * OUT.IT THEN GOES BACK TO PICK UP * * 

C * * THE SAMPLE TAPE AND LIKEWISE * * 

C * * TRANSFORMS AND PLOTS. * * 

C * * * * 

C * * * * 

C * * * * 

c * * * * * * # * * * * * * * * * * * * * * * * * * * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

GO TO 28 
29 CONTINUE 

http://II7l.GT.il
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C * * * * 

C * * THIS SECTION NORMALLY CONTAINS THE DOUBLE BEAM * * 

C * * SECTION,HOWEVER AT THE PRESENT MOMENT IT HAS * * 

C * * BEEN OMITTED AS A SATISFACTORY TECHNIQUE HAS * * 

C * * NOT YET BEEN DEVELOPED. * * 

C * * * * 

CALL SUBPT(I<9),1(7),Z,FSI NT,FREQL,FREQH,IOPUT,1114),1 

lMll),I(l2),I(13),ZX,NOUT tNCARD,NSIG) 

113 NSETS=NSETS-1 

99 CALL SUBGP(V(7).X,F(1),1(9), NCARO,NOUT,NSIG,ZX) 

IF(NCARD-l)11,1001,1001 

1001 IF(NPAIR)11,U,1002 

1002 WRITF(7,1003)(XXO(M),M=l,NPAIR) 

1003 F0RMAT(5(F7.2,2XF6.4)) 

GO TO 13 

98 WRTTE(6,105) 

105 FORMAT(•YOU ARE AN UNAUTHORISED USER,HENCE THE JOB', 

1« HAS BEEN TERMINATED,PLEASE SEEK THE PERMISSION OF', 

2' MR. DAVID A. SYMON'I 

13 CALL EXIT 

STOP 

END 
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SUBROUTINE SUBDH (N, 7. t M , NOUT) 

IMPLICIT REAL*4(A-H,0,S,V-Z),INTEGER*4(J-N,P-R,T-U) 

COMMON A<8192),C< 8192),B<4096),D(4096) 

111 F0RMAT11X,10F12.6) 

101 F0RMAT(1X,10F12.3) 

MM=1 

CALL AMX<MM,M,J,AMAX,AVE) 

T=N/2 

IF(M-N) 12,29,14 

12 DO 9 K=M,N 

A(K)-AIM) 

9 CONTINUE 

GO TO 29 

14 L=J-T 

IF(L.LE.O) L = l 

DO 15 K=1,N 

A(K)=A(L+K-1) 

15 CONTINUE 

29 TF(NOUT-l) 13,13,20 

20 WRITE(6,106) 

106 FORMAT(/• COPIED INTERFEROGRAM •) 

WRITE(6,101) <A(K),K=1,N) 

13 DO 3 K=1,N 

C(K»=A(K)-AVE 

3 CONTINUE 

IF(NOUT-l) 21,21,22 



22 WRITE<6,102) 

102 FORMAT(/• REDUCED INTERFEROGRAM •) 

WRITE(6,101MCIKJ,K=1,N1 

21 DO 4 K=1,N 

ASUM=0.0 

DO 5 KK=1,N 

K1=KK+K-1 

I F ( K l - N ) 6,6,7 

7 K1=K1-N 

6 ASUM=ASUM+C(KK)*C(K1) 

5 CONTINUE 

A(K)=ASUM 

4 CONTINUE 

IF(NOUT-l) 23,23,2* 

24 WRITE16.103J 

103 FORMAT(/' AUTOCORRELATED INTERFEROGRAM 

WRITE(6,10H(A(K),K=1,NI 

23 CALL AMX(MM,M,J,AMAX,AVE) 

00 8 K=1,N 

A(K ) = AI K)/AMAX 

8 CONTINUE 

IF(NOUT-l) 25,25,26 

26 WRITE16.107) 

107 FORMAT(/• NORMALISED INTERFEROGRAM •> 

WRITE(6,11H<A(K),K=l,Nl 

25 DO 10 K=1,T 



APOD=COS(3.141593*(K-1) / <N-2))**2 

A(K)=AIK)*APOD 

AlN-K+2)=A(N-K+2)*APOD 

10 CONTINUE 

A(1*T)=0.0 

DO 11 K=1,N 

C(K)=0.0 

11 CONTINUE 

IFIN0UT-1) 27,27,28 

28 WRITE(6,104) 

104 FORMAT(/* FINAL DATA SET LENGTH = N 

1» ADPOOISATION ') 

WRITE(6,101)(A(K),K=1,N! 

27 CONTINUE 

RETURN 

END 

SUBROUTINE AMX(MM,M,J,AMAX,AVE) 

COMMON A(8192),C(8192),B(4096),D(4096) 

AMAX=0 

AVE=0 

DO 1 K=1,M 

AVE=AVE+AIK) 

IF{A(K)-AMAX) 1,1,2 

2 A M A X = A ( K ) 

J=K 

1 CONTINUE 
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WRITE(6,200> J 

200 FORMAT(3H J = , I 4 ) 

L = -3 

DO 3 10=1,7 

KK=J+L 

C(IQV=A(KK) 

L=L + 1 

3 CONTINUE 

AVE=AVE/(M-MM+1) 

WRITE(6,201) AVE 

201 F0RMAT(/1H ,8HAVERAGE=F6.0) 

RETURN 

END 

SUBROUTINE SUBTMlNMAX,NOUT) 

C * * * * 

C * * SUBROUTINE TO TRANSFORM DATA INTO A SPECTRAL * * 

C * * OUTPUT.THIS MAKES USE OF A TECHNIQUE DUE TO * * 

C * * J.W.COOLEY AND J.W.TUKEY (MATHEMATICS OF COMPU- * * 

C * * TAT I ON VOLUME 19,PAGE 195•1965).MODIFICAT IDNS * * 

C * * TO THIS TECHNIQUE HAVE BEEN MADE SO THAT THE * * 

C * * FOURIER ELEMENTS COME OUT IN A NORMAL ORDER. * * 

C * * * * 
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c * * * * 

C * * THE APPRORIATE SINES AND COSINES TAKE ADVANTAGE * * 

C * * OF THE I .B.M.FORTRAN SCIENTIFIC SUBROUTINES * * 

C * * PACKAGE.FOR THE REDUCTION OF 8192 INPUT POINTS * * 

C * * TO 8192 OUTPUT POINTS,THE TIME TAKEN IS ABOUT * * 

C * * ONE MINUTE AND THERE IS LITTLE SPACE FOR ANY- * * 

C * * OTHER CALCULATION TO TAKE PL ACE.HOWEVER,IT CAN * * 

C * * OPERATE ON TAPES WHERE THE DATA HAS BEEN PRE- * * 

C * * TREATED AND THE OUTPUT MAY ALSO BE A SEPARATE * * 

C * * PROGRAM. * * 

C * * * * 

C * * * * 

C * * SETTING OF CONSTANTS WHICH DO NOT CHANGE DURING * * 

C * * EACH PASS OF THE TRANSFORMATION. * * 

C * * NMAX = 2,IS THE NUMBER OF POINTS TO BE PROCESSED * * 

C * * IHALF IS USED TO KEEP TRACK OF N * * 

C * * KHALF IS USED TO DETERMINE WHERE THE PARTIAL * * 

C * * SUMS ARE TO BE STORED DURING EACH PASS. * * 

C * * * * 
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DI MENS I ON TR1(4096),T11(4096 J,TR2< 2048)» T12 < 2048) 

COMMON TRUTH,TR2,TI2 

JHALF=NMAX/2 

THALF=NMAX/2 

KHALF=NMAX/4 

PI=3.14159265 

C * * « * 

c * * * * 

C * * CLEARS ARRAY T i l READY FOR COM- * * 

C * * PUTAT I ON,AND CHECKS TO SEE IF N * * 

C * * PASSFS HAVF BEEN MADE.THE SETTING * * 

C * * OF THE CONSTANTS FOR EACH PASS * * 

C * * ARE WR AND WI,WHICH ARE THE REAL * * 

C * * AND IMAGINARY PARTS OF EXP(2*PI* * * 

C * * J*K/NMAX) RESPECTIVELY AND THEY * * 

C * * ARE AT 1 AND 0 AT THE START OF * * 

C * * EACH PASS. * * 

C * * * * 

DO 10 I=1,NMAX 

10 T i l l I 1=0.0 

34 IF<IHALF)999,65,37 

37 JP=0 

WR=1.0 
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WI^O.O 

C * * * * 

C * * I AND L ARE THE INDICIES OF THE LOCATIONS OF * * 

C * * WHERE THE PARTIAL SUMS WOULD 8E TRANSFERRED TO * * 

C * * IF TR1, TT 1, TR2t TI2 WHERE OF EQUAL LENGTH.TR.2 * * 

C * * AND TI2 ARE NEEDED FOR AUXILLARY STORAGE. * * 

C * * JK=J*K AND DETERMINES THE PROPER FREQUENCIES * * 

C * * DURING THE PASS. * * 

C * * * * 

DO 81 1=1,JHALF 

L=I+JHALF 

IF(IHALF-l138,38,39 

38 JK=I-1 

ANG= PI*FLOATUK)/FLOAT< JHALF) 

