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SUMMARY

The b a s i s  o f  t h i s  thermo c h e m i c a l  s t u d y  h a s  be en  t h e  

d e t e r m i n a t i o n  o f  e n t h a l p i e s  o f  f o r m a t i o n  from m e a s u r e d  

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

The e n t h a l p i e s  o f  f o r m a t i o n  o f  t h e  g a s e o u s  h e x a f l u o r i d e s  

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

o f  t u n g s t e n  and molybdenum and t h e  s o l i d  o x y t e t r a f l u o r i d e s  o f  

t u n g s t e n  and molybdenum ha v e  be en  d e t e r m i n e d  a s  - 4 l l . 8 ^ i  1 . 4 »

- 3 7 4 . 8  + 2 . 5 , - 3 2 2 . 6  + 3 . 2 , - 3 4 9 . 9  1 3 . 5 , - 3 3 1 . 4 ±  1 . 3 ,  - 3 5 8 . 5 ± 2 . 2 ,

and - 5 2 9 * 8 - 1 . 2  k c a l  mol  ̂ r e s p e c t i v e l y .  Bond s t r e n g t h s  and  

s t a b i l i t i e s  ha v e  be en  d i s c u s s e d .
Ï  I  ' •

The e n t h a l p i e s  o f  f o r m a t i o n  o f  t h e  s a l t s  KW , KMo F^ 

and KgW Cl^ h a v e  been  d e t e r m i n e d  a s  - 5 5 2 . 0  + 2 . 6 ,  - 4 9 5  • 2^+,  1 .  9 

and - 529*9 1 1 . 8  k c a l  m o l ”  ̂ r e s p e c t i v e l y .

From t h e  e n t h a l p i e s  o f  f o r m a t i o n ,  t h e  f i r s t  ^ e l e c t r o n  

a f f i n i t i e s  o f  t u n g s t e n  and molybdenum h e x a f l u o r i d e s  and t h e  

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

e s t i m a t e d  a s  117*9  1 4 ,  1 1 5 * 4 1 4  &ud - 5 2 . 0  k c a l  m o l ”  ̂ r e s p ­

e c t i v e l y . ( a t  o k ) .  The f l u o r i d e  i o n  a f f i n i t i e s  o f  s o l i d  

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

a s  1 1 9 . 1  1  6 and 9 8 . 1  1  6 k c a l  m o l ”  ̂ r e s p e c t i v e l y  ( a t  298 K ) .

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

l amps  h a s  be en  i n v e s t i g a t e d .  U s i n g  i n f r a - r e d  s p e c t r o s c o p y ,  i t  

h a s  been f o u n d  t h a t  a l l  t h e  c o v a l e n t  f l u o r i d e s  w hi c h  were  

i n v e s t i g a t e d  formed s i l i c o n  t e t r a f l u o r i d e  i n  s m a l l  q u a r t z  

e n v e l o p e  i n c a n d e s c e n t  l a m p s .

R a d i o c h e m i c a l  t r a c e r  e x p e r i m e n t s  i n  t w i n  f i l a m e n t  l amps



ha v e  shown t h a t  t u n g s t e n  i s  t r a n s f e r r e d  from a c o l d  ( n o n ­

r u n n i n g )  f i l a m e n t  t o  a h o t  ( r u n n i n g )  f i l a m e n t  i n  t h e  p r e s e n c e

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

t u n g s t e n  h a s  been m e a s u r e d  and compared w i t h  t r a n s f e r  i n  t h e  

p r e s e n c e - '  o f  a b r o m i d e .  The h y p o t h e s i s  t h a t  t h e  p r e s e n c e  o f  

f l u o r i n e  i n  a lamp l e a d s  t o  t h e  s e t t i n g  up o f  a r e g e n e r a t i v e  

c y c l e  w hi c h  m i n i m i s e s  t h e  r a t e  o f  f o r m a t i o n  o f  "hot  s p o t s "  

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

P r e l i m i n a r y  a t t e m p t s  t o  p r e p a r e  mi xe d  bromi de  f l u o r i d e s  

o f  t u n g s t e n  (VI)  h a v e  shown N. M. R.  e v i d e n c e  f o r  t u n g s t e n ( V l )  

bromi de  p e n t a f l u o r i d e .
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1 .
CHAPTER 1 . INTRODUCTION.

1 . 1 .  The D ev e l o p m e n t  o f  I n o r g a n i c  F l u o r i n e  C h e m i s t r y .

B ec a u s e  o f  t h e  v e r y  h i g h  o x i d a t i o n ,  p o t e n t i a l  o f  F" 

( - 2 . 8 7 e V ) ^ ,  e a r l y  a t t e m p t s  to  p r e p a r e  f l u o r i n e  by e l e c t r o ­

l y t i c  m e t ho d s  i n  a q u e o u s  s o l u t i o n s  f a i l e d .  F l u o r i n e  was  

f i r s t  i s o l a t e d  by M oi s s a n^  i n  1886  by e l e c t r o l y s i s  o f  

f l u o r i d e s  w i t h  no o t h e r  a n i o n s  p r e s e n t .  Howe ver ,  i t  was n o t  

u n t i l  1948 t h a t  a c h e a p ,  s a f e  and e f f i c i e n t  s o u r c e  o f  

f l u o r i n e  became r e a d i l y  a v a i l a b l e .

S i n c e  t h a t  t i me  p r o g r e s s  h a s  been  r a p i d ,  w i t h  much 

o f  t h e  e a r l y  work o f  R u f f  and c o - w o r k e r s  b e i n g  r e p e a t e d  

and i n  some c a s e s  c o r r e c t e d .  For  e x a m p l e ,  t h e  h i g h e s t  

f l u o r i d e  o f  osmium,  o r i g i n a l l y  r e p o r t e d  t o  be t h e  o c t a -  

f l u o r i d e ^  h a s  s i n c e  been shown t o  be t h e  h e x a f l u o r i d e ^ .

A l s o ,  i n  t h i s  t h e s i s  ( s e c t i o n  2 . 5 . 2 ) ,  t h e  e n t h a l p y  o f  f o r m ­

a t i o n  o f  rhenium h e x a f l u o r i d e , o r i g i n a l l y  r e p o r t e d  a s  

- 2 7 5k c a l  mol * ^ , h a s  been shown t o  be - 5 2 2  . 6 k c a l  mol"*.

In t h e  f i e l d  o f  r e f r a c t o r y  m e t a l  f l u o r i d e s ,  s i g n i f i ­

c a n t  advance's  h a v e  been made i n  t h e  p r e p a r a t i v e  l i n e  ( f o r  

e x a m p l e ,  t h e  r e c e n t  i n g e n i o u s  p r e p a r a t i o n  o f  t u n g s t e n  p e n t -  

a f l u o r i d e ) ^ ,  and i n  t h e  r e a c t i o n s  o f  t h e  f l u o r i d e s  ( f o r  e x a ­

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

molybdenum h e x a f l u o r i d e s 7 ) .  Some p h y s i c a l  m e a s u r e m e n t s  have  

a l s o  been made, f o r  e x a m p l e ,  t h e  v a p o u r  p r e s s u r e  m e a s u r e m e n t s  

oh t u n g s t e n  h e x a f l u o r i d e . ®  Onl y  a s m a l l  amount o f  t h e  

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

i n v e s t i g a t e d .

Some e x c e l l e n t  r e v i e w s  o f  some a s p e c t s  o f  r e f r a c t o r y  

m e t a l  f l u o r i n e  c h e m i s t r y  a r e  a v a i l a b l e . ^  11



2 .

1*2 Thermoc h e m i c a l  Data  on R e f r a c t o r y  Met a l  H a l i d e s

The o n l y  pre  I 9 6O e x p e r i m e n t a l  d a t a  on t h e  f l u o r i d e ' s

a r e  t h o s e  o f  R u f f 5 which a r e  u n r e l i a b l e  ( s e e  p r e v i o u s  S e c t i o n ) ,
1 2However ,  e s t i m a t e s  o f  some e n t h a l p i e s  o f  f o r m a t i o n  were  

made.  These  h a v e  s i n c e  p r o v e d  t o  be v e r y  u n r e l i a b l e .  The 

f i r s t  r e l i a b l e  e n t h a l p i e s  o f  f o r m a t i o n  were  d e t e r m i n e d  i n  

i 960 by Myers and Brad y^)  (WP6, MoFg, and NbPr ) •  The d e v -  

e l o p m e n t  o f  t h e  f l u o r i n e  bomb c a l o r i m e t e r  l e d  t o  some p r e ­

c i s e  and r e l i a b l e  e n t h a l p y  d a t a ,  whi ch  hæe ,  h o w e v e r ,  been  

l i m i t e d  to  t h e  b i n a r y  f l u o r i d e s ,  ( f o r  e x a m p l e ,  t u n g s t e n  

h e x a f l u o r i d e ) ^ 4 .  Some d a t a ,  ha ve  been o b t a i n e d  by mass  

s p e c t r o m e t r i c  m e t h o d s ,  f o r  e x a m p l e , t h e  e n t h a l p y  o f  f o r m a t i o n  

o f  g a s e o u s  t u n g s t e n  o x y t e t r a f l u o r i d e , ^5 but  t h i s  method  

l a c k s  a c c u r a c y .  In t h i s  t h e s i s  ( C h a p t e r  2 )  t h e  h y d r o l y s i s  

method o f  Myers  and Brady h a s  been  e x t e n d e d .

Th ermoch emi ca l  d a t a  on r e f r a c t o r y  m e t a l  c h l o r i d e s  

a r e  i n  f a r  g r e a t e r ,  a b u n d a n c e ,  t h a n k s  t o  t h e  work o f  

S h ch u ka r e v  and c o - w o r k e r s  ( o n ,  f o r  e x a m p l e ,  molybdenum and  

t u n g s t e n  c h l o r i d e s  and b y y c h l o r i d e s ^ ^  ) •

1 . 5 . A p p l i c a t i o n  o f  T he rm o ch em i ca l  Data

One o f  t h e  many a p p l i c a t i o n s  o f  e x i s t i n g  t h e r m o -

c h e m i c a l  d a t a  on t u n g s t e n  f l u o r i d e s  h a s  been  t h e  p r e d i c t i o n

( b a s e d  on t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  e q u i l i b r i u m

W(s )  4» u P ( g )  ^  WPjj ( g  ) ) t h a t  t u n g s t e n  w i l l  be d e p o s i t e d  from
0

g a s e o u s  t u n g s t e n  f l u o r i d e s  a t  t e m p e r a t u r e s  abo ve  / v  $100 C 

w h e r e a s  b e lo w t h a t  t e m p e r a t u r e  f l u o r i n e  w i l l  a t t a c k  s o l i d  

t u n g s t e n .  T he se  a r e  h i g h l y  d e s i r a b l e  c h a r a c t e r i s t i c s  f o r

t h e  s o - c a l l e d  " t u n g s t e n  f l u o r i n e "  i n c a n d e s c e n t  lamp s i n c e
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t h e  r a t e  o f  f o r m a t i o n  o f  "hot  s p o t s "  on t u n g s t e n  f i l a m e n t s

c o u l d  t h e n  be m i n i m i s e d  and t h e  f i l a m e n t  l i f e  e x t e n d e d  ( s e e

a l s o  Chapter  5 ) .

The p r o p o s e d  " t u n g s t e n  f l u o r i n e "  lamp would be o f  t h e

same f a m i l y  a s  t h e  w e l l  known q u a r t z  i o d i n e  lamp.  The c h o i c e

o f  i o d i n e  f o r  t h e  f i r s t  t u n g s t e n  h a l o g e n  lamps  was b a s e d  on

12t h e r m o c h e m i c a l  d a t a  which  i s  now known t o  be i n c o r r e c t .

1 . 4 .  The Aim o f  t h i s  T h e s i s .

The aim o f  t h e  work d e s c r i b e d  i n  t h i s  t h e s i s  h a s  been t o

e x t e n d  t h e  t h e r m o c h e m i c a l  k n o w l e d g e  o f  f l u o r i d e s  (and t o  a 

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

t u n g s t e n  and molybdenum) i n  o r d e r  t h a t  c h e m i c a l  r e a c t i o n s  can 

be more e a s i l y  u n d e r s t o o d .

In a d d i t i o n  t o  t h i s  t h e r m o c h e m i c a l  s t u d y ,  a s t u d y  o f  t h e

" t u n g s t e n  f l u o r i n e "  lamp h a s  be en  made.



CHAPTER 2 .  THERMO CHEMICAL PROPERTIES OF SOME FLUORIDES

( and some c h l o r i d e s ) of  refractory  METALS.

2 . 1 .  I n t r o d u c t i o n

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

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

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

o f  t h e s e  e n e r g e t i c s .

An i m p o r t a n t  p a r t  o f  t h e r m o c h e m i s t r y  i n v o l v e s  t h e  

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

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

was n e g l e c t e d  u n t i l  r e c e n t l y  and much work i s  s t i l l  

n e c e s s a r y .  More d a t a  a r e  a v a i l a b l e  f o r  t r a n s i t i o n  m e t a l  

c h l o r i d e s  ( s e e  S e c t i o n  1 . 2 . )

A l t h o u g h  numerous  me th ods  ha ve  be en  u s e d  i n  t h e  

d e t e r m i n a t i o n  o f  e n t h a l p i e s  o f  f o r m a t i o n ,  s u c h  m e t ho ds  may 

be c l a s s i f i e d  i n  two g r o u p s :  d i r e c t  m e t h o d s ,  i n v o l v i n g  t h e  

d i r e c t  c o m b i n a t i o n  o r  d i s s o c i a t i o n  o f  t h e  e l e m e n t s  c o n c e r n e d ;  

and i n d i r e c t  m e t h o d s ,  which  i n v o k e  H e s s ' s  Law o f  c o n s t a n t
4P

h e a t  summation One common method w h i c h  h a s  been u s e d  

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

e n t h a l p i e s  o p  f o r m a t i o n  o f  t r a n s i t i o n  m e t a l  f l u o r i d e s  ( a nd  

K2WCI5 ) ,  i s  t h e  i n d i r e c t  method v i a  t h e  e n t h a l p i e s  o f  

h y d r o l y s i s .

F o o t n o t e d?

H e s s ' s  Law o f  c o n s t a n t  h e a t  summat ion ( I 8 4 0 ) s t a t e s  t h a t  i f  

a i e a c t i o n  s t a r t i n g  w i t h  t h e  r e a g e n t s ,  i n  d e f i n e d  c o n d i t i o n s  

and f i n i s h i n g  w i t h  t h e  p r o d u c t s  i n  d e f i n e d  c o n d i t i o n s ,  i s  

c a r r i e d  o ut  i n  s t a g e s ,  t h e  a l g e b r a i c  sum o f  t h e  q u a n t i t i e s  

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

e v o l u t i o n  o f  h e a t  when t h e  r e a c t i o n  o c c u r ^ ^ d i r e c t l v . ____________



5.

Prom t h e  e n t h a l p i e s  o f  f o r m a t i o n  i n  t h i s  t h e s i s  i t  h a s  

been p o s s i b l e  t o  d e t e r m i n e  bond s t r e n g t h s ,  e l e c t r o n  

a f f i n i t i e s  and h a l i d e  i o n  a f f i n i t i e s  f o r  v a r i o u s  compounds .  

T he se  q u a n t i t i e s  a r e  u s e f u l  i n  c o m p a r i s o n s  o f  r e a c t i v i t i e s .

2 . 2 .  U s e f u l  H y d r o l y s i s  R e a c t i o n s  o f  H a l i d e s  o f  R e f r a c t o r y  

M e t a l s .

2 . 2 . 1 .  H y d r o l y s i s  o f  T u n g s t e n  and Molybdenum H a l i d e s .

The h y d r o l y s i s  o f  t u n g s t e n  (VT) and molybdenum (VT) 

h a l i d e s  i n  w a t e r  or  a c i d i c  s o l u t i o n  i s  compl ex  w i t h  t h e  

f o r m a t i o n  o f  t u n g s t e n  o r  molybdenum b l u e s .  Ho we ver ,  i n  

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

form a q u e o u s  WÔ  o r  a q u e ou s  MoO^ . T h i s  l a t t e r  ( a l k a l i n e )  

h y d r o l y s i s  h a s  p r e v i o u s l y  been u s e d  i n  thermo c h e m i c a l  

d e t e r m i n a t i o n s  by Myers  and Brady^^ ( f o r  t h e  e n t h a l p i e s  

o f  f o r m a t i o n  o f  t u n g s t e n  and molybdenum h e x a f l u o r i d e s )  and
1 6 ,1 7 ,:

by S h c hu ka r e v  and c o - w o r k e r s  ( f o r  t h e  e n t h a l p i e s  o f  f o r m ­

a t i o n  o f  t u n g s t e n  h e x a c h l o r i d e  and h e x a b r o m i d e ) .

A l k a l i n e  h y d r o l y s i s  o f  h a l i d e s  o f  t h e  l o w e r  o x i d a t i o n  

s t a t e s  o f  t u n g s t e n  o r  molybdenum i s  comp l ex  u n l e s s  t h e  

p r o d u c t s  a re  o x i d i s e d  t o  \VÔ ” ( a q )  o r  MoO^ ( a q ) .  S h ch u ka r e v
1 6 1 7and c o - w o r k e r s *  ha v e  u s e d  h y d r o g e n  p e r o x i d e  and bromine

r
o x i d a t i o n s  i n  t h e  d e t e r m i n a t i o n  o f  t h e  e n t h a l p i e s  o f  f o r m ­

a t i o n  o f  molybdenum p e n t a c h l o r i d e  and t u n g s t e n  p e n t a b r o m i d e  

r e s p e c t i v e l y .  In t h i s  t h e s i s  b a s i c  h y p o c h l o r i t e  s o l u t i o n s  

have  been u s e d  e x t e n s i v e l y ,  f o r  e x a m p l e ,  molybdenum p e n t a ­

f l u o r i d e  h a s  been h y d r o l y s e d  ( S e c t i o n  2 . 6 . 2 )  a c c o r d i n g  t o
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t h e  e q u a t i o n

MoP. +  | O C l " ( a q )  +  70H"(aq)  —^ MoO^"( aq)  +  5P"( aq)  +  

i c i ' ( a q )  + 2 E g O ( l i q )  .
2

2 . 2 . 2 .  H y d r o l y s i s  o f  Rhenium H a l i d e s .

Rhenium h e p t a f l u o r i d e , t h e  o n l y  h a l i d e  o f  rhenium ( V l l ) ,
_ 18 

i s  h y d r o l y s e d  t o  ReO^(aq)  i n  a l k a l i n e  s o l u t i o n  . Rhenium
- ,  . 19

h e x a f l u o r i d e  i s  h y d r o l y s e d  t o  ReO^(aq)  and h y d r a t e d  ReOg
20Ki n g  and Cobble h a v e  shown t h a t  b a s i c  h y p o c h l o r i t e

s o l u t i o n s  q u a n t i t a t i v e l y  o x i d i s e  R e C l ^ ( c )  t o  ReO^(aq)

g i v i n g  a r e a c t i o n  u s e f u l  f o r  c a l o r i m e t r i c  d e t e r m i n a t i o n s .
21B us e y  e t  a l  ha ve  s i n c e  u s e d  a s i m i l a r  r e a c t i o n  t o  

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

( IV)  i o n .  I n i h i s  t h e s i s  ( S e c t i o n  2 . 5 * 2 . )  t h e  b a s i c  h y p o ­

c h l o r i t e  s o l u t i o n s  h a v e  been u s e d  t o  h y d r o l y s e  rhenium  

h e x a f l u o r i d e  t o  ReO^(aq)  t h u s

ReP^ 4* 4-0Cl” ( a q )  +  70H"( aq)  —> ReO^( aq)  -f- iVci“ ( a q )  +

6 p - ( a q )  +  I H p O ( l i q )
2

2 . 2 . 5 *  H y d r o l y s i s  o f  Osmium H e x a f l u o r i d e .

Osmium h e x a f l u o r i d e  h y d r o l y s e s  i n  a l k a l i n e  s o l u t i o n  t o  

g i v e  OsO^(aq) ;  P "( aq )  and OsP^ ( a q ) .  A l t h o u g h  t h e  b a s i c  

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

OsO^(aq)  a c c o r d i n g  t o  t h e  r e a c t i o n

OsP^- r  0 Cl ( a q )  4- 6OH ( a q ) —^ O s O ^ ( a q )  +  6P” ( a q )  *f* Cl ( a q )

+  S E g O f l i q )

a c e r t a i n  amount o f  t h e  s t a b l e  s p e c i e s  O s P M ( a q )  i s  a l s o
6

f or me d^ .
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2 . 5 .  Method f o r  t h e  D e t e r m i n a t i o n  o f  E n t h a l p i e s  o f  

H y d r o l y s i s  and F o r m a t i o n .

2 . 5 * 1 .  A pp a r a t us

In t h i s  t h e s i s  h e a t s  ( e n t h a l p i e s )  o f  h y d r o l y s i s  were  

d e t e r m i n e d  u s i n g  a s i m p l e  c a l o r i m e t e r  ( F i g u r e  2 . 5 . 1 ) .  The  

c a l o r i m e t e r  c o n s i s t e d  o f  a c y l i n d r i c a l  Dewar v e s s e l  o f  

a p p r o x i m a t e l y  150ml  c a p a c i t y  ( a ) .  I n t o  t h i s  f i t t e d  a t e f l o n  

s t o p p e r  ( b) a t t a c h e d  t o  an i s o t h e r m a l  c op pe r  s h i e l d .  A 

s t i r r i n g  rod  ( C ) ,  a h e a t e r ( D )  and a t h e r m i s t o r ( E )  were  

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

A t h i n  w a l l e d  g l a s s  bu l b  ( F ) o f  known c a p a c i t y  ( 5 - l 5 m l  

known t o  0 . 1 m l ) ,  c o n t a i n i n g  an a c c u r a t e l y  known mas s  o f  

t h e  compound t o  be h y d r o l y s e d ,  was f u s e d  on t o  t h e  end o f  

t h e  s t i r r i n g  r o d .  A P . T . F . E .  c o a t e d  s t e e l  s p i k e ( o )  r e s t e d  

^  on t h e  bo t tom o f  t h e  Dewar v e s s e l . The who l e  c a l o r i m e t e r  

was c o n t a i n e d  i n  a c o p p e r  c a s e ( H )  wh i ch  was immersed i n  a 

t h e r m o s t a t i c a l l y  c o n t r o l l e d  ( 2 5 ° C )  w a t e r  b a t h .  The t e m p e r ­

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

whose o p e r a t i o n  was g o v e r n e d  by a r e l a y  s y s t e m  c o n n e c t e d  

t o  a Beckmann t h e r m o m e t e r .  A c o o l i n g  c o i l  c o u l d  a l s o  be u s e d  

i f  t h e  a i r  t e m p e r a t u r e  was s l i g h t l y  g r e a t e r  t h a n  2 5 ° C .

The t e m p e r a t u r e  c h a n g e s  o f  t h e  c o n t e n t s  o f  t h e  

c a l o r i m e t e r  were compared u s i n g  a s i n g l e  t h e r m i s t o r  ( S . T . C .  

L t d .  t y p e  F -  o f  r e s i s t a n  c e 'V200 ohms) i n c o r p o r a t e d  i n . a  

W h e a t s t o n e  b r i d g e  c i r c u i t  ( F i g u r e  2 . 5 . 2 ) .  The W h e a t s t o n e

F o o t n o t e  ^

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

r o s e  more t h a n  a f ew  d e g r e e s  a b o v e  25°C.



b r i d g e  was s u p p l i e d  by a 1 . 5  -  4 v o l t  s t a b i l i s e d  s u p p l y .

The t h e r m i s t o r  made up one arm o f  t h e  b r i d g e .  Large  r e s i s ­

t a n c e s  were  u s e d  f o r  t h e  two r a t i o  arms o f  t h e  b r i d g e  t o  

m i n i m i s e  t h e  c u r r e n t  and so p r e v e n t  any i n t e r n a l  h e a t i n g  

e f f e c t  i n  t h e  t h e r m i s t o r .  A r e c o r d e r  ( t y p e  Kipp BD2 o r  

K i p p- Zone n BD5) ,  u s e d  a s  t h e  g a l v a n o m e t e r  arm o f  t h e  b r i d g e ,  

me as ur ed  t h e  out  o f  b a l a n c e  o f  t h e  b r i d g e  c a u s e d  by t h e  

c h a n g i n g  r e s i s t a n c e  o f  t h e  t h e r m i s t o r  w i t h  t e m p e r a t u r e .

The r e c o r d e r  was c a l i b r a t e d  by s u p p l y i n g  a known amount o f  

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

The h e a t e r  c o n s i s t e d  o f  58 swg ' Eu r ek a '  r e s i s t a n c e  w i r e

wound round a g l a s s  t u b e ,  e n c a s e d  i n  an o u t e r  g l a s s  t u b e ,
^  \

and t h e  who l e  s e a l e d  w i t h  ' A r a l d i t e '  . ( F i g u r e  2 . 5 * 5 )

The r e s i s t a n c e  o f  t h e  h e a t e r  was a c c u r a t e l y  known.  The  

^  h e a t e r  c i r c u i t  ( F i g u r e  .2, 5 • 4) was s u p p l i e d  by a ' 6 v o l t

s t a b i l i s e d  s u p p l y .  The c u r r e n t  s u p p l i e d  t o  t h e  h e a t e r  was  

c o n t r o l l e d  by a v a r i a b l e  r e s i s t a n c e  i n  s e r i e s  w i t h  t h e  

h e a t e r ,  and d e t e r m i n e d  by m e a s u r i n g  ( w i t h  a p o t e n t i o m e t e r )  

t h e  p o t e n t i a l  d i f f e r e n c e  a c r o s s  a s t a n d a r d  10 ohm r e s i s t a n c e  

i n  s e r i e s  w i t h  t h e  h e a t e r .  The p o t e n t i o m e t e r  was s u p p l i e d  

from a 2 v o l t  s t d & l i s e d  s u p p l y .

2 . 5 . 2 . E x p e r i m e n t a l  P r o c e d u r e .

( a )  Summarised P r o c e d u r e .

For e a c h  d e t e r m i n a t i o n  a f r a n g i b l e  g l a s s  b u l b ,  

c o n t a i n i n g  a known mass  o f  t h e  compound,  was b roken  i n t o

F o o t n o t e ^

Tradename



FIGURE 2 . 3 . 1 .  The C a l o r i m e t e r

r e t a i n e r  and 
s p r i n g

s t o p p e r  B

Dewar v e s s e l  ( a )

h e a t e r  (D)

s t i r r i n g  rod  ( C)

t h e r m i s t o r  (E)

copper  c a s e  (H)

f r a n g i b l e  g l a s s  
bul b  ( ? )

s t e e l  s p i k e  (G)
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F I GURE 2 . 3 . 2 .  The W h e a t s t o n e  B r i d g e  C i r c u i t

B r i d g e

b a l a n c e
c o n t r o l t h e r m i s t o r

Kipp R e c o r d e r

B r i d g e  
s e n s i t  i v i t y  
c o n t r o 1

s t a b i l i s e d  v o l t a g e  
s u p p l y

FIGURE 2 . 3 . 3 *  The G l a s s  H e a t e r .

c o mp e n s a t e d  l e a d  w i r e
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g l a s s . o u t e r  j a c k e t

r e s i s t a n c e  w i r e
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FIGURE 2 . 5 . 4 . The E e a t e r  C i r c u i t .

IH T /E X T
h e a t e r  s w i t c h t o  h e a t e r

pot  e u t  i ome t  e r

h e a t  e r

• c ur r e n t
c o n t r o l

s t a b i l i s e d  v o l t a g e
s u p p l y

•FICURE 2 . 5 . 3 . U - t u b e  f o r  F i l l i n g  B u l b s  w i t h  V o l a t i l e  Samples

p i e c e  B

B I 4 cone B I 4 s o c k e t

- l e v e l  A

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

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

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

was m o n i t o r e d  on t h e  K i p p  r e c o r d e r .  The r e c o r d e r  was t h e n  

c a l i b r a t e d  by s u p p l y i n g  a knovm. amount  o f  h e a t  i n t o  t h e  

c a l o r i m e t e r  t h r o u g h  t h e  h e a t e r *

( b )  D e t a i l e d  P r o c e d u r e .

The compounds  c o n s i d e r e d  were  a l l  e x t r e m e l y  m o i s t u r e  

s e n s i t i v e  so t h a t  m o i s t u r e - f r e e  t e c h n i q u e s  we re  n e c e s s a r y  

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

g l a s s  b u l b s .  The p a r t i c u l a r  t e c h n i q u e  u s e d  was d e p e n d e n t  on 

t h e  v o l a t i l i t y  o f  t h e  s a m p l e .

Wi t h  v o l a t i l e  s a m p l e s ,  t h e  b u l b  was made up  w i t h  a 

U - t u b e  ( F i g u r e  2 . 5 » 5)* The vo l u me  o f  t h e  b u l b  t o  A was 

m e a s u r e d  (to 0 . 1 ml a c c u r a c y )  b e f o r e  t h e  who l e  p i e c e  ( b )  

was washed  an d  d r i e d  t o  c o n s t a n t  m a s s .  A s e t  o f  b u l b s  was 

a s s e m b l e d  on a vacuum l i n e  ( F i g u r e  2 . $ . 5 ( a ) )  w i t h  an 

a m po u le  ( c )  c o n t a i n i n g  t h e  compound b e i n g  c o n s i d e r e d .  The 

a p p a r a t u s  was e v a c u a t e d  f o r  s e v e r a l  d a y s  and f l a m e d  o u t  

b e f o r e  t h e  b r e a k - s e a l  - ( D ) > was b r o k e n  a n d  p a r t  o f  t h e  s amp l e  

d i s t i l l e d  i n t o  o u l b  1 ( a t  - 1 $ 6 ° C ) .  W h i l s t  a t  - 1 $ 6 ° C ,  b u l b  1 

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

o t h e r  b u l b s  an d  an y  excess  s a m p l e  was d i s t i l l e d  i n t o " t r a p  E 

w h i c h  was t h e n  a l s o  s e a l e d  o f f .  As a p r e c a u t i o n  a g a i n s t  

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

were  d i s c a r d e d .  On c o m p l e t i o n  o f  t h e  f i l l i n g  p r o c e d u r e  t h e  

U - t u b e s  were  washed  a n d  d r i e d .  The ma ss  o f . e a c h  U - t u b e  a nd  

b u l b  was d e t e r m i n e d  ( t o  c o n s t a n t  m a s s ) .  The b u l b s  w e r e  k e p t  

a t  - 5 0°C u n t i l  r e q u i r e d .
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F o r  n o n - v o l a t i l e  s a m p l e s  i t  was n e c e s s a r y  t o  f i l l  t h e  

b u l b s  i n  a  d r y  box  ( s e e  S e c t i o n  5 . 1 . 2 ( c )  ) .  Ea ch  f r a n g i b l e  

b u l b  was f i t t e d  w i t h  a  B'J ' Q u i c k f i t '  cone . ( p i e c e  B i n  

F i g u r e  2 . 3 . 6 . ) .  The  vo lu me  o f  e a c h  b u l b  ( t o  A) was m e a s u r e d  

b e f o r e  i t  was w as he d  a n d  d r i e d  t o  c o n s t a n t  m a s s .  The  b u l b s  

were  a t t a c h e d  t o  p i e c e  C. The  wh o l e  p i e c e  D was e v a c u a t e d  

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

i n t o  t h e  d r y  b o x .  A s a m p l e  o f  t h e  compound b e i n g  c o n s i d e r e d  

was i n t r o d u c e d  i n t o  e a c h  b u l b  b e f o r e  t h e  w h o l e  p i e c e  D was 

r e mo v e d  f r om t h e  d r y  box a n d  e v a c u a t e d .  Each  b u l b  was s e a l e d  

o f f  a t  A. A f t e r  t h e  c o n e s  h a d  b e e n  wa sh ed  a nd  d r i e d  t h e  

m a ss  o f  e a c h  b u l b  a nd  cone was d e t e r m i n e d  ( t o  c o n s t a n t  m a s s ) .

The b u l b ,  c o n t a i n i n g  a  known m a ss  o f  a s a m p l e / w a s  

s e a l e d  on t o  t h e  . g l a s s  s t i r r e r  o f  t h e  c a l o r i m e t e r .  Wi t h  

v o l a t i l e  compounds  i t  was n e c e s s a r y  t o  c o o l  t h e  b u l b  t o  

- 1$ 6° C  d u r i n g  t h i s  o p e r a t i o n .  A p p r o x i m a t e l y  150ml  o f  s od i um 

h y d r o x i d e  s o l u t i o n  o r  s od i um h y d r o x i d e  and  s o d i u m  h y p o ­

c h l o r i t e  s o l u t i o n  was p o u r e d  i n t o  t h e  Dewar f l a s k  o f  t h e  

c a l o r i m e t e r .  The c a l o r i m e t e r  was a s s e m b l e d ,  i m m e r s e d  i n  t h e  

c o n s t a n t  t e m p e r a t u r e  w a t e r  b a t h  (2 5^ Q a nd  a l l o w e d  t o  

e q u i l i b r a t e  f o r  a t  l e a s t  t w e l v e  h o u r s .  The s t i r r e r  was 

r o t a t e d  a t  c o n s t a n t  s p e e d  a nd  t h e  K i p p  r e c o r d e r  a n d  t h e  

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

o n .  A f u r t h e r  t h r e e  t o  f o u r  h o u r s  we re  a l l o w e d  f o r  t h e  

s y s t e m  t o  come t o  e q u i l i b r i u m .