WR=COS(ANG) 

WI=SINIANG) 

GO TO 48 

39 IMOD=1=1I/IHALF)*IHALF 

IF<IM0D)999,48,41 

41 JK=I-IMOD 

IF(JK-JP)999,48,43 
43 ANG= PI*FLOAT(JK)/FLOAT(JHALF) 
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JP=JK 

WR=COSIANG) 

WT=SIN(ANG) 

C * * * * 

C * * IP AND 10 ARE THE LOCATIONS OF THE PREVIOUSLY * * 

C * * CALCULATED PARTIAL SUMS ARE STORED IN THE * * 

C * * LOCATIONS TRI AND T12.THE RESULTS ARE STORED * * 

C * * TEMPORARILY IN THE LOCATIONS TRI,TI1,TR2,OR TI2 * * 

C * * DEPENDING ON THE RELATION BETWEEN I AND KHALF. * * 

C * * I AND U ARE THE INOICIES OF THE LOCATIONS TR2 * * 

C. * * AND T12 * WHERE THE RESULTS OF THE PARTIAL SUMS * * 

C * * ARE TO BE STORED AND CORRESPOND TO I AND L * * 

C * * RESPECTIVELY FOR I LESS THAN OR EQUAL TO KHALF. * * 

C * * * * 

ft******************* 

48 IP=JK+I 

IQ=IP+IHALF 

IF(I-KHALFJ 51,51,53 

51 IU=I+KHALF 

AR=TR1 UP) 

A I = T l l ( I P ) 

BR=TR1(IQJ*WR-TI1<IQ)*WI 

BI=TR1(IQ)*WI + TIHIQ)*WR 
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TR2(I)=AR+BR 

TI21 I ) = A I + BI 

TR2(IU)=AR-BR 

T I 2 U U ) = A I - B I 

GO TO 81 

C * * * * 

C * * * * 

C * * IL AND IU ARE THE INDICIES OF THE LOCATIONS TR1, * * 

C * * AND TR2 WHICH WILL NOT BE USED IN FURTHER * * 

C * * CALCULATIONS DURING THIS PASS AND HENCE THEY * * 

C * * MAY BE USED FOR TEMPORARY STORAGE OF RESULTS * * 

C * * CORRESPONDING TO I AND L RESPECTIVELY FOR I * * 

C * * GREATER THAN KHALF. * * 

C * * * * 

C * * * * 

53 IL= I-KHALF 

AT=TI1(IP) 

BR=TR1(I0)*WR-TI1(IQ)*WI 

BI=TRllIQ)*WI+TI1(IQ)*WR 

TRK IL ) = AR + BR 

T i l l I L ) = A I + BI 

TRK IU) = AR-BR 
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T i l t I U I = A T - B I 

81 CONTINUE 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

c * * * * 

c * * * * 

C * * STORES THE PARTIAL SUMS JUST CALCULATED (TR1, * * 

C * * T I l t T R 2 , T I 2 ) IN TR1 AND T i l IN THE PROPER * * 

C * * ORDER PRIOR TO THE NEXT PASS. * * 

C * * * * 

C * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

£ * * « * * $ * * * * * $ $ $ & * $ # $ « $ $ * * * * * * $ 

JJJ-KHALF+1 

DO 83 IK=JJJ»JHALF 

JJMK=IK-KHALF 

JJPK=IK+KHALF 

JJPJ=IK+JHALF 

TRK IK) = TRK JJMK) 

T I 1 ( I K ) = T I H JJMK1 

TRKJJPJ)=TR1(JJPK) 

T I K J J P J I = T U ( JJPK) 

TRKJJMK)=TR2(JJMK) 

TIKJJMK)=TI2< JJMK) 

TRK JJPK J=TR2( IK) 

83 T I K JJPK)=TI2 I IK) 
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c * * 

C * * RESETS T HAL F AS A COUNTER FOR N 

C * * 

THALF=IHALF/2 

WRITE(6,110) I HALF 

110 FORMAT{7H IHALF=,I3) 

GO TO 34 

65 CONTINUE 

IF(NOUT-l) 107,107,108 

107 WRITE(6,100) 

GO TO 50 

108 WRITE(6,1.041 

104 FORMAT(22H TRANSFORMED ELEMENTS 1 

WRITE(6,102)(TRKJ),J=l,JHALF) 

102 FORMATl/10F12.4) 

WRITE(6,100) 

100 FORMAT(26H TRANSFORMATION COMPLETED 1 

GO TO 50 

999 WRITE(6,10011 

1001 FORMAT(• ERROR CAUSED BY INVALID CONTROL PARAMETER*1 

50 RETURN 

END 

* * * * 
* * * * 

* * * * 
* * * * 
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SUBROUTINE TPREAD(M,NOUT,MM) 

DIMENSION A<8192) 

COMMON A 

1 = 1 

10 K=I+19 

READ1MM.100) (A( J1,J=I,K1 

C * * * * 

C * * READS IN SAMPLE TAPE ON FILE 5 AND BACKGROUND * * 

C * * TAPE ON FILE 9. * * 

C * * * * 

DO 50 J = I,K 

I F ( A ( J ) ) 20,50,50 

50 CONTINUE 

1=1+20 

GO TO 10 

20 M=J-1 

IF(NOUT-l) 21,21,22 

22 WRITE(6,101)( A ( J ),J=1,M) 

21 WRITE(6,102) M 

100 F0RMAT(20F4.0) 

101 FORMAT(/10F6.0) 

102 FORM AT(19H NO OF DATA P0INTS = , I 6 ) 
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IF(MM.EQ.5) GO TO 11 

REWIND 9 

11 RETURN 

END 

SUBROUTINE SUBLP 

C * * * * 

C * * SUBROUTINE USED TO SET UP LINE PRINTER SO THAT * * 

C * * THE DATA CAN BE OBTAINED IN A SPECTRAL FORM. * * 

C * * * * 

DIMENSION CHAR(lOl),XNUM(11) 

DATA D0T,DIV/1H.,1H+/ 

DATA XNUM/O.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0/ 

WRITE(6,101) XNUM 

101 F0RMAT(17X,F3.1,10(7X,F3.1)) 

DO 90 K=l,101 

90 CHAR(K)=DOT 

DO 91 IZ = 1,21 

IK=1 

IK=IK+5*<IZ-1) 

91 CHAR(IK)=DIV 

WRITE(6,100) CHAR 

100 FORMAT(1H ,16X,101A1) 
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RETURN 

END 

SUBROUTINE SUBPT(19,17,Z,FSINT,FREQL,FREQH,IOPUT,I14, 

1115,111,112.I13,ZX,N0UT,NCARD,NSIG) 

C * * * * 

C * * SUBROUTINE USED FOR PLOTTING OUT THE DATA OBTAI * * 

C * * -NED FROM THE TRANSFORMAT ION,IN A FORM WHICH * * 

C * * CAN BE RECOGNISED AS A SPECTRUM. * * 

C * * * * 

IMPLICIT REAL*4(A-H,0,S,V-Z),INTEGER*4 i J-N »P-R,T-U J 

DIMENSION H ( 5 0 ) , I ( 1 5 ) . G ( l ) , F ( l ) t V ( l l ) , Z X ( 2 0 ) 

COMMON AI8192),C<8192) 

3 19=1+19 

WRITE(6,200) 19 

200 FORMAT(/6H 19 = ,13) 

V(7)=1.0000 

T F( I9.EQ.4) GO TO 26 

DATA H/1.0,2*9.0,1.0,5.0,60.0,30.0,2*4.0,30.0,60.0, 

15.0,7.0,105.0,35.0,5.0,1.0,2*9.0,1.0,5.0,35.0,105.0, 

27.0,6.0,108.0,27.0,4.0,8.0,84.0,56.0,2*7.0,56.0,84.0, 

38.0,4.0,27.0,108.0,6.0,16.0,2*81.0,128.0,16.0,128.0, 

416.0,128.0,4*125.0/ 
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K = A1 

L = l 

DO 120 Q=2,5 

DO 121 IX=2,Q 

C<10*Q+IX>=-H(L)/H(K) 

CI10*Q-IX)=H(1+L)/H(K) 

C(30*Q+IX)=H(2+LI/H(KI 

C(30*Q-IX)=-H<3+L)/H(K) 

L=4+L 

K = l+K 

121 CONTINUE 

120 CONTINUE 

GI=Z*FSINT 

GI=5000.0/GI 

WRITEI6.201) GI 

201 FORMAT!/18H1FREQ INCREMENT = ,F8.4) 

c * * * * 

C * * GIVES FI THE ALIAS FREQUENCY WHICH IS * * 

C * * 1/2*FSINT,FI IS IN WAVENUMBERS. * * 

C * * * * 

FI=5000.0/FSINT 

X=FREQL/GI 



2 6 1 . 

X = X - 0 . 5 

K = I N T I X ) 

Y = F R E O H / G I 

Y = Y - 0 o 5 

Q = I N T ( Y ) 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

£ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * 

c * * * * 

C * * T H I S HAS PRODUCED AN ARRAY OF S I Z E * * 

C * * O t K , W H I C H I S FOR THE I N T E R P O L A T I O N * * 

C * * OF THE S P E C T R A L DATA. * * 

C * * * * 

C * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

£ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Y = 0 . 0 

Y Y = 9 . 9 

I K = K - l 

L = 0 + 1 

DO 1 0 M = I K » L 

I F ( A I M ) . L T . Y ) GO TO 10 

Y=A< M) 

1 0 C O N T I N U E 

W R I T E ( 6 , 6 0 0 ) Y 



2 6 2 . 

6 0 0 F O R M A T ( 1 6 H L A RGEST NO Y = , F 9 . 6 ) 

C * * * * 

C * * F I N D S THE LARGEST NUMBER I N THE ARRAY Q,K * * 

C * * * * 

DO 1 3 M = I K , L 

I F ( A ( M ) . G T . Y Y ) GO TO 1 3 

Y Y = A ( M ) 

1 3 C O N T I N U E 

W R I T E ( 6 , 6 0 1 ) YY 

6 0 1 F O R M A T ( 1 8 H S M A L L E S T NO YY = * F 9 . 6 ) 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * 

C * * F I N D S THE S M A L L E S T NUMBER I N THE ARRAY Q,K * * 

C * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

£ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

I F ! I 9 . E 0 . 3 > GO TO 9 9 9 9 

C C = 9 . 0 0 0 0 / S O R T < Y - Y Y ) 

DO 1 1 M = I K , L 

A ( M ) = A ( M » - Y Y 

A < M ) = S Q R T I A ( M I ) 



2 6 3 . 

A ( M ) = C C * A ( M ) + 1 . 0 0 0 0 

A ( M ) = 1 0 . 0 0 0 G / A ( M ) 

A ( M ) = A L O G 1 0 ( A ( M ) ) 

1 1 C O N T I N U E 

GO TO 9 9 9 8 

9 9 9 9 C C = 1 . 0 0 0 / 1 Y - Y Y ) 

DO 5 0 0 M = I K , L 

A ( M ) = A ( M ) - Y Y 

A ( M ) = C C * A ( M ) 

5 0 0 C O N T I N U E 

C * * * * 

C * * C A R R I E S OUT A N O R M I L I S A T I O N PROCEDURE BY PROD- * * 

C * * U C I N G AN ARRAY BETWEEN 1.0 AND 0 . 0 . * * 

C * * I T THEN PRODUCES A SPECTRUM I N ABSORBANCE MODE, * * 

C * * AND I F 1 ( 9 ) EQUALS I t I T W R I T E S THE CURRENT DATE * * 

C * * * * 

9 9 9 8 I F ( I 9 . N E . I ) GO TO 2 6 

1 2 W R I T E ( 6 , 1 0 7 » I 1 1 « I 1 2 * I L 3 

1 0 7 F O R M A T ( / / 8 H DATE = , 1 2 , 1 X 1 2 , 1 X 1 2 ) 

1 4 0 F O R M A T ( 1 H , 2 0 A 4 ) 

2 6 GO TO ( 4 4 , 2 , 5 , 6 ) , 1 9 

4 4 I F ( N S I G . E Q . 2 ) GO TO 2 



GO TO 4 

2 W R I T E ( 6 , 1 4 0 l ZX 

W R I T E C 6 . 1 1 2 ) 

1 1 2 F O R M A T ( • N O R M A L I S E D SAMPLE SPECTRUM • ) 

GO TO 3 0 0 

4 W R I T E 1 6 . 1 1 3 ) 

1 1 3 F O R M A T ( * N O R M A L I S E D BACKGROUND SPECTRUM • 

GO TO 3 0 0 

5 W R I T F 1 6 , 1 4 0 ) ZX 

W R I T E ( 6 , 1 1 4 ) 

1 1 4 F O R M A T ( * A B S O L U T E ABSORBANCE SPECTRUM OF 

1« SAMPLE-BACKGROUND •> 

GO TO 3 0 0 

6 W R I T E ( 6 , 1 1 5 ) 

1 1 5 F O R M A T ( • I ( 9 ) = 4 , A N ERROR HAS O C C U R R E D 1 ) 

3 0 0 GO TO ( 9 9 , 8 ) , 1 9 

9 9 I F ( N S I G . E Q . 2 ) GO TO 8 

GO TO 9 

8 W R I T E ( 6 , 1 1 6 ) 1 1 4 

1 1 6 F O R M A T ( • SAMPLE T A P E REF.NO. = » t A 4 ) 

GO TO 4 8 

9 W R I T E ( 6 , 1 1 7 ) 1 1 5 

1 1 7 F O R M A T ( • BACKGROUND TAPE REF.NO. = • , A 4 ) 

4 8 C O N T I N U E 

V ( 7 ) = 1 . 0 0 0 0 

W R I T E < 6 , 1 2 4 ) 



2 6 5 . 

1 2 4 F O R M A T ( * FREQ. ABSQRBANCE') 

5 0 C A L L SUBLP 

3 4 P = 1 0 * I 0 P U T 

R = 3 0 * I 0 P U T 

G ( 1 ) = F L O A T ( I O P U T ) 

G ( 1 ) = G ! / G ( 1 ) 

C 

C * * * * 

C * * G l I S THE FREQUENCY I N C R E M E N T W H I C H R E S U L T S I F * * 

C * * I O P U T I S GREATER THAN O N E , F I I S THE A L I A S * * 

C * * FREQUENCY. * * 

C * * * * 

C ft**************************** 

DO 6 1 M I = K , Q 

DO 6 2 I K = 1 , I O P U T 

X = FLOAT< M I ) 

X = X * G I 

I F ( X . G T . F I ) GO TO 3 5 

I F ( I K . G T . l ) GO TO 2 7 

F ( 1 ) = A ( 1 + M I ) 

GO TO 2 5 

2 7 Y = F L 0 A T ( I K ) 

Y = Y - 1 

Y = Y * G ( 1 ) 



2 6 6 . 

X = X+Y 

I F ( M I . E O . Q ) GO TO 3 5 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * * * * * * * * * * * * * * * * * * * . * * * * * * * 

c * * * * 

C * * CHECKS FOR THE END OF ARRAY 0,K * * 

C * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Y = A ( M I ) * C ( P + I K ) 

E = A < 1 + M I ) * C ( P - I K ) 

Y = Y + E 

E = A ( 2 + M I ) * C ( R + I K ) 

Y = Y+F 

E = A ( 3 + M I i * C ( R - I K ) 

F ( 1 ) = Y + E 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * 

C * * USES I N T E R P O L A T I N G C O E F F I C I E N T C TO G I V E CORR- * * 

C * * ECTED A M P L I T U D E S F C 1 ) AT THE NEW FREQUENCY * * 

C * * I N T E R V A L G ( l ) . THE FREQUENCY C O R R E S P O N D I N G TO * * 

C * * THE A M P L I T U D E F U ) I S X. * * 

C * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

f, * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 



2 5 C A L L S U B G P ( V ( 7 ) , X , F U ) , 1 9 , N C A R D , N O U T , N S I G , Z X 1 

6 2 C O N T I N U E 

6 1 C O N T I N U E 

3 5 RETURN 

END 

S U B R O U T I N E S U B G P < V 7 , X , F l , 1 9 , N C A R D , N O U T , N S I G , Z X 

D I M E N S I O N C H A R ( l O l ) , Z X ( 2 0 ) 

COMMON/PUNCH/ N P A I R , X X Q < 1 0 ) 