A f t e r  t h e  r e c o r d e r  pen h a d  b e e n  a c t i v a t e d  f o r  a t  

l e a s t  f i y e  m i n u t e s ,  t h e  g l a s s  s t i r r e r  was d e p r e s s e d ,  c a u s i n g  

t h e  f r a n g i b l e  b u l b  t o  be s mashed  on t h e  s t e e l  s p i k e .  The
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h y d r o l y s i s  was r e c o r d e d  a s  a  d e f l e c t i o n  on t h e  K i p p  

r e c o r d e r .  A ' c o o l i n g  curve  was p l o t t e d  on t h e  r e c o r d e r  f o r  

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

2 . 3 . ? ( & } ) .  The d e f l e c t i o n  due  t o  h y d r o l y s i s  was m e a s u r e d .

The r e c o r d e r  was t h e n  c a l i b r a t e a  by i n t r o d u c i n g  a 

knov.n q u a n t i t y  o f  h e a t  i n t o  t h e  c a l o r i m e t e r  by m e an s  o f  t h e  

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

m e a s u r e d .  The r e c o r d e r  pen was a c t i v a t e d  f o r  f i v e  m i n u t e s .  

The h e a t e r  c u r r e n t  was s wit d i ed  i n t o  t h e  h e a t e r  c i r c u i t  f o r  

a known l e n g t h  o f  t i m e  ( m e a s u r e d  t o  0 . 1 s  on a  J u n g h a n s  

s t o p w a t c h ) .  T h i s  h e a t i n g  o f  t h e  c a l o r i m e t e r  c o n t e n t s  v/as 

r e c o r d e d  on t h e  K i p p  r e c o r d e r .  D u r i n g  t h e  h e a t i n g ,  t h e  

h e a t e r  c u r r e n t  was m e a s u r e d  a s  i n  S e c t i o n  2 . 3 . 1 .  A f t e r  t h e  

c o m p l e t i o n  o f  h e a t  in(: a c o o l i n g  c u r v e  was p l o t t e d  on t h e  

r e c o r d e r  so t h a t  an a c c u r a t e  r e c o r d e r  d e f l e c t i o n  c o u l d  be 

o b t a i n e d  ( F i g u r e  2 . 3 . 7 ( b ) ) .  S e v e r a l  h e a t i n g  c a l i b r a t i o n s  

w.ere c a r r i e d  o u t . i n  c o n n e c t i o n  w i t h  e a c h  h y d r o l y s i s  

d e t e r m i n a t i o n .
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FIGURE 2 . 3 . 5 ( a ) . A p p a ra t u s  f o r  P i l l i n g  B u l b s  w i t h  V o l a t i l e

S a m p l e s .
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FIGURE 2 . 5 . 6 . A p p a ra t u s  f o r  F i l l i n g  B u l b s  w i t h  Non V o l a t i l e  

S a m p l e s .
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FIGURE 2 . 3 . 7 .  R e c o r d i n g  o f  t h e  T e m p e r a t u r e  Changes  on t h e

Kipp R e c o r d e r .

( a )  The h y d r o l y s i s .
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( b )  The h e a t i n g  c a l i b r a t i o n .
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( c )  A T y p i c a l  E x p e r i m e n t .

I f  t h e  vo lume o f  t h e  b u lb  i s  V ( m l ) ,  t h e  mass  o f  t h e

bu l b  empty i s  W]_(g),  t h e  mass  o f  t h e  b u l b  f i l l e d  i s  ^ 2 ( 2 )

P Pand t h e  d e n s i t y  o f  a i r  a t  room t e m p e r a t u r e  i s  ^  , t h e n  

t h e  a c t u a l  mass  o f  t h e  s a m p l e ,  W ( g ) ,  i s  g i v e n  by 

W s  (Wg' -  Wi) " ( g )

I f  f o r  t h e  h y d r o l y s i s  o f  t h i s  s ampl e

R e c o r d e r  d e f l e c t i o n  f o r  h y d r o l y s i s  r e a c t i o n  ss A (mm)

. R e c o r d e r  d e f l e c t i o n  f o r  h e a t e r  c a l i b r a t i o n  3  B (mm) 

H e a t e r  r e s i s t a n c e  s  R *(ohm)

H e a t e r  c u r r e n t  s  I (A)

Time o f  p a s s i n g  c u r r e n t  t h r o u g h  h e a t e r  — T ( s )

M o l e c u l a r  w e i g h t  o f . c o m p o u n d  — M

Then

2Heat  i n t r o d u c e d  i n t o  c a l o r i m e t e r  by h e a t e r  s  I RT J o u l e

-  I^RT c a l .  
4 . 1 8 4 0  •

p. .  Heat  l i b e r a t e d  d u r i n g  t h e  h y d r o l y s i s  a I RT . A c a l .
4 . 1 8 4 0  B

Then t h e  h e a t  ( e n t h a l p y )  o f  h y d r o l y s i s  o f  t h e  compound i n  

t h e  s o l u t i o n  u s e d  i s
I RT . A. M c a l o r i e  mol" •
4 . 1 8 4 0  B ÏÏ

The e n t h a l p y  o f  f o r m a t i o n  can be c a l c u l a t e d  from t h i s  

e n t h a l p y  o f  h y d r o l y s i s  w i t h  a k n o w l e d g e  o f  t h e  h y d r o l y s i s  

r e a c t i o n  and t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  t h e

F o o t n o t e  *

' s e e  S e c t i o n  2 . 5 * 3
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o t h e r  s p e c i e s  i n v o l v e d .  For e x a m p l e ,  t h e  h y d r o l y s i s  o f  g a s ­

e o u s  t u n g s t e n  h e x a f l u o r i d e  i n  d i l u t e  sodium h y d r o x i d e

p r o c e e d s  a c c o r d i n g  t o  t h e  e q u a t i o n

WPg(g) +  80H"(aq)  - » T O ^ " ( a q )  +  6 F " (a q )  +- 4 H g O ( l i q )

Then i f  ^ H  i s  t h e  e n t h a l p y  o f  h y d r o l y s i s  o f  t h e  r e a c t i o n  hyd
and 4 E° ( 0 H" ) . ,  AH^(W0^") , A H ° ( P " )  and AH°(HgO ) a x e  t h e

2 —s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  OH“ ( a q ) ,  WO ( a q ) ,  

F" ( a q )  and H ^ O f l i q )  r e s p e c t i v e l y ;  t h e  e n t h a l p y  o f  f o r m a t i o n  

o f  g a s e o u s  t u n g s t e n  h e x a f l u o r i d e , A E ^ ( W F ^ ) ,  i s  g i v e n  by

Û H f( ï ïP g )  ■» AH°(WO^") +  6AH°(P‘ ) i -  4AHf(H20)  -  8AH°(0lf> -

2 . 3 . 3 . E x p r e s s i o n  o f  t h e  R e s u l t s .

( a )  U n i t s .

The t h e r m o c h e m i c a l  r e s u l t s  i n  t h i s  t h e s i s  ha v e  been  

e x p r e s s e d  i n  t e r m s  o f  t h e  thermo c h e m i c a l  ' d e f i n e d *  c a l o r i e  

( 4 . I 8 4 O A b s o l u t e  J o u l e ) .

( b )  Mean.: V a l u e s  and S t a n d a r d  D e v i a t i o n s .

In t h e  d e t e r m i n a t i o n  o f  any e n t h a l p y ,  x ,  a s e r i e s  o f

n m e a s u r e m e n t s ,  x ^ ,  o f  t h e  e n t h a l p y  h a v e  been o b t a i n e d .

The mean v a l u e ,  x ,  d e f i n e d  as
i  = n

X -,  1 \  X .  , h a s  been o u o t e d  a s  t h e
n Z .  ^

i s l

e n t h a l p y .  A s t a n d a r d  d e v i a t i o n ,  s ,  d e f i n e d  by

1 =r n
2 _  *5 ; 2
 ̂ ( x . - x )  , f o l l o w s  e a c h  e n t h a l p y

^ i = = l

so t h a t  t h e  e n t h a l p y  i s  q u o t e d  t h u s : -

The e n t h a l p y ,  x ,  o f  a g i v e n  change  — x ±  s .
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2 . 5 . 4 . R e l i a b i l i t y  o f  t h e  A p p a r a t u s .

The r e l i a b i l i t y  o f  t h e  a p p a r a t u s  was,  t e s t e d  by r e p e a ­

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

t h e  p r e c i p i t a t i o n  o f  s i l v e r  c h l o r i d e ,  t h e  s o l u t i o n  6*f t r i s  

( h y d r o x y m e t h y l ) m e t h y l a m i n e , and t h e  a l k a l i n e  h y d r o l y s i s  

o f  t u n g s t e n  h e x a f l u o r i d e .

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

r e a c t i o n  o f  a known mass  o f  a known s t r e n g t h  o f  p o t a s s i u m  

c h l o r i d e  s o l u t i o n  ( i n  t h e  f r a n g i b l e  b u l b )  w i t h  an e x c e s s  o'f 

d i l u t e  s i l v e r  n i t r a t e  s o l u t i o n  ( i n  t h e  c a l o r i m e t e r ) .  The  

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

d i r e c t l y .  The v a l u e s  o b t a i n e d  ( s e e  T a b l e  2 . 5 . 4 ( a ) )  were
25 24c o n s i s t e n t  w i t h  t h e  l i t e r a t u r e  v a l u e s '

The e n t h a l p y  o f  s o l u t i o n  o f  a knovm ma ss  ( a p p r o x .  0 , ' J q ) 

o f  t r i s  ( h y d r o x y m e t h y l )  m e t h y l a m i n e  (known a s  TRIS o r  THAI/l) 

was m e as ur ed  d i r e c t l y  i n  O.IN h y d r o c h l o r i c  a c i d .  The  

v a l u e s  c^btained ( T a b l e  2 . 5 . 4 ( B ) )  were  c o n s i s t e n t  w i t h  t h e  

l i t e r a t u r e  v a l u e s ' 

The e n t h a l p y  o f  h y d r o l y s i s  o f  g a s e o u s  t u n g s t e n  h e x a ­

f l u o r i d e  i n  sodium h y d r o x i d e  s o l u t i o n  ( O . l  and l . O R )  was  

m e a s u r e d  d i r e c t l y  and t h e  v a l u e s  o b t a i n e d  ( T a b l e  2 . 5 . 1 ( a ) )  

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

o f  l i q u i d  t u n g s t e n  h e x a f l u o r i d e ^ ^  t a k i n g  i n t o  c o n s i d e r a t i o n
8t h e  e n t h a l p y  o f  v a p o r i s a t i o n  o f  t u n g s t e n  h e x a f l u o r i d e  .

/
/

/
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TABLE 2 . 5 . 4

( a )  E n t h a l p y  o f  p r e c i p i t a t i o n  o f  s i l v e r  c h l o r i d e .

Sample  

No •

Mass o f  KCl 

s o l u t i o n ( g )

S t r e n g t h  o f  

KCl s o l u t i o n

C a l o r i m e t e r

s o l u t i o n

E n t h a l p y  o f  

p r e c i p i t a t i o n  

( k c a l  mol ^ )

1 0 . 6 5 5 5 1 8 . 2 6 5 6 g i n 1 5 0 ml N - 1 5 . 6 8
10

2 6 0 . 50g s o i n AgNOj

5 1 . 0 7 9 8 n II - 1 5 . 7 7

E n t h a l p y  o f  p r e c i p i t a t i o n  o f  s i l v e r  c h l o r i d e  s. - 1 5 « 7 2 k c a l  mol 

L i t e r a t u r e  v a l u e s  a r e  - 1 5 . 7 0 ^ ^  and -1 5 * 7 4 ^ ^  k c a l  m o l" ^ .

( b )  E n t h a l p y  o f  s o l u t i o n  o f  TRIS.

Sample Mass o f C a l o r i m e t e r E n t h a l p y  o f  s o l u t i o n

No . T R IS (g ) s o l u t i o n ( c a l  m o l )

1 0 . 7 0 5 4 1 5 0 ml O.IN - 6 9 9 1

HCl

3 0 . 7 5 7 8 II • - 6 9 8 9
-----r r r r --------------. --T .............

L i t e r a t u r e  v a l u e s  a r e  - 7 1 0 4 ^^ a n d -7 1 1 1 ^ ^  c a l  m o l" ^ .
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2 . 4 .  E x p e r i m e n t a l  A c c u r a c y .

2 . 4 ' 1 *  A c c u r a c y  o f  t h e  E n t h a l p i e s  o f  H y d r o l y s i s .

The a c c u r a c y  o f  an e n t h a l p y  o f  h y d r o l y s i s  i s  d e p e n d e n t  

on t h e  a c c u r a c y  o f  t h e  c a l o r i m e t r i c  a p p a r a t u s  and t h e  

p u r i t y  o f  t h e  sa m p le  u s e d .

( a )  A c c u r a c y  o f  t h e  A p p a r a t u s .

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

f a c t o r s  must be c o n s i d e r e d :

( i )  C o n s i s t e n c y  o f  S t i r r i n g .

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

a c h i e v e d  w i t h  a g l a s s  s t i r r i n g  ro d  a t t a c h e d  t o  an e l e c t r i c a l  

s t i r r i n g  d e v i c e  whose  s p e e d  was g o v e r n e d  by a v a r i a b l e  

r h e o s t a t .

The c o r r e c t  r a t e  o f  s t i r r i n g ,  s e t  a t  t h e  b e g i n n i n g  o f  

e a c h  e x p e r i m e n t ,  was s u f f i c i e n t  t o  e n s u r e  t h e  d e s i r e d  

u n i f o r m i t y  o f  t e m p e r a t u r e  but n o t  h i g h  enough t o  p r o d u c e  

e x c e s s i v e  am ounts  o f  h e a t .  The r a t e  o f  s t i r r i n g  was k e p t  

c o n s t a n t  t h r o u g h o u t  e a c h  e x p e r i m e n t  so t h a t  t h e  s m a l l  amount  

o f  h e a t  p r o d u ce d  by s t i r r i n g  was c o m p e n s a t e d  f o r  i n  t h e  

m easurem ent  o f  t h e  r e c o r d e r  d e f l e c . t  i o n s  .

( i i )  A c c u r a c y  o f  t h e  T h e r m i s t o r  C i r c u i t .

The t e m p e r a t u r e  i n c r e a s e s  i n  t h e  c a l o r i m e t e r  were

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

The t h e r m i s t o r  was p a r t i c u l a r l y  s u i t a b l e  f o r  t h e s e  m e a s u r ­

e m e n ts  b e i n g  compact and h a v i n g  a l o w  h e a t  c a p a c i t y .

A l t h o u g h  t h e  e r r o r  r e s u l t i n g  from t h e  u s e  o f  a t h e r m i s t o r  

w ou ld  be s m a l l ,  t h e  c i r c u i t  i n c o r p o r a t i n g  t h e  t h e r m i s t o r  

( F i g u r e  2 . 5 . 2 )  m ig h t  c a u s e  an e r r o r  i n  t h e  d e f l e c t i o n  

p r o d u ce d  on t h e  Kipp r e c o r d e r  o f  t h e  o r d e r  o f  1 ^ .
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( i i i )  A c c u r a c y  o f  t h e  Measurement  o f  t h e

D e f l e c t i o n s .

The v a l u e  o f  t h e  d e f l e c t i o n  o f  th e  h y d r o l y s i s  was  

o b t a i n e d ;  on t h e  r e c o r d e r ,  a s  d̂ ,̂ by e x t r a p o l a t i n g  back  

t h e  c o o l i n g  c u r v e  ( F i g u r e  2 . 5 . 7 )  t o  t h e  t i m e  o f  i n i t i a t i o n  

o f  th e  h y d r o l y s i s .

U s i n g  t h i s  method o f  m easurem ent  w i t h  t h e  f a s t  h y d r o l ­

y s i s  r e a c t i o n s  t h e  l o s s  o f  a c c u r a c y  was v e r y  s m a l l  ^ ^ ) . 

W i t h ' t h e  e l e c t r i c a l  h e a t i n g  c a l i b r a t i o n s  t h e  d e f l e c t i o n ,  

was t a k e n  a t  t h e  mid t im e  o f  p a s s a g e  o f  c u r r e n t  and t h e  

e r r o r  was a g a i n  s m a l l .

( i v )  The H e a t e r  Current' .