DATA B L A N K , P L O T , P L U S / 1 H , 1 H * , 1 H + / 

Y = F 1 

I F ( N O U T - l ) 1 0 5 , 9 9 , 9 9 

9 9 DO 9 2 K = 2 , 1 0 1 

9 2 CHAR (K. ) = BLANK 

C H A R ( 1 ) = P L U S 

I = < Y * 1 0 C ) + 0 . 5 

I F ( I . G T . 1 0 0 1 GO TO 3 

I F ( I . L T o l ) GO TO 5 

GO TO 4 

3 1 = 1 0 1 

GO TO 4 

5 1 = 2 

4 C H A R ( I ) = P L O T 

W R I T E ( 6 , 1 0 3 J X,Y, CHAR 

10 3 F 0 R M A T ( 1 X , F 6 . 2 , 3 X , F 6 . 4 , 2 X , 1 0 1 A I ) 

1 0 5 I F ( I 9 - 2 + N S I G - N C A R D ) 1 1 , 8 , 1 1 

8 I F < N C A R D - 1 ) 1 1 , 1 0 , 1 0 



1 0 I F ( N P A I R - ! O ) 2 G 0 , 2 0 1 , 2 0 O 

2 0 1 W R I T E < 7 , 2 5 0 ) XXO 

2 5 0 F 0 R M A T ( 5 < F 7 . 2 » 2 X F 6 . 4 ) ) 

N P A I R = 0 

2 0 0 N P A I R = N P A T R + l 

X X Q ( N P A I R ) = X 

N P A I R = N P A I R + 1 

X X O ( N P A I R ) = Y 

1 1 RETURN 

END 
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C * * * * 

C * * * * 

C * * T H I S GRAPH P L O T T E R PROGRAM WAS S U P P L I E D BY * * 

C * * MR.8.R.LANDER THE O P E R A T I O N S S U P E R V I S O R OF * * 

C * * THE U N I V E R S I T Y OF DURHAM COMPUTER U N I T . * * 

C * * I T I S D E S I G N E D TO READ S P E C T R A L OUTPUT * * 

C * * DATA PRODUCED FROM THE F O U R I E R TRANSFORM * * 

C * * PROGRAM ( P R E S E N T E D I N T H I S T H E S I S ) AND PLOT * * 

C * * I T I N A P R E - D E F I N E D G R I D B O X . T H I S I S DONE * * 

C * * U S I N G AN I . B . M . 1 1 3 0 COMPUTER AND I T S * * 

C * * R E L E V A N T SUPPORT PROGRAMS FOR GRAPH P L O T T I N G . * * 

C * * * * 

C * * * * 

D I M E N S I O N T I T L E ( 2 0 J 

D I M E N S I O N D U M ( 5 , 2 ) 

D E F I N E F I L E 3 ( 3 0 0 0 , 4 , U , K ) 

I W = 5 

I P = 7 

I R = 8 

P I = 3 . 1 4 1 5 9 

READ ( I R f l O O ) T I T L E 

R E A D ( I R , 1 1 0 ) N P , I S . I F , S C A L E 
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C * * * * 

C * * A F I L E I S SET UP FOR T E M P O R A R I L Y S T O R I N G DATA * * 

C * * A L S O THE THE I . B . M . 1 1 3 0 I N P U T - O U T P U T D E V I C E * * 

C * * NUMBERS ARE P R E D E F I N E D , I P B E I N G THE GRAPH * * 

C * * P L O T T E R , I R B E I N G THE CARD READER AND IW B E I N G * * 

C * * THE L I N E P R I N T E R . P I I S PRESET FOR EASE I N C A L C U - * * 

C * * L A T I N G THE ANGLE FOR P R I N T I N G THE CHARACTERS. * * 

C * * THE TWO I N I T I A L DATA CARDS ARE THEN READ I N , T H E * * 

C * * F I R S T I S THE T I T L E CARD C O N T A I N I N G ANY T I T L E UP * * 

C * * TO E I G H T Y CHARACTERS L O N G . T H I S I S USED FOR THE * * 

C * * SPECTRUM T I T L E . T H E NEXT CARD READ C O N T A I N S THE * * 

C * * I N F O R M A T I O N FOR P L O T T I N G THE G R I D BOX.NP REPRES- * * 

C * * E N T I N G THE NUMBER OF P O I N T S TO BE P L O T T E D , I S * * 

C * * R E P R E S E N T S THE S T A R T I N G P O I N T FOR THE X - A X I S * * 

C * * WHICH MUST BE A M U L T I P L E OF F I F T Y , I F R E P R E S E N T S * * 

C * * THE F I N I S H I N G P O I N T FOR THE X - A X I S W H I C H A G A I N * * 

C * * MUST BE A M U L T I P L E OF F I F T Y , A N D S C A L E W H I C H I S * * 

C * * THE S C A L I N G FACTOR FOR THE X - A X I S AND A D J U S T S * * 

C * * THE NORMAL SCALE OF 2 . 5 I N C H E S PER F I F T Y WAVE- * * 

C * * NUMBERS TO V A L U E S BETWEEN 0 . 0 2 5 AND 2 4 . 9 7 5 * * 

C * * I N C H E S PER 5 0 WAVE-NUMBERS. * * 

C * * * * 

* * * * 
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C * * * * 

C * * THE F O L L O W I N G S E C T I O N DRAWS THE BOX FOR THE PLOT * * 

C * * THE T O T A L L E N G T H OF THE X - A X I S I S CONVERTED * * 

C * * FROM AN I N T E G E R NUMBER TO A F L O A T I N G P O I N T * * 

C * * N U M B E R . I T THEN SETS UP THE V A R I A B L E S USED I N * * 

C * * P O S I T I O N I N G THE T I T L E C E N T R A L L Y ALONG THE UPPER * * 

C * * X - A X I S . A F T E R THAT I T C A L C U L A T E S THE NUMBER OF * * 

C * * MARKERS ALONG THE X - A X I S , A N D SETS UP THE SCALE * * 

C * * ( 0 . 0 5 I N C H E S PER U N I T M U L T I P L I E D BY THE FACTOR * * 

C * * ' S C A L E ' P R E V I O U S L Y READ I N ) . T H E PEN I S LOWERED * * 

C * * AND THE BOX I S DRAWN I N THE F O L L O W I N G D I R E C T I O N S * * 

C * * NORTH,WEST,SOUTH,AND E A S T . T H E LOWER X - A X I S I S * * 

C * * T H E N MARKED AT F I F T Y WAVE-NUMBER I N T E R V A L S . * * 

C * * * * 

I X = I F - I S 

Y I X = I X 

Y I A = ( Y I X - ( 3 2 0 . * ( 1 . / S C A L E > ) ) / 2 . 

Y I B = ( Y I X - ( 5 2 . * ( 1 . / S C A L E ) ) ) / 2 . 

I X = I X / 1 0 

S C A L O = S C A L E * 0 . 0 5 

C A L L S C A L F l S C A L O , 9 . 0 , 0 . , 0 . ) 

C A L L F P L O T ( 2 , 0 . , 0 . ) 



2 7 2 . 

C A L L F G R I O t O t O . , 0 . , 1 0 . , I X ) 

C A L L F G R I D ( 1 , Y I X , 0 . , 0 . 1 , 1 0 ) 

C A L L F G R I D ( 2 , Y I X , 1 . , 1 0 . , I X ) 

C A L L F G R I D ( 3 , 0 . , 1 . , 0 . 1 , 1 0 ) 

Y J = 0 . 0 

DO 3 0 J = I S , I F , 5 0 

C A L L FCHAR ( Y J - 3 . , - . 0 3 , . 1 3 , . 1 3 , 0 . ) 

W R I T E ( I P , 1 4 1 ) J 

Y J = Y J + 5 0 . 0 

3 0 C O N T I N U E 

C * * * * 

C * * THE LOWER. X - A X I S L A B E L I S W R I T T E N W I T H A CENTRAL * * 

C * * D I S P O S I T I O N , T H E S C A L E I S THEN CHANGED AND THE * * 

C * * LOWER O R D I N A T E C A L I B R A T I O N S ARE W R I T T E N . T H E * * 

C * * THE L E F T HAND Y - A X I S L A B E L I S W R I T T E N , A G A I N * * 

C * * W I T H A CENTRAL D I S P O S I T I O N . T H E P R E V I O U S L Y READ * * 

C * * I N T I T L E I S NOW W R I T T E N ALONG THE TOP X - A X I S * * 

C * * W I T H A CENTRAL D I S P O S I T I O N . T H E PEN I S T H E N * * 

C * * RETURNED TO THE O R I G I N READY TO START P L O T T I N G . * * 

C * * * * 

C A L L FCHAR ( Y I B , - 0 . 0 8 , . 2 , . 2 5 , 0 . ) 

W R I T E ( I P , 1 4 0 ) 
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C A L L F C H A R ( Y I B + ( 5 2 . * ( 1 . / S C A L E ) ) , - 3 . 0 6 , . 1 , . 1 2 , 0 , ) 

W R I T E U P , 1 4 2 ) 

C A L L FCHAR ( - 1 0 . * ( 1 . / S C A L E ) , 0 . 3 9 , 0 . 2 , 0 . 2 5 , P I 1 2 . ) 

W R I T E ( I P , 1 3 0 ) 

X Y = 0 . 0 

DO 6 5 1 = 1 , 1 1 

C A L L FCHAR ( - 9 . * ( 1 . / S C A L E ) , X Y - . O 1 , . 1 3 , . 1 3 , 0 . ) 

W R I T E ( I P , 1 3 5 ) XY 

X Y = I / 1 0 . 

6 5 C O N T I N U E 

C A L L FCHAR ( Y I A , 1 . 0 3 , 0 . 2 , 0 . 2 5 , 0 . ) 

W R I T E ( I P , 1 0 0 ) T I T L E 

C A L L F P L O T ( 1 , 0 . , 0 . ) 

K = l 

C * * * * 

C * * * * 

C * * T H I S S E C T I O N READS I N F I V E P A I R S OF C O O R D I N - * * 

C * * ATES PER DATA CARD AND I N I T I A T E S THE COUNTER * * 

C * * FOR R E A D I N G EACH P A I R . I T THEN C A L C U L A T E S THE * * 

C * * NUMBER OF DATA CARDS TO BE READ. * * 

C * * * * 

C * * * * 
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£ * * * * * * * * * * * * * * * * * * * * * £ * * * * * * * 
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C * * * * 

C * * T H I S S E C T I O N READS ONE DATA CARD I N T O THE DUMMY * * 

C * * A R R A Y , P I C K I N G OFF EACH P A I R OF C O O R D I N A T E S I N * * 

C * * TURN.THE NUMBER OF C O O R D I N A T E S READ I N I S T E S T E D * * 

C * * A G A I N S T NP THE NUMBER OF C O O R D I N A T E S TO BE * * 

C * * READ AND I F T H I S I S GREATER T H A N THE NUMBER * * 

C * * OF C O O R D I N A T E S ALREADY READ I N , T H E N THE R E A D I N G * * 

C * * PROCESS I S C O N T I N U E D , A S A B O V E . * * 

C * * THE M I N I M U M AND MAXIMUM Y-COORDI NATE V A L U E S ARE * * 

C * * FOUND AND EACH P A I R OF C O O R D I N A T E S ARE STORED * * 

C * * I N THE DUMMY ARRAY. * * 

C * * * * 

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

X M A X = 0 . 0 

X M I N = 1 . 0 

I 1 = 0 

N R = ( N P / 5 ) + l 

DO 3 4 5 1 = 1 , N R 

READ ( I R , 3 9 2 ) ( ( D U M ( N , J ) , J = 1 , 2 ) , N = 1 , 5 ) 

DO 3 4 5 L = l , 5 

1 1 = 1 1 + 1 

I F ( N P - I I ) 3 4 5 , 3 0 9 , 3 0 9 

3 0 9 I F ( X M I N - D U M ( L , 2 ) ) 3 2 0 , 3 2 0 , 3 2 1 
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3 2 1 X M I N = D U M ( L , 2 ) 

3 2 0 I F ( X M A X - D U M ( L , 2 ) ) 3 2 2 , 3 2 5 , 3 2 5 

3 2 2 X M A X = D U M ( L , 2 » 

3 2 5 W R I T E ( 3 « K ) ( D U M ( L , M ) f M = 1 , 2 ) 

3 4 5 C O N T I N U E 

C * * * * 

C * * THE FACTOR FOR N O R M A L I S I N G THE DATA BETWEEN THE * * 

C * * V A L U E S 0 . 0 AND 1.0 I S C A L C U L A T E D . * * 

C * * THE S T A R T I N G P O I N T FOR THE X - A X I S I S CONVERTED * * 

C * * TO A F L O A T I N G P O I N T NUMBER. * * 

C * * THE F I L E P O I N T E R I S RESET TO THE B E G I N N I N G OF * * 

C * * THE DATA F I L E AND THE X AND Y C O O R D I N A T E S ARE * * 

C * * READ FROM THE DATA F I L E I N TURN.THE Y C O O R D I N A T E * * 

C * * V A L U E I S A D J U S T E D AND THE C O O R D I N A T E S ARE * * 

C * * P L O T T E D . T H E F I N A L PROCEDURE I S TO RESET THE PEN * * 

C * * READY FOR THE NEXT P L O T . * * 

C * * * * 

R E C I P = 1 . 0 / ( X M A X - X M I N I 

S T = I S 

K = l 

DO 3 7 0 1 = 1 , N P 

R E A D ( 3 ' K ) X,Y 
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Y = < Y - X M I N ) * R E C I P 

C A L L FPLOT < - 2 , X - S T , Y ) 

3 7 0 C O N T I N U E 

C A L L F P L O T I l » Y I X + i 9 9 . * ( 1 / S C A L E ) ) , 0 . ) 

C A L L E X I T 

1 0 0 F O R M A T ( 2 0 A 4 ) 

1 1 0 FORMAT ( 3 1 6 , F 4 . 2 ) 

1 3 0 FORMAT I • A B S O R B A N C E • ) 

1 3 5 FORMAT < F 3 . 1 ) 

1 4 0 FORMAT (•WAVENUMBER CM') 

1 4 1 F O R M A T ( 1 4 ) 

1 4 2 FORMAT < «-l» ) 

3 9 2 FORMAT ( 5 ( F 7 . 2 , F 8 . 4 ) ) 

END 
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APPENDIX B 

Estimation of Phosphorus 

I n t r o d u c t i o n 

The method i s based on the r e a c t i o n of an a c i d i f i e d s o l u t i o n 

c o n t a i n i n g orthophosphate w i t h a s o l u t i o n of ammonium metavanadate and 

ammonium molybdate i n n i t r i c acid which gives a vanadomolybdophosphoric 

a c i d . The vanadomolybdophosphoric acid i s ye l l o w i n colour and has an 

unknown s t r u c t u r e . The measurement of the absorbancy of the vanadomolybdo­

phosphoric acid thus enables an estim a t i o n of the orthophosphate content 

of the o r i g i n a l s o l u t i o n . The maximum absorption of the vanadomolybdo­

phosphoric acid occurs i n the region of about 31,750 cm"''' (315 nm), 

however at t h i s frequency the reagent absorbs s t r o n g l y , the absorption of 

which i s very s e n s i t i v e to n i t r i c acid concentration. To overcome these 

disadvantages the absorbance measurements are c a r r i e d out on the slope 

of the absorption curve at about 23,810 cm"''' (420 nm). To e l i m i n a t e 

any e r r o r s i n the s e t t i n g of the monochrometer a standard s o l u t i o n of 

orthophosphate should be estimated at the same time as the unknown 

est i m a t i o n i s c a r r i e d out. 

Range 

The t e s t s o l u t i o n should contain between 0*2 and 1*25 mg. of 
3 

phosphorus i n 100 cm s o l u t i o n , p r e f e r a b l y i n the O^-O^ mg range f o r best 

accuracy. 
Reagents 

Ammonium molybdate/ammonium metavanadate s o l u t i o n 

A.R. ammonium molbydate t e t r a h y d r a t e (20 g.) was dissolved i n water 
3 

(250 cm ) . A.R. ammonium metavanadate (1*000 g.) was dissolved i n water 
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(200 cm ) c o n t a i n i n g n i t r i c acid (40 cm sp.gr. 1°42). A f t e r mixing the 
3 

two s o l u t i o n s n i t r i c acid (100 cm , sp.gr. 1*42) was added, then the 
3 

s o l u t i o n was d i l u t e d t o 1000 cm i n a standard f l a s k . 

Standard orthophosphate s o l u t i o n ( l ) 
Monopotassiumdihydrogenorthophosphate (2 e1968 g.) which had 

o 

pre v i o u s l y been d r i e d at 105 f o r at l e a s t one hour was dissolved i n 

water and d i l u t e d t o one l i t r e i n a standard f l a s k at 20°C. 

Standard orthophosphate s o l u t i o n ( 2 ) 
25 40 cm of standard orthophosphate s o l u t i o n ( 1 ) was measured by 

3 

p i p e t t e i n t o a 250 cm standard f l a s k and d i l u t e d t o the mark w i t h 

d i s t i l l e d water at 20°C. 
3 

1*00 cm = 0*05 mg.P 

Procedure 

The sample was fused i n a Parr bomb w i t h sodium peroxide (about 1 g . ) . 