At t h e  mid p o i n t  i n  t h e  t i m e  o f  p a s s a g e  o f  t h e  h e a t i n g  

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

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

i n  t h e  h e a t e r  c i r c u i t  ( F i g u r e  2 . 5 . 4 .). The h e a t i n g  c u r r e n t  

was c à l c u l a t e d  from t h i s  p o t e n t i a l  d i f f e r e n c e . , T h e  c u r r e n t  

was n o r m a l l y  o f  t h e  o r d e r  o f  0 . 1  t o  O . I 5A, m e a su r ed  t o  an 

a c c u r a c y  o f  O.OOOIA, and v a r i e d  l e s s  t h a n  O.OOO5A d u r i n g  

t h e  p e r i o d  o v e r  w hich  i t  was p a s s e d .

( v ) ' T h e  T im in g  o f  t h e  H e a t i n g .

The t i m e  o v e r  w h ic h  t h e  c u r r e n t  was p a s s e d  was m easu red  

u s i n g  a Junghans  s t o p w a t c h .  S i n c e  t h e  s t o p w a t c h  and c u r r e n t  

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

c o n n e c t e d ,  a s m a l l  ' o p e r a t o r '  e r r o r  m ig h t  h a v e  o c c u r r e d .

( v i )  The R e s i s t a n c e  o f  t h e  H e a t e r .

The r e s i s t a n c e  o f  t h e  h e a t e r  was o f  t h e  o r d e r  o f  50 ohm and  

was m e a s u r e d ,  b e f o r e  i n s e r t i o n  i n t o  t h e  c a l o r i m e t e r ,  on a



2 5 .

W h e a ts to n e  b r i d g e  t o  an a c c u r a c y  o f  0 . 0 1  ohm. I t  was 

n e c e s s a r y  t o  m ea su re  t h e  resistance o f  t h e  h e a t e r  w i t h  i t s  

c o n n e c t i n g  l e a d s  and a l s o  t o  m ea su re  t h e  r e s i s t a n c e  o f  t h e

e q u i v a l e n t  l e a d s  i n  o r d e r  t o  o b t a i n  t h e  t r u e  r e s i s t a n c e  o f
\

t h e  h e a t i n g  c o i l .

( v i i )  T h e r m o s t a t i c  C o n t r o l  o f  t h e  Water  B a th .

The e n t h a l p i e s  o f  h y d r o l y s i s  were  a l l  m e a s u r e d  a t  2 5 ° C 

and a r e  q u o t e d  a t  t h i s  t e m p e r a t u r e .  S i n c e  t h e  e n t h a l p i e s  

v a r y  w i t h  t e m p e r a t u r e ,  any v a r i a t i o n  i n  t h e  t e m p e r a t u r e  o f  

t h e  t h e r m o s t a t i c a l l y  c o n t r o l l e d  w a t e r  b a t h  would  l e a d  t o  

an e r r o r  i n  t h e  r e s u l t a n t  e n t h a l p y  o f  h y d r o l y s i s .  In t h e  

s y s t e m  u s e d  ( S e c t i o n  2 . 5 * 1 )  t h e  v a r i a t i o n  i n  t h e  t e m p e r a t u r e  

o f  t h e  w a te r  b a t h  was v e r y  s m a l l  ( < 0 . 1 ° C )  and t h e  r e s u l t a n t  

e r r o r s  i n  t h e  e n t h a l p i e s  o f  h y d r o l y s i s  were  n e g l i g i b l e .

( b )  P u r i t y  o f  th e  Compounds.

The h y d r o l y s e s  were  c a r r i e d  o u t  on a s  p u re  s a m p le s  a s  

c o u l d  be o b t a i n e d .  In a l l  c a s e s ,  e x c e p t  t h e  n o n - v o l a t i l e  

s o l i d s ,  t h e  compounds were  p u r i f i e d  by s u c c e s s i v e  vacuum 

d i s t i l l a t i o n s .  In t h e  c a s e  o f  rhen ium  h e x a f l u o r i d e  f u r t h e r  

p u r i f i c a t i o n  was a l s o  c a r r i e d  o u t  by p a s s i n g  t h e  g a s e o u s  

h e x a f l u o r i d e  o v e r  h e a t e d  rhen ium  m e t a l  ( S e c t i o n  5 * 2 . 2 . ) .  

A n a l y s e s  were  c a r r i e d  o u t  ( C h a p t e r  5) and i n  some c a s e s  

X - r a y  powder p h o t o g r a p h s  were  a l s o  o b t a i n e d  a s  a ch eck  on  

t h e  p u r i t y  o f  t h e  ( s o l i d )  com pounds .  O n ly  i n  t h e  c a s e  o f  t h e  

n o n - v o l a t i l e  s o l i d s  (KWF5 , KM0 P5 and K2WCI5 ) m ig h t  t h e  

i m p u r i t y  l e v e l s  be e x p e c t e d  t o  c a u s e  n o t i c e a b l e  e r r o r s .



2 4 .

H ow ever ,  t h e r e  i s  no e v i d e n c e  f o r  s i g n i f i c a n t  e r r o r s  i n  

t h e s e  s a m p l e s .

M o i s t u r e  i s  r e l e a s e d  d u r i n g  t h e  s e a l i n g - o f f  p r o c e s s  

o f  p y r e x  g l a s s .  T h e r e f o r e ,  t h e  u s e  o f  f r a n g i b l e  g l a s s  

b u l b s  f o r  c o n t a i n i n g  t h e  s a m p l e s  m ig h t  be e x p e c t e d  t o  l e a d  

t o  a r e d u c t i o n  i n  t h e  p u r i t y  o f  t h e  samples.  H o w ev er ,  w i t h  • 

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

o f  t h e  samples^ t h i s  e f f e c t ,  and t h e  s u b s e q u e n t  e r r o r ,  

w ould  be e x p e c t e d  t o  be s m a l l .

2 . 4 . 2 . A c c u r a c y  o f  t h e  E n t h a l p i e s  o f  F o r m a t i o n .

The e n t h a l p i e s  o f  f o r m a t i o n  o f  h y d r o l y s e d  compounds  

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

o f  h y d r o l y s i s  and t h e  s t a n d a r d , e n t h a l p i e s  o f  f o r m a t i o n  o f  

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

t h e  a c c u r a c y  o f  t h e  c a l c u l a t e d  e n t h a l p y  o f  f o r m a t i o n  o f  a 

compound i s  d e p e n d e n t  on t h e  s t o i c h i o m e t r y  o f  t h e  h y d r o l y s i s  

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

( S e c t i o n  2 . 4 . 1 . )  and t h e  a c c u r a c y  o f  t h e  o t h e r  known e n t h a ­

l p i e s  o f  f o r m a t i o n .

( a )  S t o i c h i o m e t r y  o f  t h e  H y d r o l y s i s  R e a c t i o n .

I f  t h e  h y d r o l y s i s  r e a c t i o n  i s  e n t i r e l y  t h e  e x p e c t e d  

r e a c t i o n  t h e n  t h e  m e a s u r e d ' e n t h a l p y  o f  h y d r o l y s i s  can be 

U sed  w i t h  t h e  e q u a t i o n  o f  h y d r o l y s i s  t o  d e t e r m i n e  t h e  

s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  t h e  compound. H ow ever ,  

i f  s i d e  r e a c t i o n s  o c c u r  in  t h e  h y d r o l y s i s ,  t h e  m e a su r ed  

e n t h a l p y  o f  h y d r o l y s i s  ca n n o t  g i v e  a t r u e  e n t h a l p y  o f  

f o r m a t i o n  t h e  compound. The o n l y  h y d r o l y s i s ,  s t u d i e d  i n
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t h i s  t h e s i s ,  g i v i n g  a s i g n i f i c a n t  s i d e  h y d r o l y s i s  r e a c t i o n  

i s  t h e  o x i d a t i v e  h y d r o l y s i s  o f  osmium h e x a f l u o r i d e .  In  t h i s

c a s e ,  s i n c e  t h e  f o r m a t i o n  o f  a c e r t a i n  amount o f  t h e  s p e c i e s

2 * 4-OsP^” ( a q )  was i n d i c a t e d  , t h e  c o n s i s t e n t  v a l u e s  f o r  * t h e

e n t h a l p y  o f  h y d r o l y s i s  c o u l d  n o t  he u s e d  t o  d e t e r m i n e  t h e  

e n t h a l p y  o f  f o r m a t i o n  o f  osmium h e x a f l u o r i d e .  S i d e  h y d r o l ­

y s i s  r e a c t i o n s  do n o t  o c c u r  t o  any  a p p r e c i a b l e  e x t e n t  i n  

t h e  o t h e r  compounds c o n s i d e r e d  i n  •..this:: t h e s i s .  T h e r e f o r e ,  

t h e  e n t h a l p i e s  o f  h y d r o l y s i s  can be u s e d  t o  g i v e  r e a s o n a b l y  

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

By m ak ing  a c o m p a r i s o n  o f  t h e  s t a n d a r d  e n t h a l p i e s  o f  

f o r m a t i o n  o f  compounds o b t a i n e d  by d i f f e r e n t  m e t h o d s ,  i t  i s  

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

The e n t h a l p i e s  o f  f o r m a t i o n  o f  M o P ^ (g ) ,  WP^(g) and  

WP^(s) w h ic h  h a v e  been  o b t a i n e d  by h y d r o l y s i s  a r e  t h e  same 

( w i t h i n  e x p e r i m e n t a l  e r r o r )  a s  t h o s e  o b t a i n e d  by t h e  d i r e c t  

and a c c u r a t e  f l u o r i n e  bomb c a l o r i m e t r y  m ethod ( T a b l e  

2 . 4 . 2 ( - a ) )  s u g g e s t i n g  t h a t  t h e  h y d r o l y s i s  . c a l o r i m e t r y  i s  ■ -

r e l i a b l e  and a c c u r a t e  w i t h i n  t h e  l i m i t s  shown.

(b )  A c c u r a c y  o f  t h e  o t h e r  known S t a n d a r d  E n t h a l p i e s  

o f  F o r m a t i o n .

In t h e  d e t e r m i n a t i o n  o f  t h e  s t a n d a r d  e n t h a l p i e s  o f  

f o r m a t i o n  o f  compounds from t h e i r  e n t h a l p i e s  o f  h y d r o l y s i s ,  

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

f o r m a t i o n  o f  t h e  f o l l o w i n g  s p e c i e s :  0H“ ( aq) jHgO ( 1 ) , P" (aq), ClT , 

O C l " ( a q ) ,  WO^"(aq),  MoO^ ( a q ) ,  R e O ^ ( a q ) ,  OsO^(aq) and  

K’̂ ( a q ) .  T a b l e  2 . 4 . 2 ( b )  shows t h e  v a l u e s  o f  t h e  e n t h a l p i e s
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TABLE 2 . 4 . 2  ( a ) ,

Compound

S t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  ( k c a l  m o l ”^)

O b t a i n e d  by h y d r o l y s i s O b t a i n e d  by f l u o r i n e  

bomb c a l o r i m e t r y .

T h i s  t h e s i s Myers  & 

Brady^ ^

E u b b a r d l 4 ' 2 7 S c h r o d e r  & 

Sieben^®

M o P g ( g a s ) 

W P 5 ( g a s ) 

WP% (sol id)

- 5 7 4 . 8 - 2 . 5  

- 4 1 1 . 85I I  . 4  

- 5 4 9 . 9 +3 . 5

- 5 8 7 . 4±4  

- 4 1 1 . 2±4

- 5 7 2 . 5- 0 . 2  

- 4 1 1 . 5±0 .4 - 4 1 1 . 7 1 0 . 5

- 3 4 6 . 1 î 2 ; 6

^  t h e s e  e n t h a l “p i e s  o f  f o r m a t i o n  ha v e  been  r e c a l c u l a t e d  

u s i n g  t h e  h e a t s  o f  h y d r o l y s i s  o f  Myers & Brady w i t h  t h e  more 

r e c e n t  e n t h a l p i e s  o f  f o r m a t i o n  o f  T a b le  2 . 4 . 2 ( b ) .

TABLE 2 . 4 . 2 ( b )

S p e c i e s S t a n d a r d  e n t h a l p y  

o f  f o r m a t i o n ( k c a l  m o l" ^ )

1 S o u rc e
i

R ef

OH‘ ( a q ) , . - 5 4 . 9 7 NBS 2 7 0 - 5 29

E g O f l i q ) - 6 8 . 5 1 5 NBS 2 7 0 - 5 29

F - ( a q ) - 7 9 . 5 0 N B S ,2 7 0 - 5 * 29

01% aq ) - 3 9 . 9 5 2 NBS 2 7 0 - 5 29

O C l - ( a q ) - 2 6 . 2 McDonald e t  a l 30

W 0 ^ 2-(aq ) - 2 5 7 . 1 NBS 2 7 0 - 4 31

MoO^^Caq ) - 2 5 8 . 2 Graham & H e p l e r 32

R eO ^" (aq ) - 1 8 9 . 2 Boyd e t  a l 33

( a q ) - 6 0 . 5 2 NBS 2 7 0 - 5 29

O sO ^ (aq ) - 9 0 . 4 NBS 2 7 0 - 4 31 ■
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w h ich  have  been u s e d  i n  t h i s  t h e s i s  and t h e  s o u r c e s  from  

w h ic h  t h e y  have  been o b t a i n e d .

A l t h o u g h  t h e s e  a r e  t h e  most  r e c e n t  and r e l i a b l e  v a l u e s '  

w h ich  a r e  a v a i l a b l e  a t  p r e s e n t ,  i t  i s  p o s s i b l e  t h a t  any  

o f  t h e  v a l u e s  may be r e v i s e d  a t  some f u t u r e  d a t e .  Any 

s u ch  r e v i s i o n  w i l l  n e c e s s i t a t e  t h e  r e v i s i o n  o f  t h o s e  

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

o f . t h e  e n t h a l p y  b e i n g  r e v i s e d .

In a l l  t h e  h y d r o l y s e s  i t  was n e c e s s a r y  t o  u s e  a l a r g e  

e x c e s s  o f  t h e  h y d r o l y s i n g  a g e n t  ( a n d ,  i f  u s e d ,  t h e  o x i d i s i n g  

a g e n t )  so  t h a t  t h e  change  i n  d i l u t i o n  o f  t h e s e  r e a g e n t s  was  

m i n i m i s e d .  I t  was t h e n  p o s s i b l e  t o  u s e  c o n s t a n t  e n t h a l p i e s  

o f  f o r m a t i o n  f o r  t h e  r e a g e n t s  (OH ( a q )  and OCl” ( a q ) )  

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

o f  t h e  r e a g e n t s .  A l t h o u g h  t h e  e n t h a l p y  v a l u e s  u s e d  ( T a b l e  

2 . 4 . 2 ( b ) )  f o r  t h e s e  r e a g e n t s  were  t h o s e  a t  i n f i n i t e  d i l u t i o n ,  

t h e  e r r o r  due t o  t h e  a c t u a l  c o n c e n t r a t i o n  o f  t h e  r e a g e n t s  

was n e g l i g i b l e .
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2 . 5  E n t h a l p i e s  o f  F o r m a t i o n  o f  H e x a f l u o r i d e s .

2 . 5 , 1 . T u n g s t e n  and Molybdenum E e x a f l u o r i d e s .

In t h i s  t h e s i s  t h e  e n t h a l p i e s  o f  f o r m a t i o n  o f  g a s e o u s  

t u n g s t e n  and molybdenum h e x a f l u o r i d e s  have  b een  d e t e r m i n e d  

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

( a )  E n t h a l p y  o f  f o r m a t i o n  o f  g a s e o u s  t u n g s t e n  h e x a f l u ­

o r i d e .

T u n g s t e n  h e x a f l u o r i d e  was p r e p a r e d ,  p u r i f i e d  and a n a l ­

y s e d  as  d e s c r i b e d  i n  S e c t i o n s  5 . 2 . 1  and 5 . 5 .  The e n t h a l p y  

o f  h y d r o l y s i s  o f  g a s e o u s  t u n g s t e n  h e x a f l u o r i d e  was m easu red  

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

2 . 5 . ) .  The c a l o r i m e t r i c  m e a s u r e m e n t s  were  c a r r i e d  o u t  on 

f o u r  s a m p le s  ( f ro m  t h r e e  s e p a r a t e  p r e p a r a t i o n s )  o f  g a s e o u s  

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

sodium h y d r o x i d e  s o l u t i o n  ( e i t h e r  O.IN or  I N ) .  The f o u r  

c o n s i s t e n t  r e s u l t s  o b t a i n e d  ( T a b l e  2 . 5 . 1 ( a ) . )  g ave  an a v e r ­

age  v a l u e  f o r  t h e  e n t h a l p y  o f  h y d r o l y s i s  o f  g a s e o u s  t u n g s t e n  

h e x a f l u o r i d e  o f  - 1 5 5 . ? ^  i .  1 . 4 k c a l  raol”^. The e n t h a l p y  o f  * 

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

b een  m ea su red  by Myers and Brady^^ a s  - I 5O .I  i  4 k c a l  m o l ” ^.
8 , 5 4S i n c e  t h e  e n t h a l p y  o f  “ v a p o r i s a t i o n  o f  t u n g s t e n  h e x a f l u o r i d e  

i s  6 . 1 5 k c a i  mol"  t h e s e  two e n t h a l p i e s  o f  h y d r o l y s i s  a r e  

f o u n d : t o  be i n  c l o s e  a g r e e m e n t .

The h y d r o l y s i s  o f  t u n g s t e n  h e x a f l u o r i d e  i n  an e x c e s s  

o f  a sodium h y d r o x i d e  s o l u t i o n  p r o c e e d s  a c c o r d i n g  t o  t h e  

e q u a t i o n : -

WFg(g).h 80H"(aq) —>W o|"(aq)  +  6P"(aq) +  4HgO(liq)

/

/
/
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U s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  t h e  s p e c i e s  

O E " (a q ) ,  WO|“ ( a q > ,  P " (a q )  and B ^ O f l i q ) ,  ( T a b l e  2 . 4 . 2 ( b ) )  

and t h e  m e a su r ed  e n t h a l p y  o f  h y d r o l y s i s ,  t h e  s t a n d a r d  e n t h ­

a l p y  o f  f o r m a t i o n  o f  g a s e o u s  t u n g s t e n  h e x a f l u o r i d e  h a s

been c a l c u l a t e d  t o  be - 4 I I . 8 5  i l . 4k c a l  m o l” ^.  T h i s  v a l u e

i s  i n  c l o s e  a g r ee m e n t  w i t h  t h e  v a l u e s  o f  - 4 I I . 5 i o . 4k c a l  mol"^
—1 28and - 4 1 1 . 7 i o . 5 k c a l  m o l ” o b t a i n e d  by f l u o r i n e  bomb c a l ­

o r i m e t r y .

(b )  E n t h a l p y  o f  f o r m a t i o n  o f  g a s e o u s  molybdenum h e x a ­

f l u o r i d e  •

The e n t h a l p y  o f  h y d r o l y s i s  o f  g a s e o u s  molybdenum h e x a ­

f l u o r i d e  ( p r e p a r e d ,  p u r i f i e d  and a n a l y s e d  a s  d e s c r i b e d  in  

S e c t i o n s  5 . 2 . 1  and 5 . 5 )  was m e a s u r e d  u s i n g  t h e  c a l o r i m e t r i c  ’ 

p r o c e d u r e  d e s c r i b e d  p r e v i o u s l y  ( S e c t i o n  2 . 5 ) .

The c a l o r i m e t r i c  m e a s u r em e n t s  were  c a r r i e d  o u t  on f i v e  

s a m p le s  ( f ro m  two s e p a r a t e  p r e p a r a t i o n s )  o f  g a s e o u s  molybdenum . 

h e x a f l u o r i d e  e a ch  b e i n g  h y d r o l y s e d  i n  an e x c e s s  o f  sodium  

h y d r o x i d e  s o l u t i o n  ( e i t h e r  O.IN o r  I N ) .  The f i v e  c o n s i s t e n t  

v a l u e s  o b t a i n e d  (Ta’b l e  2 * 5 . 1 ( b ) )  g a v e  a v a l u e  f o r  t h e  e n t h ­

a l p y  o f  h y d r o l y s i s  o f  g a s e o u s  molybdenum h e x a f l u o r i d e  o f
-1- 1 7 5 .9  ^ 2 .  5 k c a l  m o l ” . The e n t h a l p y  o f  h y d r o l y s i s  o f  l i q u i d  

molybdenum h e x a f l u o r i d e  h a s  p r e v i o u s l y  been  m e a su r ed  by  

Myers and Brady^^ a s  - 1 5 4 . 7  i t  4k c a l  m ol" ^ .  H ow ever ,  s i n c e  t h e  

e n t h a l p y  o f  " v a p o r i s a t i o n  o f  molybdenum h e x a f l u o r i d e  i s  o n l y  

6 . 63k c a l  m o l ”  ̂ ( o r  6 .85. k c a l  mol*^ ^^^^t can b e e n  s e e n

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

The h y d r o l y s i s  o f  molybdenum h e x a f l u o r i d e  i n  an e x c e s s  

o f  sodium h y d r o x i d e  s o l u t i o n  p r o c e e d s  a c c o r d i n g  t o  t h e  e q u ­

a t i o n  : -

14
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TABLE 2 . 5 . 1

( a )  E n t h a l p y  o f  h y d r o l y s i s  o f  g a s e o u s  t u n g s t e n  h e x a f l u o r i d e .

S e t  

No •

Sample  

N o.

Mass o f  

s a m p l e ( g )

H y d r o l y s i n g

A gen t

E n t h a l p y  o f  h y d r o l ­

y s i s  ( k c a l  m o l ~ l )

1 2 0 . 1 2 8 4 150ml N NaOH - 1 5 4 . 6 2 .

2 2 0 . 5 7 5 0 150ml N NaOH - 1 5 5 . 1

5 1 0 . 0 9 4 5 150ml N NaOH ’ 
10

- 1 5 5 . 1

5 ,2 0 . 2 1 0 5 150ml N NaOH - 1 5 8 . 15 .

E n t h a l p y  o f  h y d r o l y s i s  o f  WPgCgas) -  - 1 5 5 . 7 ^ ± 1 . 4 k c a l  mol -1

( b )  E n t h a l p y  o f  h y d r o l y s i s  o f  g a s e o u s  molybdenum h e x a f l u o r i d e .

S e t  

No •

Sample

No.

Mass  o f  

s a m p l e ( g )

H y d r o l y s i n g

Agent

E n t h a l p y  o f  h y d r o l ­

y s i s  ( k c a l  mol ^ ) .

1 5 0 . 1 0 8 1 1 5 0 ml N NaOH - 1 7 5 . 5

1 . 5 0 . 0 1 9 2 1 50 ml N NaOH 
. 10

- 1 6 9 . 5

2 1 0 . 0 9 0 5 1 5 0 ml N NaOH - 1 7 6 . 0

2 ■ 2 0 . 1 5 1 1 150ml N NaOH - 1 7 5 . 8

2 5 0 . 1 0 2 9 1 5 0 ml N NaOH 
10

- 1 7 4 . 9  1

E n t h a l p y  o f  h y d r o l y s i s  o f  MoP5 ( g )  — - 1 7 5 * 9 ^ 2 . 5  k c a l  mol ^ .
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MoPg ^  8 0 H " ( a q ) - > M o 0 ^ “ ( a q ) 6 P ‘ ( a q ) 4.  AHgO ( 1 i q )

U s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  t h e  s p e c i e s  

O H - ( a q ) ,  MoO^” ( a q ) ,  P” ( a q )  and H g O f l i q )  ( T a b l e  2 . 4 . 2 ( b ) )  

and t h e  m easured  e n t h a l p y  o f  h y d r o l y s i s ,  t h e  s t a n d a r d  e n t h ­

a l p y  o f  f o r m a t i o n  o f  g a s e o u s  molybdenum h e x a f l u o r i d e  i s  

c a l c u l a t e d  t o  be - 3 7 4 . 8 i  2 . 5 k c a l  m o l “^.  T h e re  i s  r e a s o n a b l e  

a g r ee m e n t  b e tw e en  t h i s  v a l u e  and t h e  v a l u e  o f  - 3 7 2 . 5 —0 . 2  

k c a l  m o l ”  ̂ o b t a i n e d  by f l u o r i n e  bomb c a l o r i m e t r y .

2 . 5 . 2 . Rhenium H e x a f l u o r i d e .

The e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s  o f  g a s e o u s  rhenium  

h e x a f l u o r i d e  ( p r e p a r e d ,  p u r i f i e d  and a n a l y s e d  a s  d e s c r i b e d  

i n  S e c t  ions 5 . 2 . 1 ,  5 . 2 . 2  and 5 . 3 ) h a s  been m ea su r ed  u s i n g  t h e  

u s u a l  c a l o r i m e t r i c  p r o c e d u r e  ( S e c t i o n  2 . 5 ) .  The c a l o r i m e t r i c  

m e a su r em e n ts  were  c a r r i e d  o u t  on t e n  s a m p le s  ( f ro m  t h r e e  

s e p a r a t e  p r e p a r a t i o n s ^ o f  g a s e o u s  rhen ium  h e x a f l u o r i d e  e a c h  

b e i n g  h y d r o l y s e d  i n  an e x c e s s  o f  a s o l u t i o n  o f  sodium  

h y d r o x i d e  (O .IN o r  IN) and sodium  h y p o c h l o r i t e  ( ^ 1 . 5  t o  

2 . 5 ^ ) .  The t e n  c o n s i s t e n t  v a l u e s  o b t a i n e d  ( T a b l e  2 . 5 . 2 )  g a v e  

a v a l u e  o f  - 2 0 4 . 8  i 3 . 2 k c a l  m o l ”  ̂ f o r  t h e  e n t h a l p y  o f  o x i d ­

a t i v e  h y d r o l y s i s  o f  g a s e o u s  rhenium  h e x a f l u o r i d e .  The  

h y d r o l y s i s  u n d er  c o n s i d e r a t i o n  p r o c e e d s  a c c o r d i n g  t o  t h e  

e q u a t  i o n  : -

E e F g ( g ) + i 0 C l " ( a q ) +  7 0 H - ( a q ) - ^ i e O “ ( a q )  +  6F‘ ( a q )  4. J c l " ( a q  )

f - 7 / 2 H 2 0 ( l i q ) .

U s i n g  t h e  s t a n d a r d  e n t h a l p ^ k x f  f o r m a t i o n  o f  Q C l7 ' (aq) ,
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TABLE a s . 2

E n t h a l p y  o f  h y d r o l y s i s  o f  g a s e o u s  rhen ium  h e x a f l u o r i d e ,

S e t Sample Mass o f H y d r o l y s i n g E n t h a l p y  o f

No • No • s a m p l e ( g ) A g e n t s H y d r o l y s i s ( k c a l  m o l* ^ )

1 2 0 . 0 6 6 5 1 5 0 ml N NaOH & 
LO

20ml 12 ^  NaOEl

. w 2 0 ? .0 7

2 2 0 . 0 3 6 8 120ml N NaOH & 
10

50ml 1 2 ^  NaOEl

- 2 0 1 . 0 1

3 1 0 . 0 5 2 2 , . 120ml N NaOH & 
10

50ml 12 ^  NaOCl

- 2 0 2 . 5 5

3 2 0 . 0 7 6 9 120ml N NaOH & 
10

50ml 1 2 ^  NaOCl

- 2 0 1 . 0 2

3 5 0 . 0 9 5 5 120ml N NaOH & 
10

50ml 12 ^  NaOCl

- 2 0 6 . 0 8  .

4 1 0 . 0 7 5 8 1 5 0 ml N NaOH & 
10

20ml 1 2 ^  NaOCl

- 2 0 4 . 6 0

4 2 0 .1 1 6 6 120ml N NaOH & 

50ml 12 ^  NaOCl

- 2 0 9 . 7 2

4 3. 0 .0498 1 50 ml N NaOH & 
10

20ml 1 2 ^  NaOCl

- 2 0 8 . 9 5

5 1 0 . 0 5 0 5 120ml N NaOH & 

50ml 1 2 ^  NaOCl

- 2 0 8 . 1 9

5 3 0 .0 5 8 2 120ml N NaOH & 

50ml 1 2 ^  NaOCl

- 2 0 5 . 5 0

E n t h a l p y  o f  h y d r o l y s i s  o f  R e P 6 (g  ) s - 2 0 4 . 7 6 1 5 • 2 k c a l .  mol -1
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O H "(aq) ,  R e O ^ (a q ) ,  P ~ ( a q ) ,  C l ~ ( a q )  and E g O f l i u )  ( T a b l e  

2 . 4 . 2 ( b ) )  and t h e  m ea su red  e n t h a l p y  o f  h y d r o l y s i s ,  t h e  

s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  g a s e o u s  rhen ium  h e x a f l u o ­

r i d e  i s  c a l c u l a t e d  t o  be - 5 2 2 . 6  i 5 . 2 k c a l  m o l ” .

When R u f f  and c o - w o r k e r s  f i r s t  i n v e s t i g a t e d  rhenium  

h e x a f l u o r i d e ^ ' ^ ^ ' ^ ^ t h e y  o b t a i n e d  a v a l u e  o f  - 2 7 5 k c a l  m o l ”  ̂

f o r  t h e  e n t h a l p y  o f  f o r m a t i o n  o f  g a s e o u s  rhen ium  h e x a f l u o r -  

i d e ^ .  H ow ever ,  Malm and S e l i g ^ ® s u g g e s t  t h a t ,  j u d g i n g  by  

v a p o u r  p r e s s u r e  d a t a ,  R u f f s  m a t e r i a l  c o n t a i n e d  a c o n s i d e ­

r a b l e  amount o f  rh en iu m  h e p t a f  l u o r i d e .- The m a t e r i a l  u s e d
*

i n  t h i s  t h e s i s  was shown t o  be pure  by a n a l y s i s . , T h u s  i t  i s  

c o n c l u d e d  t h a t  t h e  new v a l u e  q u o t e d  h e r e  i s  c o r r e c t .

2 . 5 . 3 . Osmium H e x a f l u o r i d e .

The e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s  o f  g a s e o u s  osmium 

h e x a f l u o r i d e  ( p r e p a r e d  and p u r i f i e d  a s  d e s c r i b e d  i n  S e c t i o n

5 . 2 . 1 . )  ha s  been  m e a su r ed  u s i n g  t h e  u s u a l  c a l o r i m e t r i c  p r o ­

c e d u r e  ( S e c t i o n  2 . 5 ) .  The c a l o r i m e t r i c  m e a s u r e m e n t s  were  

c a r r i e d  o u t  on e i g h t  s a m p l e s  ( f ro m  t h r e e  s e p a r a t e  p r e p a r a t ­

i o n s )  o f  g a s e o u s  osmium h e x a f l u o r i d e ,  e a c h  b e i n g  h y d r o l y s e d

i n  an e x c e s s  o f  a s o l u t i o n  o f  sodium h y d r o x i d e  ( N ) and
10

sod ium  h y p o c h l o r i t e  ( ^ 1 . 5  t o  2 .5 / ^ ) .  The s e v e n  c o n s i s t e n t

v a l u e s  o b t a i n e d  ( T a b le  2 . 5 * 5 . )  gave  a v a l u e  o f  - 9 7 . 5 i 4 . 5  
-1

k c a l  mol f o r  t h e  e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s  o f  g a s ­

e o u s  osmium h e x a f l u o r i d e .

In  o r d e r  t o  e s t i m a t e  t h e  s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  

o f  osmium h e x a f l u o r i d e  i t  i s  n e c e s s a r y  t o  assum e t h a t  t h e  

h y d r o l y s i s  p r o c e e d s  a c c o r d i n g  t o  t h e  e q u a t i o n : -
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TABLE 2 . 5 . 5

E n t h a l p y  o f  h y d r o l y s i s  o f  g a s e o u s  osmium h e x a f l u o r i d e .

S e t Sample Mass o f H y d r o l y s i n g E n t h a l p y  o f

No. No* s a m p l e ( g ) A g e n t s H y d r o I y s i s ( k c a l  mol ^ )

1 2 . 0 . 0 2 5 5 150ml N NaOH & 
10

20ml 12 ^  NaOCl

. -IO 6 .8 0

1 5 0 . 0 4 9 9 120ml N NaOH & 
10

50ml 1 2 ^  NaOCl

- 9 7 . 8 0

2 1 0 . 0 3 9 2
II - 9 6 . 1 5

2 2 0 . 0 5 9 2
II

.  - 9 4 . 5 8

2 5 0 . 0 2 6 0
II

- 9 5 . 1 2

5 1 0 . 0 1 9 2
II

- 9 9 . 1 0

5

.