A f t e r e x t r a c t i o n of the melt w i t h water and n e u t r a l i s a t i o n w i t h hydro­

c h l o r i c acid the s o l u t i o n was b o i l e d f o r about one hour t o hydrolyse any 

condensed phosphates t o orthophosphate. The t e s t s o l u t i o n (which should 
3 

contain 0"4-0*9 mg.P) was then t r a n s f e r r e d t o a 100 cm f l a s k and 

ammonia added dropwise u n t i l j u s t a l k a l i n e to l i t m u s . The s o l u t i o n was 
3 

then made j u s t acid by the a d d i t i o n of n i t r i c a c i d . 25*0 cm of 

ammonium molybdate/ammonium vanadate reagent was added by p i p e t t e i n t o 
3 

the 100 cm f l a s k and the s o l u t i o n d i l u t e d to the mark w i t h d i s t i l l e d 
3 

water. I n t o a second 100 cm standard f l a s k was added by p i p e t t e 10*0 
3 3 cm of the standard orthophosphate s o l u t i o n ( 2 ) and 25*0 cm of the 

ammonium molybdate/ammonium vanadate reagent. The s o l u t i o n was then 
3 

d i l u t e d t o the mark w i t h d i s t i l l e d water. 25*0 cm of the ammonium 

http://sp.gr
http://sp.gr
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molybdate/ammonium vanadate reagent was added by p i p e t t e i n t o a t h i r d 
3 

100 cm standard f l a s k and d i l u t e d t o the mark w i t h d i s t i l l e d water. This 

s o l u t i o n was t o be used as the blank i n the spectrophotometric 

determination. 

The absorbancy of the t e s t and standard s o l u t i o n s were then measured 

at 23,810 cm ^ (420 nm) using 10 mm glass c e l l s against the reagent blank. 

The phosphorus content of the t e s t s o l u t i o n i s then given by the 

expression: 
absorbancy of t e s t s o l u t i o n _ c ^ _ . , ^. — r c—r—j—j = — — — x 0*5 = mg. of P i n t e s t s o l u t i o n absorbancy of standard s o l u t i o n 

Note 

A c a l i b r a t i o n graph over the range 0*2-1 m25 mg. P i s l i n e a r , but i t 

i s advisable to prepare a c a l i b r a t i o n graph using the spectrophotometer 

used i n the determinations to ensure t h a t the c a l i b r a t i o n i s l i n e a r over 

the range used. 

The colour of the complex forms immediately and i s stable f o r long 

periods. 

The a c i d i t y of the t e s t s o l u t i o n must not be greater than 0"3N p r i o r 

t o the a d d i t i o n of the ammonium molybdate/ammonium metavanadate reagent. 
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APPENDIX C 

Magnetochemistry of the t e t r a k i s ( r t - c y c l o p e n t a d i e n y l carbonyl 
i r o n c a t i o n ) 

This work was c a r r i e d out i n conjunction w i t h Mr. J. Cope and Dr. 

J.J. Cox of Wolverhampton Polytechnic. Measurements were c a r r i e d out on 

a Newport Instruments v a r i a b l e temperature Gouy balance f i t t e d w i t h an 

electromagnetic which has 4 inch poles. Measurements were c a r r i e d out 

at temperatures over the range +25 to -180°C w i t h magnetic f i e l d s of 

1,2,3 and 7 Kgauss and are given i n Table C.l. 

The r e s u l t s obtained w i t h the lower magnetic f i e l d s are much more 

l i k e l y t o be inaccurate than those obtained w i t h the 7 Kgauss magnetic 

f i e l d . The general trends of the magnetic moments however are cle a r and 

thought t o be r e l i a b l e . 

The simplest theory of magnetic moments i s based on the assumption 

t h a t only unpaired e l e c t r o n s give r i s e to paramagnetism and t h a t no s p i n -

o r b i t coupling occurs. The e f f e c t i v e magnetic moment, M- eff> i s given by 

the equation 

1*73, 2*83 and 3*88 are expected f o r 1, 2 and 3 unpaired e l e c t r o n s 

r e s p e c t i v e l y . However f o r atoms w i t h more than a h a l f f i l l e d d s h e l l 

spin o r b i t coupling can not be ignored and increases the magnetic moments 

above the spin only value. 

The magnetic moments observed f o r the t e t r a k i s ( n - c y c l o p e n t a d i e n y l 

carbonyl i r o n ) c a t i o n are much greater than t h a t p r e d i c t e d by the spin only 

formula. Indeed the values are much l a r g e r than expected even a l l o w i n g f o r 

J n(n + 2) u, e f f 

where n i s the number o f unpaired e l e c t r o n s . Hence values of (j, e f f of 
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spin o r b i t coupling. Another assumption i n the magnetic theory used i s 

t h a t the compounds are magnetically d i l u t e , i . e . t h a t neighbouring 

molecules have no e f f e c t on one another. For non-magnetically d i l u t e 

m a t e r i a l s there are two basic types of i n t e r a c t i o n s , ferromagnetism where 

adjacent magnetic dipoles tend t o a l i g n themselves i n the same d i r e c t i o n 

and antiferromagnetism where adjacent magnetic dipoles tend to a l i g n 

themselves i n opposite d i r e c t i o n s . The magnetic s u s c e p t i b i l i t i e s of the 

hexafluorophosphate and hepta-iodide s a l t s of the t e t r a k i s ( r t - c y c l o p e n t a -

d i e n y l c a r b o n y l i r o n ) c a t i o n show i d e n t i c a l trends although the values 

themselves are markedly d i f f e r e n t . This i s probably due to the d i f f e r i n g 

degree of magnetic d i l u t i o n i n the two s a l t s . The s t r u c t u r e of the 

hexafluorophosphate s a l t i s probably based on a system of c l o s e l y 

packed spheres whereas the s t r u c t u r e of the heptaiodide s a l t i s probably 

based on packing of spheres and rods. There i s t h e r e f o r e a much more 

l i k e l y case of magnetic i n t e r a c t i o n i n the heptaiodide s a l t than i n the 

hexafluorophosphate s a l t . The data presented are not r e l i a b l e enough t o 

c a l c u l a t e a t h e o r e t i c a l Curie-Weiss law p l o t and observe a c l e a r break 

i n the curve showing the compound to be ferromagnetic. Over the temperature 

range examined the compounds do not show a Neel p o i n t which would i n d i c a t e 

the m a t e r i a l s t o be a n t i f e r r o m a g n e t i c . To solve these problems would 

r e q u i r e a more d e t a i l e d and thorough study t o be c a r r i e d out and was 

beyond the scope of t h i s t h e s i s and the techniques a v a i l a b l e . The aim>-

of the studies were to confirm t h a t only one e l e c t r o n had been removed from 

the t e t r a k i s ( i t - c y c l o p e n t a d i e n y l c a r b o n y l i r o n ( l ) ) i n the formation of the 

c a t i o n . 

2 8 S E P f972 
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NOTE ADDED IN PROOF: 

Prel i m i n a r y r e s u l t s from the X-ray c r y s t a l s t r u c t u r e being c a r r i e d 

out by Dr N. Alcock at Warwick U n i v e r s i t y shows t h a t the u n i t c e l l 

c o n t a i l s 2 molecules and has a symmetry of P—. The anal y s i s c a r r i e d out 

so f a r shows t h a t f o r itcyclopentadienyldicarbonyl iron-u-bromo 

i t c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n hexafluorophosphate t h a t the i r o n bromine 

distances are 2.38 and 2.42& (+ 0.02&) and t h a t the i r o n bromine i r o n 

angle i s 116° (+ 2°). The i r o n bromine distances are i d e n t i c a l w i t h i n 

the experimental e r r o r and confirms the evidence obtained from examination 

by other p h y s i c a l techniques. 
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The Liquid Hydrogen Chloride Solvent System. Part XIV. 1 Reactions of 
Tt-Cyciopentadienyldicarbonyliron Dimer, of n-Cyclopentadienylirondi-
carbonyl Chloride, Bromide, and Iodide, and of n-Cyclopentadienyltri-
carbonyliron Chloride in the Solvent 
By D. A . S y m o n and T . C . W a d d i n g t o n , Chemistry Department, The University of Durham, Durham City 

77-Cyclopentadienyldicarbonyliron dimer is monobasic in liquid hydrogen chloride, giving the [ ( j r - C s H s ) F e -
( C O ) a ] j H + ion. Spectroscopic evidence (Mossbauer, 'H n.m.r.,andi.r.) shows that this ion contains two ( w - C 5 H s ) -
F e ( C O ) a units linked by a symmetric F e - H - F e bridge. Reaction of a solution of the dimer with nitrosyl chloride or 
chlorine gives mixtures containing w-cyclopentadienyldicarbonyliron chloride. w-Cyclopentadienyldicarbonyl-
iron chloride is a base in the solvent forming [ ( w - C ^ s J F e f C O j j s C I + B C I , - on treatment with boron trichloride. 
w-Cyclopentadienyltricarbonyliron chloride also acts as a base in the solvent giving ( i r - C 5 H 5 ) F e ( C O ) 3

+ B C I 4 - with 
boron trichloride. 