2 0 . 0 4 5 9
1»

- 9 2 . 9 0

E n th a lp y  o f  h y d r o l y s i s  o f  O s P ^ (g ) s , -9 7 .5+4* 5kca l .  mol -1
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O sF^(g )  +  OCl” ( a q )  f  60E” ( a q ) O s O ^ ( a q )  4- 6 P ( a q )  4 -  Cl ( a q )

+ 3 E 2 0 ( l i q )

Then u s i n g  t h e  known s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f

OCl” ( a q ) ,  OH”. ( a q ) ,  OsO^.(aq),  P " (a q )  , C l“ ( a q )  and E2 0 ( l i q )

( T a b l e  2 . 4 . 2 ( b ) )  and. t h e  m e a s u r e d  e n t h a l p y  o f  h y d r o l y s i s ,  
s t a n d a r d

th ey^ en th a lp y  o f  f o r m a t i o n  o f  g a s e o u s  osmium h e x a f l u o r i d e  

i s  e s t i m a t e d  t o  be - 3 5 8 . 8 i 4 . 5 k c a l  m o l ” ^. H ow ever ,  t h i s  

e n t h a l p y  o f  f o r m a t i o n  w i l l  be i n c o r r e c t  s i n c e  a c e r t a i n  am­

ou n t  o f  t h e  s t a b l

t h e  h y d r o l y s i s . 4-

ou n t  o f  t h e  s t a b l e  s p e c i e s  OsP^ ( a q )  w i l l  a l s o  be formed i n

2 . 6 .  E n t h a l p i e s  o f  F o r m a t io n  o f  P e n t a f l u o r i d e s .

2 . 6 . 1 .  E n t h a l p y  o f  F o r m a t io n  o f  T u n g s t e n  P e n t a f l u o r i d e ;

The e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s  o f  s o l i d  t u n g s t e n  

p e n t a f l u o r i d e  ( p r e p a r e d  and a n a l y s e d  a s  d e s c r i b e d  i n  

S e c t i o n s  5 . 2 . 3  and 5 . 5 )  h a s  been ; m e a su r ed  u s i n g  t h e  u s u a l  

c a l o r i m e t r i c  p r o c e d u r e  ( S e c t i o n  2 .3 - ) .  The c a l o r i m e t r i c  

m e a s u r em e n t s  were  c a r r i e d  o u t  on f o u r  s a m p le s  o f  s o l i d  t u n - -  

g s t e n  p e n t a f l u o r i d e , e a c h  b e i n g  h y d r o l y s e d  i n  an e x c e s s  o f  

a s o l u t i o n  o f  sodium h y d r o x i d e  (O .IN  o r  IN) and sodium  

h y p o c h l o r i t e  ( ^ 1 . 3  t o  2^) The f o u r  c o n s i s t e n t  v a l u e s  o b t a -
•t

i n e d  ( T a b l e  2 . 6 . 1 )  g ave  a v a l u e  o f  - 1 6 , 5 . 9 ^ 5 . 5  k c a l  m o l ” 

f o r  t h e  e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s  o f  s o l i d  t u n g s t e n  

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

The o x i d a t i v e  h y d r o l y s i s  p r o c e e d s  a c c o r d i n g  t o  t h e  

e q u a t i o n : -

¥ ^ 5 ( 8 ) -4 - i O C l " ( a q )  4- 7 0 H " ( a q ) —> W O ^ " (a q )  +  5P " ( a q )

+  i C l - ( a q )  +  i / Z E g O f l i q )

/
//
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^ABLE 2 . 6 . 1

E n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  t u n g s t e n  p e n t a f l u o r i d e .

S e t Sample Mass  o f H y d r o l y s i n g E n t h a l p y  o f

No. No • s a m p le (  g ) A g e n t s h y d r o l y s i s ( k c a l  m o l ”^]

1 1 0 . 2 6 7 1 70ml N NaOH,

30ml 10 ^  NaOCl & 

50ml HgO.

- 1 7 0 . 4 8

2> 1 0 .0 8 7 2 130ml N NaOE.& 
10

20ml 10^  NaOCl

- 1 6 0 . 7 2

2 2 0 . 1 7 6 2 120ml N NaOH & 

30ml 1 0  fo NaOEl

- 1 6 6 . 2 2

2 5. 0 .2 0  39 120ml N NaOH & 

30ml 1 0 ^  NaOCl

- 1 6 6 . 1 8

E n t h a l p y  o f  h y d r o l y s i s  o f  WP̂ C s o l i d  ) s - 1 6 5  . 9 ^ 5 •  5 k c a l .  mol -1
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U s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  OCl“ ( a q ) ,  

OH“ ( a q ) ,  W o | " ( a q ) ,  P " ( a q ) ,  C l * ( a q )  and HgO ( l i q ) . ( T a b l e  

2 . 4 . 2 ( b ) )  and t h e  m e a su r ed  e n t h a l p y  o f  h y d r o l y s i s ,  t h e  

s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  s o l i d  t u n g s t e n  p e n t a f l u o -

r i d e  i s  c a l c u l a t e d  t o  be -  549 • 9 it  5 . 5 k c a l  m o l “^ .  T h i s  v a l u e
4 2 * 6  2

i s  i n  a g r ee m e n t  w i t h  t h e  v a l u e ,  o f  3 4 6 . 1 — 1 . 0  k c a l  m o l” ,
28w h ic h  h a s  p r e v i o u s l y  been  o b t a i n e d  by S c h r o d e r  and S i e b e n  

u s i n g  f l u o r i n e  bomb c a l o r i m e t r y .

2 . 6 . 2 .  E n t h a l p y  o f  F o r m a t io n  o f  Molybdenum P e n t a f l u o r i d e  

The e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s  o f  s o l i d  m o ly b d ­

enum p e n t a f l u o r i d e  ( p r e p a r e d ,  p u r i f i e d  and a n a l y s e d  a s  i n  

S e c t i o n s  5 . 2 . 4 ( a )  and 5.. 5 • ) h a s  b een  m ea su red  u s i n g  t h e  u s ­

u a l  c a l o r i m e t r i c  p r o c e d u r e  ( S e c t i o n  2 . 3 ) .

The c a l o r i m e t r i c  m e a s u r em e n t s  were  c a r r i e d  o u t  on s i x  

s a m p le s  o f  s o l i d  molybdenum p e n t a f l u o r i d e ,  e a c h  b e i n g  

h y d r o l y s e d  i n  an e x c e s s  o f  a s o l u t i o n  o f  sodium  h y d r o x i d e  

(O .IN  or  i n )  and sodium h y p o c h l o r i t e  ( ^ ^ 1 . 5  t o  2 . 5 ^ ) .  The - 

s i x  c o n s i s t e n t  v a l u e s  o b t a i n e d  ( T a b l e  2 . 6 . 2 )  g a v e  a v a l u e  

o f  - I 6 5 .45  —1 . 5 k c a l  m o l ”  ̂ f o r  t h e  e n t h a l p y  o f  o x i d a t i v e  

h y d r o l y s i s  o f  s o l i d  molybdenum p e n t a f l u o r i d e .

. The o x i d a t i v e  h y d r o l y s i s  p r o c e e d s  a c c o r d i n g  t o  t h e  

e q u a t i o n ; -

MoP^(s) 4- •J-OCl“ (a q )  4  7OH (aq)-^>MoO^” (a q )  -4- 5P” ( a q )

-4  è C l “ ( a q )  4 -  7 / 2 H 2 0 ( l i q )  

Then, u s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  0 Cl ( a q ) ,  

OH“ ( a q ) ,  MoO^” ( a q ) ,  P” ( a q ) ,  C l” ( a q )  and H g O ^ l iq )  ( T a b l e  

2 . 4 . 2 ( b ) ) a n d  t h e  m easu red  e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s ,  

t h e  s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  s o l i d  molybdenum p e n t ­

a f l u o r i d e  i s  c a l c u l a t e d  t o  be - 3 5 1 . 4 2  • 5 k c a l  m o l” ^.
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TABLE 2 . 6 . 2

E n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  molybdenum pe n t a f l u o r i d e  #

S e t Sample Mass o f H y d r o l y s i n g E n t h a l p y  o f

N o . No. s a m p l e ( g ) A g e n t s h y d r o l y s i s ( k c a l  m o l )

1 1 ■ 0 . 2 6 5 7 1 2 0 m l 'N  NaOH & 

50ml 12% NaOCl

- 1 6 6 . 1 1

1 2 0 . 2 1 2 5 II. - 1 6 7 . 5 1

1 5 0 . 1 8 5 7 II
- 16 6  . 5 5

1 4 0 . 1 8 2 9
II

- 1 6 4 . 9 0

1 5 0 . 1 1 0 9 1 3 0 ml N NaOH & 
10

20ml 12% NaOCl.

- I 64 .16

1 6 0 . 2 1 9 5 120ml N NaOH & 

30ml 12% NaOCl

- 1 6 3 . 7 4

/

Enthalpy o f  h y d r o l y s i s  o f  MoP^( s o l i d  ) - - I6 5  *45+1 • 5kcal .  mol -1
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2 . 7 »  E n t h a l p i e s  o f  F o r m a t io n  o f  O x y t e t r a f l u o r i d e s .

2 . 7 *1 . E n t h a l p y  o f  F o r m a t io n  o f  T u n g s t e n  O x y t e t r a -

f l u o r i d e .

The e n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  t u n g s t e n  o x y t e t r a -

f l u o r i d e  ( p r e p a r e d ,  p u r i f i e d  and a n a l y s e d  a s  d e s c r i b e d  i n

S e c t i o n s  5 . 2 . 5  and 5 . 5 » )  h a s  b een  m ea su red  u s i n g  t h e  u s u a l .

c a l o r i m e t r i c  p r o c e d u r e  ( S e c t i o n  2 . 3 . ) .  The c a l o r i m e t r i c

m e a s u r em e n t s  were  c a r r i e d  o u t  on e l e v e n  s a m p le s  ( f ro m  f i v e

s e p a r a t e  p r e p a r a t i o n s )  o f  s o l i d ' ' t u n g s t e n  o x y t e t r a f l u o r i d e ,

e a c h  b e i n g  h y d r o l y s e d  i n  an e x c e s s  o f  a s o l u t i o n  o f  sodium

h y d r o x i d e  (O .IN  o r  I N ) .  The t e n  c o n s i s t e n t  v a l u e s  o b t a i n e d

( T a b l e  2 . 7 . 1 . )  g a v e  a v a l u e  o f  - 9 1 . 7 , i  2 . 2 k c a l  mol"^ f o r
• ^

t h e  e n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  t u n g s t e n  o x y t e t r a f l u o r i d e .

The h y d r o l y s i s  p r o c e e d s  t h u s *

WOP ( s ) + 6 0 H " ( a q ) — > W o | " ( a q )  4- 4 F “ ( a q )  +  JHgOC.l iq)

U s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  OH ( a q ) ,

WO^” ( a q ) ,  F” (a q )  and H2 0 ( l i q )  ( T a b l e  2 . 4 . 2 ( b ) )  and t h e

m ea su red  e n t h a l p y  o f  h y d r o l y s i s ,  t h e  s t a n d a r d  e n t h a l p y  o f  *

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

t o  be - 3 5 8 . 5 ± 2 . 2k c a l  m o l ”^.

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

57o x y t e t r a f l u o r i d e  h a s  been  e s t i m a t e d ^ ' ,  from v a p o u r  p r e s s u r e  

d e t e r m i n a t i o n s ,  t o  be 1 6 . 4 9 k c a l  mol  ̂ and t h e  s t r u c t u r e  o f  

t h e  g a s e o u s  t u n g s t e n  o x y t e t r a f l u o r i d e  h a s  been  shown, by
5 8- 4 1i n f r a - r e d  s t u d i e s ,  t o  be monom eric  . . T h e r e f o r e ,  t h e

e n t h a l p y  o f  f o r m a t i o n  o f  g a s e o u s  m onomeric  t u n g s t e n  o x y t e t -  

r a f l u o r i d e  i s  e s t i m a t e d  t o  be - 3 4 2 . 0 — 2 . 2 k c a l  mol . The
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TABLE 2 . 7 . 1

E n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  t u n g s t e n  o x y t e t r a f l u o r i d e

S e t  

No •

Sample  

No .

Mass o f  

s a m p l e ( g )

H y d r o l y s i n g

A gent

E n t h a l p y  o f  

h y d r o l y s i s ( k c a l  m o l )

1 2 0 . 1 0 4 5 1 5 0 ml N NaOH 
10

- 9 0 . 5 6

1 5 0 . 0 7 0 7 II - 9 4 . 7 8

2 5 0 . 0 8 7 7 II - 8 8 . 2 0

5 2 O.O8 4 O II - 8 8 . 8 6

4 1 0 . 5 0 7 1 1 5 0 ml N NaOH - 9 2 . 5 8

4 2 0 . 2 2 5 7 150ml N NaOH 
10

- 9 1 . 50 .

4 5 0 . 2 4 8 8 II - 9 4 . 1 2

5 1 0 . 1 2 2 4 II - 9 5 . 2 5

5 2 0 . 1 4 7 7 II - 9 0 . 2 4

5
5

0 . 1 9 1 4 II - 9 5 . 8 0

E n t h a l p y  o f  h y d r o l y s i s  o f  W O P ^ ( s o l i d ) a - 9 I . 2 k c a l . m o l -1
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s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  g a s e o u s  m onomeric  t u n g s t e n

o x y t e t r a f l u o r i d e  h a s  p r e v i o u s l y  b een  e s t i m a t e d ,  from mass
1 15

B & e o t r o a e t r l o  é t u d i é s ,  to  be - 5 l 6 ± 1 0 k o a l  m o l"  , These
42

w o r k e r s  had p r e v i o u s l y  r e p o r t e d  a s t a n d a r d  e n t h a l p y  o f  f o r ­

m a t io n  o f  g a s e o u s  t u n g s t e n  o x y t e t r a f l u o r i d e  o f  - 5 5 8 . 4 ± 6  

k c a l  mol"^.'

2 . 7 . 2 . E n t h a l p y  o f  F o r m a t io n  o f  Molybdenum O x y t e t r a ­

f l u o r i d e  .

The e n t h a l p y  o f  h y d r a l y s i s  o f  s o l i d  molybdenum o x y ­

t e t r a f l u o r i d e  ( p r e p a r e d , p u r i f i e d  and a n a l y s e d  a s  d e s c r i b e d  

i n  S e c t i o n s  5 . 2 . 5  and 5 » 5) h a s  been m ea su red  u s i n g  t h e  u s u a l  

c a l o r i m e t r i c  p r o c e d u r e  ( S e c t i o n  2 . 5 ) .  The c a l o r i m e t r i c  

m e a s u r em e n t s  were  c a r r i e d  o u t  on f o u r  s a m p l e s  ( f rom  two  

s e p a r a t e  p r e p a r a t i o n ^  o f  s o l i d  molybdenum o x y t e t r a f l u o r i d e ,  

e a c h  b e i n g  h y d r o l y s e d  i n  an e x c e s s  o f  a s o l u t i o n  o f  sodium  

h y d r o x i d e  ( O . I N ) .  The f o u r  c o n s i s t e n t  v a l u e s ^ o b t a i n e d  ( T a b l e  

2 . 7 . 2 ) gave  a v a l u e  o f  - 1 0 1 . 6  ± 1 . 2k c a l  m o l”  ̂ f o r  t h e  e n t h a l p y  

o f  h y d r o l y s i s  o f  s o l i d  molybdenum o x y t e t r a f l u o r i d e .  The 

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

MoOP^(s) + 60H (aq)  —» MoO^ ( a q )  + 4P“ ( a q )  4- 5H2 0 ( l i q )

U s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  OH'’( a q ) ,  

MoO^"(aq) ,  P” ( a q )  and H2 0 ( l i q )  ( T a b l e  2 . 4 . 2 ( b ) )  and t h e  

m e a su r ed  e n t h a l p y  o f  h y d r o l y s i s ,  t h e  s t a n d a r d  e n t h a l p y  o f  

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

a t e d  t o  be - 5 2 9  . 8  ±  1 .‘2k c a l  m o l ”^.

/

y
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TABLE 2 & 7 .2 .

E n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  molybdenum o x y t e t r a f l u o r i de

S e t  

No •

Sample  

No.

Mass o f  

s a m p l e ( g )

H y d r o l y s i n g

Agent

E n t h a l p y  o f

h y d r o l y s i s ( k c a l  m o l" ^ )

1 1 0 .0 5 9 9 1 5 0 ml N NaOH 
10

- 9 9 . 8 5

1 2 0 . 0 5 9 7 > 1 0 1 . 8 5

1 5 0 . 0276 «1 - 1 0 5 . 0 9

2 5 0 . 0525 w - 1 0 1 . 4 8

E n t h a l p y  o f  h y d r o l y s i s  o f  M oOP^^sol id  ) * - 1 0 1 . 5 6 + 1 . 2 k o a l .  mol -1
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2 . 8 .  E n t h a l p i e s  o f  Format i on o f  some Si

2 . 8 . 1 .  E n t h a l p y  o f  F o r m a t io n  o f  P o t a s s i u m  h e x a f l u -

o r o t u n g s t a t e  ( v ) .