J I - C Y C L O P E N T A D I E N Y L D I C A R B O N Y L I R O N dimer appears to carbonyl bands in the i.r. region and the lack of agree-
be monobasic in several anhydrous acids, 2 but the struc- ment between the spectrum in the carbonyl region of a 
ture of the [ ( n - C 5 H 5 ) F e ( C O ) . J 2 H ' i " ion has not been solution in sulphuric acid and of the solid hexafluoro-
clearly established. The i.r. data reported is difficult phosphate. We have examined the behaviour of p u r e 3 , 4 

to understand, particularly the occurrence of three * A. Davison, w. McFarlanc, L . Pratt, and G . Wilkinson, 
J. Chem. Soc, 1962, 3653. 

1 Part X I I I . Z. lqbal and T. C. Waddington, / . Chem. Soc. a K. Noak, J. Inorg. Nuclear Chem., 1963, 25. 1383. 
A), 1969. 1092. 4 A. R. Manning, J. Chem. Soc. (A), 1968, 1319. 
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T A B L E 2 

I.r. spectra of n-cyclopentadienyldicarbonyliron dimer in 
anhydrous acids in the region 2200—1700 c m - 1 (mulls 
between polythene plates) 

vco frequencies (cm"1) 
Mulling agent ( - , 
H , S O , ° 
H,SO/(20% SO, 
C H , S O , H 
H S O a C l 
C F , C O , H ; » 
H . P O . F : 
H P O . F , : 

* Bands 
decreasing 
studied. 

- Ref. 2 2068ms, 2045vs, 2022vs. 
evaporated, 2063 band very broad. 

2122 • 2066 • 2035 f 2012 f 
2124 • 2068 * 2039 t 2013 f 
2122 • 2062 • 2040 f 2010 t 
2123 • 2068* 2034 f 2012 f 
2125 2063 

2034 f 
2012 

2124 2070 2037 2015 
2123 2068 2040 2019 

increasing in intensity 
in intensity with time. 

with time. 
1 Effect of 

t Bands 
time not 

4 Poor mull, solvent 

of potassium hexafluorophosphate gave (ir-C 5H 5)Fe-
(CO) 8

+ PF 6 ~, identical with the material described by 
Busetto and Angelici.8 With the salt (ir-CBHB)Fe(CO) 2] 2-
H + P F 8 " in KC1 discs, in addition to the carbonyl bands 
due to the protonated species, carbonyl bands which 
can be assigned to [(n-C 5HB)Fe(CO) 2] 2 itself and to 
(ic-C BH B)Fe(CO) 3

+ appear, increasing in intensity with 
time (Figure 2). Similar results are found with 
C 5 H 5 )Fe(CO)j2H + BCl 4 - . From the i.r. data on the 
tetrachloroborate and hexafluorophosphate salts of the 
[(7c-C 5H 5)Fe(CO) a] 2H + ion (Table 3), we conclude that the 
carbonyl frequencies in these salts are two in number and 
occur at 2031s and 2001s cm"1; slight shifts occur in the 
acid mulls to 2037s and 2012s cm"1. Davison et al.2 

report carbonyl bands of [(7t-C B H 5 )Fe(CO) 2 ] a H + PF 6 ~ at 
2138s, 2068sh, 2050vs, and 2018vs cm - 1 ; the bands at 
2138s and 2068sh are probably due to (Tr-C BH B)Fe(CO) 3

+. 
Similarly the band at 2068ms cm"1 which they report in 

an F e - H stretch; we failed to observed an Fe~D 
stretch in our deuterium compound and no evidence of a 

2200 2000 1800 
Frequency I c n f ' l 

F I G U R E 2 The i.r. spectrum of [(w-C6H s)Fe(CO) e],H+PF,- in 
the carbonyl region as af unction of time, a, [(ir-C 6H 5)Fe(CO).] 2 , 
b, [(w-C sH5)Fe(CO)j]5H+PF l l- initially, c, the same after 2 h 
in the i.r. beam, and d, the same after 18 h in the i.r. beam 

band in this region could be observed in any of the acid 
mulls. The band at 1767 cm"1 is probably due to traces 

Assignments 
Sym C - H 
COslretch 
CO stretch 
CO stretch 
CO stretch 

CO stretch 
C-C stretch 

B F 4 - | 

U P F . " 
v3 BC14" 
v, + K 4 BC14~ 
** PF«-

T A B L E 3 

Bands in the i.r. spectra region 4000—100 cm"' 

[lw-C 5H 5)Fe(CO) a] i !-
HBC14 

3110\v 

2030s 

2000s 
1420m 

691ms 
659ms 

[(w-C,H i)Fe(CO),] >-
H P F , 
3110w 

2032s 

2002s 
1420m 

845vs 

555 

[(ir-CgHtOFetCO),], 
C1BC14 

31 lOw 

2055sh 
2049s 
2019sh 
2002s 
1420m 

691 ins 
661ms 

[( w-C,H,)Fc(CO)J f-
C1BF 4 * 
3125s 

2083ssh 

2053s 

2016s 
1423s 
1075vs 
1049vs 
1037vs 

(77-C 5H 5)l-c(CO) 3BCl 4 t 
3107w 
2117s'' 

2066vs 

696ms 
U66ms 

* Ref. 6. f Recorded on a Grubb-Parsons Spectromaster. 

their sulphuric acid mull spectra is probably attributable 
to (7t-C B H B )Fe(CO) 3

+ , (the band at 2122 cm"1 is much 
weaker than the one at 2068 cm"1, probably explaining 
why no band at 2122 cm"1 was observed). Davison 
et a/.8 also report a weak band at 1767 cm"1 as possibly 

of [( ir-C 5 H 6 )Fe(CO) 8 ] 2 itself; v c 0 at 1954s, 1937s, 1767s, 
1755s. The existence of only two carbonyl frequencies 
in the protonated species strongly suggests that the two 

• L . Busctto and R. J . Angclici, Inorg. Chim. Acta, 1968, 2, 
391. 
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Handling Techniques.—The apparatus and general tech­
niques have been described previously.7 Large-scale pre­
parations (ca. 3—5 mmol) were carried out in glass am­
poules fitted with Teflon valves ( R O T A F L O TR6/24) at 
solid C O s temperatures. All hydroscopic materials were 
handled in a dry box flushed with dry nitrogen. 

Chemicals.—Hydrogen chloride, nitrosyl chloride, boron 
trichloride, chlorine, and cyclopentadienyldicarbonyliron 
dimer were obtained commercially. Phosphorus penta-
fluoride was prepared by the decomposition of Phosfluoro-
gen A. All volatile chemicals were purified by trap-to-trap 
distillation. Cyclopentadienyldicarbonyliron halides (chlor­
ide," bromide," and iodide") and cyclopentadienyltri-
carbonyliron chloride 8 were prepared by literature methods 
and purified by recrystallisation. Deuterium chloride was 
prepared by the addition of deuterium oxide to phosphorus 
pentachloride. 

Analyses and Physical Measurements.—Weight analyses 
were carried out as described previously.7 Conductivities 
were measured on a Wayne Kerr Bridge type B221. 
Carbon, hydrogen, and nitrogen were determined by micro-
combustion. Iron was determined by atomic absorptio­
metry. Chloride was determined potentiometrically and 
phosphorus by visible spectroscopy as the vanadophos-
phomolybdate complex. I .r . spectra were recorded on a 
Pcrkin-Elmer 621 double-beam spectrophotometer in the 
region 4000—300 cm"1 and on a R I I C FS720 interfero-
metric spectrometer in the region 50—360 cm - 1 . >H N.m.r. 
spectra were recorded on Perkin-Elmer R10 and Varian 
A56/60D spectrometers. Mossbauer spectra were pro­
vided by Dr. Johnson of the Physico-Chemical Measure­
ments Unit, Harwell. 

Preparation of the Compounds.—(i) n-Cyclopentadienyldi-
carbonyliron dimer hydrogen letrachloroborale, [ ( i r -C 6 H 5 )Fe -
(C0) 2 ] 2 HBC1 4 . Cyclopentadienyldicarbonyliron dimer (0-7 
g, 2 mmol) was weighed into an ampoule and degassed under 
high vacuum overnight. After the sample had been cooled 
to — 190° (liquid-nitrogen bath) hydrogen chloride (ca. 7 ml, 
0-25 mol) was distilled in. Dissolution was effected by 
warming the mixture to —95° (toluene slush bath). The 
solution was cooled to —196° and boron trichloride (4 mmol) 
was distilled into the ampoule. The mixture was allowed 
to react at — 84° (solid C0 2-acetone bath), and an immediate 
red-brown precipitate was observed. All volatiles were 
removed in vacuo. The solid obtained at room tempera­
ture was washed with methylene chloride (freshly distilled 
from phosphorus pentoxide) to yield a red-brown solid 
which decomposed slowly (Found: % increase in weight 
on the dimer, 43-4; C, 31-8; H , 21; CI, 27 0; Fe. 20-9. 
C 1 4 H n B C l 4 F e j 0 4 requires % increase in weight on the dimer, 
41-4; C, 331; H , 2-2; CI, 27-9; Fe, 22 0%). 

(ii) •K-Cyclopentadienyldicarbonyliron dimer hydrogen hexa-
fluoroptosphate. [(n-CsHs)Fe{CO)2]1HPFa. rc-Cyclopentadi-
enyldicarbonyliron dimer (0-7 g, 2 mmol) was weighed into 
an ampoule and degassed under high vacuum overnight. 
The sample was cooled to —196°, hydrogen chloride (ca. 7 
ml, 0-25 mol) was distilled in, and dissolution was effected 
by warming the mixture to —95°. The solution was cooled 
to —196° and phosphorus pentafluoride (6 mmoles) was dis­
tilled into the ampoule. The mixture was allowed to react 
at —84° overnight. The volatiles were removed in vacuo. 

" T. S. Piper. F . A. Cotton, and G. Wilkinson, J. Inorg. 
Nuclear Chew., 1955, 1, 1C5. 

The resulting solid at room temperature was washed with 
methylene chloride (freshly distilled from phosphorus 
pentoxide) to give a red-brown solid (Found: C, 33-4; H , 
2-15; Fe, 22-1; P, 6-05. C ^ I u F . F u g O j P requires C, 33-05; 
H , 2-2; Fe, 22-35; P, 6-2%). 

(iii) Tz-Cyclopentadienyldicarbonyliron dimer deuterium 
liexafluorophosphate, [(jr-CuHaJFelCOJjJjDPFj.—The pro­
cedure described above was employed, except that deuterium 
chloride was used instead of hydrogen chloride. 

(iv) n-Cyclopentadienyldicarbonyliron dimer chlorotetra-
chloroborate, [(7t-C sH s)Fe(CO) 2] 2ClBCl 4.—rc-Cyclopentadi-
enyldicarbonyliron chloride (0-42 g, 2 mmol) was weighed 
into an ampoule and degassed overnight under high vacuum. 
The sample was cooled to —196° and hydrogen chloride 
(ca. 12 ml, 0-43 mol) was distilled in. Dissolution was 
effected by warming the mixture to —95°; the solution 
was cooled to —196°, boron trichloride (5 mmol) was 
added, and the mixture was allowed to react at —84°. 
Removal of all the volatiles in vacuo left a red-brown solid 
(Found: % increase in weight on chloride, 29-9; C, 30-1; 
H , 1-82; CI, 31-7. C u H 1 0 B C l 5 F e 2 O 4 requires % increase in 
weight on chloride, 27-6; C, 31-0; H , 1-86; CI, 32-7%). 

(v) Tz-Cyclopentadienyltricarbonyliron tetrachloroborate, (K-
C 5 H s )Fe (CO) 3 BCl 4 . n-Cyclopentadienyltricarbonyliron 
chloride (0-38 g, 1-60 mmol) was cooled to —196° and then 
hydrogen chloride (ca. 12 ml, 0-43 mol) was distilled onto 
the sample. Boron trichloride (4 mmol) was then added 
and the mixture was warmed to —84°; a pale yellow solid 
was precipitated from solution. After removal of all the 
volatiles, a yellow solid remained at room temperature 
(Found: C, 26-1; H , 1-7; CI, 38-2. C 8 H 5 B C l 4 F e 0 3 requires 
C, 26-9; H , 1-4; CI, 39-7%). 

(vi) Reaction of it-cyclopentadienyldicarbonyl dimer with 
cMorine. 7t-Cyclopentadienyldicarbonyliron dimer (0-7 g, 2 
mmol) was weighed into an ampoule; the sample was 
cooled to —196°, hydrogen chloride (ca. 10 mi, 0-38 mol) 
was distilled in, and dissolution was effected by warming 
the mixture to —95°. The solution was then frozen to 
—196° and chlorine (1 mmol) was distilled into the ampoule. 
After 4 h at —84° all volatile components were removed. 
I . r. spectroscopy showed evolution of carbon monoxide; 
further, it showed the solid obtained at room temperature 
to be a mixture of jr-cyclopentadienyldicarbonyliron 
chloride 7t-cyclopentadienyltricarbonyliron chloride and 
other decomposition products. 

(vii) Reaction of n-cyclopentadienyldicarbonyliron dimer 
with nitrosyl chloride. Jt-Cyclopentadienyldicarbonyliron 
dimer (0-7 g, 2 mmol) was weighed into a ampoule; the 
sample was cooled to —196°, hydrogen chloride (ca. 7 ml, 
2 mmol) was distilled in and dissolution effected by warming 
to —95°, and nitrosyl chloride (2 mmol) was distilled into 
the ampoule. Reaction was allowed to proceed at —84° 
for 18 h, before removal of all volatiles. I .r. spectroscopy 
showed the presence of nitric oxide and carbon monoxide. 
The solid obtained at room temperature was washed with 
methylene chloride, which on evaporation to low volume 
yielded crystals of Tr-cyclopentadienyldicarbonyliron chlor­
ide (Found: C, 40-4; H , 2-25; CI, 171. C 7 H r ,ClFcO, 
requires C, 39-6; H , 2-4; CI, 16 7%). 

[0/1440 Received, August 21s/, 1970] 

» B. F. Hallam and P. I . . Pauson, / . Ckem. Soc, 1956, 3030. 
2 1 T. S. Piper and G. Wilkinson, J. Inorg. and Nuclear Chan., 

1965, 2, 38. 
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Abstract We describe a design of a press for the preparation 
of air sensitive materials for examination by infrared 
spectroscopy. The materials can be dispersed in a matrix of 
alkali metal halide or polythene. The design allows 
preparation of the pressed disc to be carried out in a 
controlled environment, for example inert atmosphere such 
as dry nitrogen, without the use of hvdraulic presses 

Examination by infrared spectroscopy of air sensitive com­
pounds by the pressed disc technique is usually unsatisfactory 
owing to the limitations of hydraulic and mechanical presses 
available. We describe a press which is compact and can be 
used instead of a hydraulic press assembly and/or in a con­
trolled atmosphere. 

The design described below requires two spanners, a 
locking plate and the die. Preparation of a disc can be readily 
carried out in a work space 60 cm long, 30 cm high and 25 cm 
wide, for example in a glove box of modest proportions. The 
sectional diagram of the press (figure 1) shows the main body 
of the die 1 which is tapped to receive the inner die 2. This 
inner die houses the screw 3 that applies the pressure to the 
plates 4 and 5 which sandwich the sample to be pressed. 
When assembled the die can be evacuated before applying 
ful l pressure. The whole apparatus is made of stainless steel, 
except for the plates 4 and 5 which were purchased from 
Beckman-RIIC (Sunley House, 4 Bedford Park, Croydon) 
for use in their K B r press. 

The preparation of the disc follows the normal procedure 
of grinding the sample and matrix in an agate pestle and 
mortar prior to loading between the plates 4 and 5 whilst the 
inner die was held upside down. After ensuring a uniform 
layer by rotating the plate 4 the main body 1 of the die was 
screwed down on the inner die 2 ensuring the inner die seats 
on to the nylon sealing washer. The screw 3 was then tightened 
fingertight before inverting. The entire assembly was then 
stood in the locking plate and the body tightened with a C 
spanner before evacuation. The screw 3 was then tightened 
to a torque of 5-8 kg m. After disconnecting the vacuum, the 

0 ring seol-jp in OD 

x # in ID x £ in section 

Nylon sealing washer 

I JT in 00 x I-fs m ID x T J in section 

Rubber sealing gasket 

Figure 1 Sectional diagram of KBr press 

screw 3 was slackened prior to removing the inner die 2 f rom 
the main body 1 whilst being held upside down. The head of 
the screw 3 was then inserted into the base plate and the inner 
die 2 screwed down until the disc was proud of the assembly. 

Figure 2 Exploded view of KBr press 
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