The e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s  o f  s o l i d  p o t a s s ­

ium h e x a f l u o r o t u n g s t a t e ( V) ( p r e p a r e d  and a n a l y s e d  a s  d e s c ­

r i b e d  i n  S e c t i o n s  5 * 2 . 6  and 5*5 )  h a s  been m easu red  u s i n g  

t h e  u s u a l  c a l o r i m e t r i c  p r o c e d u r e  ( S e c t i o n  2 . 5 . ) .  The 

c a l o r i m e t r i c  m e a s u r e m e n t s  were  c a r r i e d  o u t  on s i x  s a m p le s  

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

h e x a f l u o r o t u n g s t a t e ( V ) , e a c h  b e i n g  h y d r o l y s e d  i n  an e x c e s s  

o f  a s o l u t i o n  o f  sodium h y d r o x i d e  (O.IU) and sodium h y p o c h l ­

o r i t e  (*^ 1 .  5 to  2 .5 /^ ) .  The s i x  c o n s i s t e n t  v a l u e s  o b t a i n e d  

' (Table  2 . 8 , 1 )  gave  a v a l u e  o f  12 5 . 6 ±. 2 . 6k c a l  ■ m o l “  ̂ f o r  t h e  

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

a c c o r d i n g  t o  t h e  e q u a t i o n : -  

KWPg(s) 4- | O C l " ( a q )  +  70H“ ( a q ) - >  K *(aq )  -*• TO^"(aq)

J C l " ( a q )  +  6 p - ( a q )  +  7 / 2 E g O ( l i q )  

U s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n '  o f  OCl“ ( a q ) ,

OH“ ( a q ) ,  K + ( a q ) ,  TO ^ "(aq) ,  C l ' ( a q ) ,  P"(aq)'  and H g O f l i q )

( T a b l e  2 . 4 . 2 ( b ) )  and t h e  m e a su r ed  e n t h a l p y  o f  o x i d a t i v e  - 

h y d r o l y s i s ,  t h e  s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  s o l i d  

p o t a s s i u m  h e x a f l u o r o t u n g s t a t e ( v )  v.d's c a l c u l a t e d  t o  be

- 5 5 2 . 0  ± 2 . 6k c a l  m o l ' l .

2 . 8 . 2 .  E n t h a l p y  o f  F o r m a t io n  o f  P o t a s s i u m  H e x a f l u o r o -

m o l y b d a t e ( V ) .

•The e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s  o f  s o l i d  p o t a s s i u m  

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

i n  S e c t i o n s  5 , 2 . 6  and 5*3 )  h a s  been m ea su red  u s i n g  t h e

/
/

/
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TABLE 2 . 8 . 1

E n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  p o t a s s i u m  h e x a f l u o r o  

t u n g s t a t e  ( v ) .

S e t Sample Mass o f H y d r o l y s i n g E n t h a l p y  o f

No • No. s a m p l e ( g ) A g e n t s h y d r o l y s i s ( k c a l  mol*"^)

2 . 2 0 . 0 5 4 4 1 5 0 ml N NaOH & 
10

20ml 12 ^  NaOCl

- 1 2 0 . 5 4

4 1 0 .0 4 5 5 tt - 1 2 5 . 9 4

4 2 0 . 0 5 9 2
ti

- 1 2 5 . 8 8

4 5 0 .0 9 6 0 120ml N NaOH & 
10

50ml 12^  NaOCl

- 1 2 6 . 8 2

5 1 0 . 0 8 2 9 1 50ml N UaOH & 
10 '

20ml 12 ^  NaOCl

- 1 2 1 . 7 1

5 3 0 . 0 9 6 7 II
- 1 2 0 . 9 0

E n t h a l p y  o f  h y d r o l y s i s  o f  K W P ^ ( s o l i d ) s - r 2 5 . 6 l 2 . 6 k c a l . m o l  ^
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TABLE 2 . 8 . 2

E n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  p o t a s s i um 

h e x a f l u o r o m o l y b d a t e f V ) .

S e t Sample Mass o f H y d r o l y s i n g E n t h a l p y  o f

, N6& No • s a m p l e ( g ) A g e n ts h y d r o l y s i s ( k c a l  m o l “^)

1 1 0 . 0 8 7 9 1 5 0 ml N NaOH & 

20ml 12^  NaOCl

- 1 4 1 . 0 5

1 5 0 . 1 0 4 1 120ml N NaOH & 

50ml 1 2 ^  NaOCl

- 1 4 4 . 3 1

5 1 0 . 0 7 6 9 1 5 0 ml N NaOH & 
10

20ml 1 2 ^  NaOCl

- 1 4 6 . 4 5

5 2 0 . 0 7 9 9 1 2 5 ml N NaOH & 
10

25ml 1 2 ^  NaOCl

- 1 4 1 . 8 8

3 3 0 . 1 1 9 9 120ml N NaOH & 

50ml 1 2 ^  NaOCl

- 1 4 5 . 6 0

3 • 4 0 . 0 6 6 2 1 5 0 ml N NaOH & 
10

20ml 12?^ NaOCl

- 1 4 2 . 6 5

5 5 0 . 1 1 5 5 120ml N NaOH & - 1 4 2 . 2 6

'
50ml 12 ^  NaOCl

E n t h a l p y  o f  h y d r o l y s i s  o f  K M o P ^ (so l id  ) s - I 4 3 . 45' t l  * 9 k c a l  mol -1
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u s u a l  c a l o r i m e t r i c  p r o c e d u r e  ( S e c t i o n  2 . 5 ) .  The c a l o r i m e t r i c

m e a su r em e n ts  were  c a r r i e d  o u t  on n i n e  s a m p le s  (from t h r e e

s e p a r a t e  p r e p a r a t i o n s )  o f  s o l i d  p o t a s s i u m  h e x a f l u o r o m o l y b d -

a t e ( v ) ;  e a ch  b e i n g  h y d r o l y s e d  i n  an e x c e s s  o f  s o l u t i o n  o f

sodium h y d r o x i d e  (O.IN o r  IN) and sodium  h y p o c h l o r i t e  ( - ^ 1 . 5

t o  2 . 5 ^ ) .  The s e v e n  c o n s i s t e n t  v a l u e s  o b t a i n e d  ( T a b l e  2 . 8 . 2 )
—1g ave  a v a l u e  o f  - I 4 3 »4  ̂~  1 • 9 k c a l  m o l ” , f o r  t h e  e n t h a l p y  o f  ‘ 

o x i d a t i v e  h y d r o l y s i s .  The h y d r o l y s i s  p r o c e e d s  a c c o r d i n g  t o  

t h e  e q u a t i o n

KMoP^(s)- f -JOCl“’( a q )  -f- 70H*‘ (.aq) ~ > K^(aq)  -f- MoO^“ (a q )

4- % C l- (aq)  4- 6 P ' ( a q )  y- 7 / 2  Ĥ O ( l i q )

U s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  OCl“ ( a q ) ,

GH“ ( a q ) ,  K*^(aq), MoO^ ( a q ) ,  C l ~ ( a q ) ,  P“ ( a q )  and E _ 0 ( l i q )
4 ^

( T a b l e  2 . 4 . 2 ( b ) )  and t h e  m e a s u r e d  e n t h a l p y  o f  o x i d a t i v e  

h y d r o l y s i s ,  t h e  s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  s o l i d  

p o t a s s i u m  h e x a f l u o r o m o l y b d a t e (v) .  \ i s  c a l c u l a t e d  t o  be 

- 4 9 5 . 2 ^ ± 1 . 9 k c a l  m ol"^.

2 . 8 . 5 . E n t h a l p y  o f  F o r m a t io n  o f  P o t a s s i u m  

H e x a c h l o r o t u n g s t a t e ( I V ) .

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

h e x a c h l o r o t u n g s t a t e ( l v )  ( p r e p a r e d  a s  d e s c r i b e d  i n  S e c t i o n  

5 / 2 . 7 ) h a s  been  m e a su r ed  u s i n g  t h e  u s u a l  c a l o r i m e t r i c  p r o ­

c e d u r e .  The c a l o r i m e t r i c  m e a s u r e m e n t s  were  c a r r i e d  o u t  on 

s i x  s a m p le s  ( f rom  two s e p a r a t e  p r é p a r â t  i o n s  ) -̂o f  s o l i d  

p o t a s s i u m  h e x a c h l o r o t u n g s t a t e ( I V ) , e a c h  b e i n g  h y d r o l y s e d  i n  

an e x c e s s  o f  a s o l u t i o n  o f  sod ium  h y d r o x i d e  (N) and sodium

h y p o c h l o r i t e ( ^ 1 . 4^ ) .  The s i x  c o n s i s t e n t  v a l u e s  o b t a i n e d
-1( T a b l e  2 . 8 . 5 . )  g a v e  a v a l u e  o f  - I 76 . 4 ± 1 . 8 k c a l  m o l ” f o r  t h e

/
/

/
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TABLE 2 . 8 . 5

E n t h a l p y  o f  h y d r o l y s i s  o f  s o l i d  p o ta s s iu m  

h e x a d h l o r o t u n g s t a t e ( I V  ) «

S e t Sample Mass o f H y d r o l y s i n g  ! E n t h a l p y  o f

N o . No. s a m p l e ( g ) A g e n t s h y d r o l y s i s ( k c a l  mol ^ )

1 1 0 .0 7 8 6 120ml N NaOH & 

20ml 10 ^  NaOCl

- 1 7 6 . 5 5

1 2 0 . 0 9 3 4 - 1 7 4 . 0 5

1 3 0 .0 9 7 3 II - 1 7 3 . 8 5

2"' 1 0 .3253 II - 1 7 8 . 1 0

2 2 0.4598 II - 1 7 8 . 5 5

2 5 0 . 4 2 8 0 II - 1 7 7 . 2 0

E n t h a l p y  o f  h y d r o l y s i s  o f  K 2 W C 1 ^ ( s o l i d H - 1 7 6 . 4 t l . 8 k c a l .  mol -1

F o o t n o t e .

M easurem ents  made by u n d e r g r a d u a t e  s t u d e n t s  as  p a r t
/ • . 
o f  a s u p e r v i s e d  p r o j e c t .
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e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s .  The h y d r o l y s i s  p r o c e e d s

a c c o r d i n g  t o  t h e  e q u a t i o n %-

K2V/C1^(s) “f- 0 0 1 ” (a q )  4- 60H“ ( a q ) —>2K  (aq)+WO^” ( a q )

4  7 C l ’ ( a q )  4 '^HgOCliq)

U s i n g  t h e  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  OCl” ( a q ) ,  •

OH“ ( a q ) , K ^ ( a q ) , W o |” ( a q ) ,  C l” ( a q )  and E g O f l i q )  ( T a b l e

2 . 4 . 2 ( b ) )  and t h e  m easu red  e n t h a l p y  o f  o x i d a t i v e  h y d r o l y s i s ,

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

t u n g s t a t e ( I V )  i s  c a l c u l a t e d  t o  be - 5 2 9 . 9 ± 1 . 8  k c a l  m o l”^.

The e n t h a l p y  o f  f o r m a t i o n  h a s  r e c e n t l y  been d e t e r m i n e d f ^
—1v i a  t h e  e n t h a l p y  ,o f  c o m b u s t i o n ;  t o  be 5 2 4 . 8 ^ 6 . 5  k c a l  mol .

2 . 9 . T ren d s  i n  t h e  E n t h a l p i e s  o f  F o r m a t io n  and t h e  

Bond S t r e n g t h s  o f  B i n a r y  M e t a l  H a l i d e s .

2 . 9 . 1 . T r e n d s  i n  t h e  E n t h a l p i e s  o f  F o r m a t i o n .

T a b l e  2 . 9 * 1  shows t h e  m e a su r ed  e n t h a l p i e s  o f  f o r m a t i o n  

o f  t h e  f l u o r i d e s  and c h l o r i d e s  o f  t h e  s e c o n d  and t h i r d  row  

t r a n s i t i o n  e l e m e n t s  i n  t h e i r  4*5 and + 6  o x i d a t i o n  s t a t e s .  .

The g r a p h s  o f  t h e  e n t h a l p y  o f  f o r m a t i o n  a g a i n s t  m o l e c u l a r  

w e i g h t  (Graphs 2 . 9 . 1 ( a )  t o  ( c ) )  c l e a r l y  show t h e  g e n e r a l
y*

t r e n d  o f  a d e c r e a s i n g  e n t h a l p y  o f  f o r m a t i o n  w i t h  i n c r e a s i n g

m o l e c u l a r  w e i g h t  f o r  e a c h  t y p e  o f  compound.
 ̂ '

From t h e  g r a p h s  i t  i s  p o s s i b l e  t o  make rou gh  e s t i m a t e s  

o f  some unknown e n t h a l p i e s  o f  f o r m a t i o n :  A H f ( T c F ^ ( s ) ^  

- 2 6 0 k c a l  rnol” ^; and A H £ ( 0 s F ^ ( g )  - 1 9 0 k c a l  m o l ”^.

F o o t n o t e  sfr

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

f o r m a t i o n .  . . .

/
/

/
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2 . 9 * 2 .  Use  o f  Bond S t r e n g t h s .

( a )  I n a d e q u a c i e s  o f  com par isons  o f  e n t h a l p i e s  o f  f o r m a t i o n

\ The e n t h a l p y  o f  f o r m a t i o n  o f  a compound i s  d e f i n e d  a s  t h e  

e n e r g y  a b s o r b e d  when t h e  compound i n  i t s  s t a n d a r d  s t a t e  i s  

form ed  from i t s  e l e m e n t s  i n  t h e i r  s t a n d a r d  s t a t e s .  In  t h e  

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

e n t h a l p y  o f  f o r m a t i o n  i s  t h e  e n e r g y  a b s o r b e d  i n  t h e  r e a c t i o n : -  

M ( s )  4- nX2 ( g )  —>MX^(gas  o r .  s o l i d )

T h e r e f o r e ,  a c o m p a r i s o n  o f  t h e  e n t h a l p i e s  o f  f o r m a t i o n  d o e s  

n o t  t a k e  i n t o  a c c o u n t  c h a n g e s  i n  t h e  l a t t i c e  e n e r g y  o f  t h e  

m e t a l ,  t h e  d i s s o c i a t i o n  e n e r g y  o f  t h e  h a l o g e n  o r  t h e  s t a t e  o f  

t h e  h a l i d e .  A b e t t e r  c o m p a r i s o n  w i t h  t h e r m a l  s t a b i l i t i e s  and  

Chem ica l  r e a c t i v i t i e s  can be o b t a i n e d  by c o n s i d e r i n g  e i t h e r  

t h e  e n t h a l p y  o f  r e a c t i o n  M X ^ (g )—> M ( g )  + n X (g )  ( c a l l e d  th e .  

e n t h a l p y  o f  a t o m i s a t i o n )  o r  t h e  a v e r a g e  m e t a l  h a l i d e  bond 

s t r e n g t h  i n  t h e  compound.

(b )  D e f i n i t i o n ' a n d  d e r i v a t i o n  o f  bond s t r e n g t h .

Bond s t r e n g t h  i s  d e f i n e d  a s  t h e  e n t h a l p y  change  a s s o c i a t e d  

w i t h  t h e  r e a c t i o n  i n  w h ich  one  m o l .  o f  t h e  bond i s  h o m o l y t i -  

c a l l y  bro-keir, t h e  r e a c t a n t s ,  and p r o d u c t s  b e i n g  i n  t h e  i d e a l  

g a s  s t a t e  a t  25°C and 1 a t m o s p h e r e  p r e s s u r e .

For la compound, MX^, t h e  a v e r a g e  m e t a l  h a l i d e  bond 

s t r e n g t h ,  /& E (M 4X )^ is  d e r i v e d  from t h e  t h e r m o c h e m i c a l  c y c l e s  

( F i g u r e  2 . 9 . 2-. ) .  Where t h e  e n t h a l p y  o f  f o r m a t i o n  o f  t h e  g a s e o u s  

m e t a l  h a l i d e  i s  known, t h e  a v e r a g e  m e t a l  h a l i d e  bond s t r e n g t h ,  

o b t a i n e d  u s i n g  c y c l e  ( a ) ,  i s  g i v e n  b y : -

F o o tn o te .  '

+* G i v e s  p o s i t i v e  bond s t r e n g t h s  t o  s t a b l e  bon ds

/.
/

/
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A h ( M - X ) -  A H s  +  n A H g ' A A ( g a s )  Eq.  2 . 9 . 2 ( a ) .

n

F i g u r e  2 . 9 * 2 .  -  Bond S t r e n g t h s  from thermo c h e m i c a l  c y c l e s

( a )  f o r  g a s e o u s  m e t a l  h a l i d e s .

n / \ E ( M - X )

M(g) i- nX (g )

Ah*s J nA H ,

M(s ) + nXgCg)

C y c le  ( a )

a t  298K

(b )  f o r  s o l i d  m e t a l  h a l i d e s .

n A e (M-X)

M(g) -h nX (g)  .<■

AE*s I 1 n / \ E *

MXp(g)
A

M(s>4- n X gfg )  
2

j\Eaub(MX-)

J^(MX: ) : ( s o l i d )  ' n ' x '
A H ' ( s ç l i d )

C y c le  (b ) a t  298K

Where

Zb̂ Es i s  t h e  e n t h a l p y  o f  s u b l i m a t i o n  o f  t h e  m e t a l  (and

i s  e q u a l  t o  t h e  e n t h a l p y  o f  f o r m a t i o n  o f  t h e

g a s e o u s  m e t a l )  \

A e * i s  t h e  e n t h a l p y  o f  f o r m a t i o n  o f  one  h a l o g e n  atom

( o r  h a l f  t h e  d i s s o c i a t i o n  e n e r g y  o f  one  h a l o g e n

m o l e c u l e )

A H £ ( g a s )  i s  t h e  e n t h a l p y  o f  f o r m a t i o n  o f  t h e  g a s e o u s  

m e t a l  h a l i d e . '
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A H * ( s o l i d )  i s  t h e  e n t h a l p y  o f  f o r m a t i o n  o f  t h e  s o l i d  

m e t a l  h a l i d e ,

AHsub.(MX^) i s  t h e  e n t h a l p y  o f  s u b l i m a t i o n  o f  t h e  m e t a l

h a l i d e  ( i n c l u d i n g ,  i f  n e c e s s a r y ,  t h e  d i s s ­

o c i a t i o n  t o  t h e  monomeric  v a p o u r )

When t h e  e n t h a l p y  o f  t h e  s o l i d  m e t a l  h a l i d e  i s  known,
'

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

c y c l e ( b ) ,  i s  g i v e n  b y : -

A H ( M - X ) »  A H s + n A H B - A H f M j 4 - A H s u b ( M X ^ )  Eq 2 . 9 . 2 ( b )  
—  -  -

2 .9 * 3 «  T re n d s  .in t h e  Bond S t r e n g t h s  o f  M et a l  H a l i d e s .

( a )  Bond S t r e n g t h s  i n  H e x a h a l i d e s .

V a l u e s  o f  t h e  a v e r a g e  m e t a l  h a l o g e n  bond s t r e n g t h s  i n  

t h e  m e t a l  h e x a h a l i d e s  ha v e  b een  c a l c u l a t e d  u s i n g  e q u a t i o n  

2 . 9 . 2 ( a )  and t h e  d a t a  shown in  T a b l e s  2 . 9 * 1  ( e n t h a l p i e s  o f  

f o r m a t i o n  o f  t h e  g a s e o u s  h e x a h a l i d e s ) ,  2 . 9 . 3 ( a )  ( e n t h a l p i e s  

o f  f o r m a t i o n  o f  t h e  g a s e o u s  a t o m i c  h a l o g e n s )  and 2 . 9 . 3 (h )  

( e n t h a l p i e s  o f  f o r m a t i o n  o f  t h e  m e t a l s  i n  t h e i r  g a s e o u s  s t a t e s ) .  

The m e t a l - h a l o g e n  bond s t r e n g t h s  o f  t h e  h e x a h a l i d e s  a r e  g i v e n  

i n  T a b l e  2 . 9 . 3 ( d ) .

(b )  Bond S t r e n g t h s  i n  P e n t a h a l i d e s .

V a l u e s  o f  t h e  a v e r a g e  m e t a l - h a l o g e n  bond s t r e n g t h s  i n  

t h e  m e t a l  p e n t a h a l i d e s  have  b een  c a l c u l a t e d  u s i n g  e q u a t i o n  

2 . 9 . 2 ( b ) .  The d a t a  shown i n  t h e  T a b l e s  2 . 9 . 1 ,  2 . 9 . 3 ( a )  and
N.

2 . 9 . 3 (h )  h a v e  been u s e d  d i r e c t l y .

How ever ,  e q u a t i o n  2 . 9 . 2 ( b )  r e q u i r e s  t h e  use,  o f  t h e

//
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h a l i d e
e n t h a l p y  o f  s u b l i m a t i o n  g i v i n g  t he ,  mo n ome ri c ^vapour  a t  298K,

In t h e  c a s e  o f  t h e  p e n t a c h l o r i d e s , t h e  m ea su red  e n t h a l p i e s  o f  

s u b l i m a t i o n  ( T a b l e  2 . 9 . 5 ( c ) )  a r e  known t o  r e f e r  t o  s u b l i m a t i o n  

t o  t h e  monomers .  S i n c e  a l l  t h e s e ,  known e n t h a l p i e s  o f  s u b l i m a ­

t i o n  o f  t h e  p e n t a c h l o r i d e s  a r e  ^ 2 0 k c a L m o l ~ ^ , t h e  unknown 

e n t h a l p i e s  o f  t h e  s u b l i m a t i o n  o f  p e n t a c h l o r i d e s h a v e  been  t a k e n  

a s  2 0 k c a l  m ol~^ .

In t h e  c a s e  o f  t u n g s t e n  p e n t a f l u o r i d e , Schr'oder h a s  

shown t h a t  h i s  e n t h a l p y  o f  s u b l i m a t i o n  ( 2 5 . 4k c a l  mol ^ )  ̂ i s  

f o r  t h e  r e a c t i o n  ( W P ^ ) ^ ( s o l i d )  (W P^)^(Vapour) .  H ow ever ,

he h a s  a l s o  e s t i m a t e d  t h e  e n t h a l p y  o f  s u b l i m a t i o n  t o  t h e  

monomeric  v a p o u r  t o  be I 6 ± 2 k c a l  mol  ̂ . J u n k i n s  e t  a l^ ^

h a v e  e s t i m a t e d  t h e  e n t h a l p y  o f  s u b l i m a t i o n  o f  n io b i u m  p e n t â -

f l u o r i d e . t o  bè 2 2 . 4 k c a l . m o l ”  ̂ . T h i s  i s . a s s u m e d  t o  r e f e r  t o  

s u b l i m a t i o n  t o  t h e  monomer. The unknown e n t h a l p i e s  o f  s u b l i ­

m a t i o n  o f  t h e  p e n t a f l u o r i d e s  (M P^(s) -»M P ^(m onom eric  v ap ou r) )  

h a v e  been  t a k e n  a s  2 0 k c a l  m o l" ^ . '

The c a l c u l a t e d  m e t a l - h a l o g e n  bond s t r e n g t h s  a r e  shown i n  

T a b l e  2 . 9 . 5 ( d )  and on Graphs 2 . 9 . 5 .  ( a )  t o  ( c )

( c )  T re n d s  i n  t h e  Bond S t r e n g t h s .

The g r a p h s  ( 2 . 9 . 5  ( a )  t o  ( c )  ) c l e a r l y  show t h e  

d e c r e a s i n g  bond s t r e n g t h ( u r a  p a r t i c u l a r  compound t y p e )  w i t h  

i n c r e a s i n g  m o l e c u l a r  w e i g h t ,  I t  was s u g g e s t e d  e a r l i e r  ( S e c t i o n  

2 . 9 * 2 )  t h a t  t h e  v a r i a t i o n  i n  t h e  bond s t r e n g t h  g i v e s  a b e t t e r  

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

t r e n d s  w i t h i n  a s e r i e s  o f  compounds t h a n  do t h e  v a r i a t i o n s  i n  

t h e  e n t h a l p i e s  o f  f o r m a t i o n .
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T a b l e  2 . 9 . 3 ( a ) -  E n t h a l p i e s  o f  F o r m a t io n  o f  t h e  H a l o g e n s  and

Oxygen in  t h e  G aseou s  A tom ic  S t a t e .

S p e c i e s E n t h a l p y  o f  f o r m a t i o n  

A h ^ 2 9 8 (^^®-^ m o l “ ^)

S ou rce R e f .

F ( g a s ) 1 8 . 8 8 Tech.  N o te  2 7 0 - 5 ( 1 9 6 8 ) 29 ‘

0 1 ( g a s ) 2 9 . 0 8 2 II II

B r ( g a s ) 2 6 . 7 4 1 II II

I ( g a s ) 2 5 . 5 3 5 II II

0 ( g a s ) 5 9 . 5 5 5  '
II II

/  •
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T a b l e  2 . 9 . 5 ( b )  -  E n t h a l p i e s  o f  F o r m a t io n  o f  some T r a n s i t i o n

M e t a l s  i n  t h e  G aseou s  S t a t e  ( from  N . B . S.  

T e c h n i c a l  N o t e s )  .

M e t a l

S p e c i e s

E n t h a l p y  o f  f o r m a t i o n  

A H “2 j g ( k c a l  m o l - 1 )

S o u r c e ^ R e f .

N b ( g a s ) 1 7 3 . 5 NBS T ech  N o te  2 7 0 - 5 ( 1 9 7 1 ) 52

M o (g a s ) 1 5 7 . 3 NBS T ech  N o te  2 7 0 - 4 ( 1 9 6 9 ) 51

T c ( g a s ) 162 •• II

R u ( g a s ) 1 5 5 . 6 It II

R h ( g a s ) 1 5 5 . 1 II II

P d ( g a s ) 9 0 . 4 II II

T a ( g a s ) 1 8 6 . 9 NBS Tech N o te  2 7 0 - 5 ( l 9 7 l ) 52 .

W(gas) 2 0 5 . 0 NBS T ec h  N o te  2 7 0 - 4 ( 1 9 6 9 ) 51

R e ( g a s ) I 8 4 .O II II

O s ( g a s ) 1 8 9 . 0 II II

I r ( g a s ) Ï 5 9 . 0 II II

P t ( g a s ) 1 5 5 . 1 II It

' *  In g e n e r a l  t h e r e  a r e  s e v e r a l  s i m i l a r  v a l u e s  f o r  e a ch  o f

t h e s e  e n t h a l p i e s .  The v a l u e s  from t h e  N^B.S .  T e c h n i c a l  N o t e s

h a v e  b een  u s e d  t h r o u g h o u t  f o r  c o n s i s t e n c y .  A good r e v i e w  o f  ^

t h e  t h e r m o c h e m i s t r y  o f  t h e  p l a t i n u m  group  o f  m e t a l s  i s  g i v e n

62by G o ld b e rg  and H e p l e r  . C lo s e  a g r e e m e n t  e x i s t s  b e tw e en  t h i s  

r e v i e w  and N . B . S.  Tech. N o te  2 7 0 -4 *
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T a b l e  2 . 9 . 3 ( c )  -  Known Enth a l p i e s  o f  S u b l i m a t i o n  o f  M e t a l

P e n t a h a l i d e s ,

H a l i d e 4E n t h a lp y  o f  s u b l i m a t i o n  

A E s u b 298 ( k c a l  mol )

. S ou rce R e f .

NbP^ 2 3 . 0  ( 2 2 . 4  a t  M .P t ) J u n k i n s  e t  ml ( I 9 5 2 ) 

c o r r e c t e d  by K u b a sc h e w s k i

e t  a l  ( 1 9 6 7 )

61

54

NbCl^ 2 2 . 4 2  ± 0 . 0 6 K e n e sh ea  e t  a l  ( I 9 6 8 ) 65

MoCl^ 1 8 . 8 S a e k i  & i M a t s u z a k i ( I 9 6 5 ) & 64

JANAP Thermo c h e m i c a l  

T a b l e s  ( l 9 7 l )

45

TaCl^ 2 1 . 6 3 S a e k i  e t  a l  ( 1 9 6 8 ) 65

WP5
r 2 3 . 4 * S c h r o d e r  and Grewe ( 1 9 7 o) 6

[16 ^ S c h r o d e r  and S i e b e n ( l 9 7 o ) 28

WCI5 24 S h ch u k a r e v  e t  a l  ( 1 9 5 9 ) 66

• JANAP T h e rm o ch em ica l

T a b l e s ( 1 9 7 l )

45

2 3 . 4  k c a l  p e r  m ole  o f  t e t r a m e r i c  v a p o u r  form ed ,

4 - 1 6  k c a l  per  m ole  o f  monom eric  v a p o u r  form ed  

*# The e n t h a l p i e s  o f  s u b l i m a t i o n  o f  t h e  p en t  a c h l o r i d e s  shown 

a r e  known t o  r e f e r  t o  s u b l i m a t i o n  t o  t h e  monomer. NbP^ 

i s  a ssu m ed  t o  r e f e r  t o  s u b l i m a t i o n  t o  t h e  monomer.
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Tabl e  2 . 9 . 5 ( d )  -  Bond S t r e n g t h s  i n  H a l i d e s .

H a l i d ©  Type T r a n s i t i o n

S e r i e s

H a l i d e C a l c u l a t e d  Ave .  M e t a l - H a l o g e n

Bond S t r e n g t h ( k c a l  moT^bond” ^)

H e x a f l u o r i d 3 2nd Row MoFg 1 0 7 . 1 5

3rd Row

WFg 1 2 1 . 3

EePg 1 0 3 . 5

IrP g 6 7 . 0 5

H e x a c h l o r i d Î 3rd Row ffClg 8 2 .  58

P e n t a f l u o r i

de

2nd Row

KbFL5 1 5 5 . 6

M0P5 1 1 2 . 6

RuPr5 8 8 . 3

3rd Row TaPj-
D

1 4 5 . 2 6

WPc5 • . 1 2 5 . 5

P e n t a c h l o r -  

i d e

2nd Row Kb Cl 5 ‘ 9 7 . 4 5

IviO Cl ^ , 8 2 . 0

TaCl^ 10 3 . 1 8

3rd Row WCl^ 8 9 . 4

Re Cl 5 7 9 . 0 8  ■ -
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( d )  A P r e v i o u s  D e m o n s t r a t i o n  o f  Bond S t r e n g t h  T r e n d s .

In t h e i r  r e v i e w  a r t i c l e ,  C a n t e r f o r d ,  C o l t o n  and

O 'D o n n e l l^ ^  h a v e  s u g g e s t e d  t h a t  t h e  mode o f  t h e

v a p o u r  p h a se  - s p e c tru m  o f  an h e x a f l u o r i d e  may be
a

t a k e n  a s  a m ea su re  o f  t h e  bond s t r e n g t h  s i n c e  i t  i s  J^complete ly  

s y m m e t r i c a l  v i b r a t i o n  w hich  d o e s  n o t  change  t h e  symmetry o f  

t h e  m o l e c u l e  o r  i n v o l v e  any movement o f  t h e  c e n t r a l  a tom .  

Graphs o f  t h e  a^^ f r e q u e n c i e s  a g a i n s t  m o l e c u l a r  w e i g h t  c l e a r l y  

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

w e i g h t  f o r  b o t h  t r a n s i t i o n ,  s e r i e s .* (Table ' 2 . 9 . 5 ( e )  shows  

d a t a  on t h e  t h i r d  row h e x a f l u o r i d e s ) ,

( e )  . -E xp lan at ion  o f  Bond S t r e n g t h  T r e n d s .

The d e c r e a s i n g  bond s t r e n g t h u a l o n g  a s e r i e s  ( f o r  a 

p a r t i c u l a r  compound t y p e )  can be e x p l a i n e d  by a c o n s i d e r a t i o n  

o f  t h e  m o l e c u l a r  o r b i t a l s  i n  t h a t  compound. The 2nd row h e x a -  

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

In  a s i m p l e  b o n d in g  t r e a t m e n t  o f  a h e x a f l u o r i d e ,  t h e  

m o l e c u l a r  o r b i t a l s  are  made up a s  shown i n  F i g u r e  2 . 9 . 5 ( a ) .

The, 00]̂  ̂ , and a r e  b o n d i n g  o r b i t a l s ,  t h e  t g g  a r e

n o n - b o n d i n g  o r b i t a l s  and t h e  0 ^  , and a r e

a n t i - b o n d i n g  o r b i t a l s .

Each o f  t h e  s i x  a v a i l a b l e  l i g a n d  CJ "o r b i t a l s  c o n t a i n s  one  

e l e c t r o n .  S i n c e  t h e  o u t e r  a t o m i c  s t r u c t u r e  o f  molybdenum i s  

5s 4d , t h e r e  a r e  t w e l v e  e l e c t r o n s  e l e c t r o n s  a v a i l a b l e  for" 

t h e  O 'o r b i t a l s  o f  MoP^. T h e r e f o r e ,  o n l y  t h e  6 <T^bonding  

o r b i t a l s  w i l l  be f i l l e d .  P r o c e e d i n g  a l o n g  t h e  p e r i o d  ( t o  TcP^,  

RuP^f RhP^ and PdP^) e l e c t r o n s  a r e  a dd ed  t o  t h e  t^ ^  n o n - b o n d ­

i n g  o r b i t a l s . a n d  t h e  number o f  O *b o n d i n g  e l e c t r o n s  i s  

u n c h a n g e d .
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T a b le  2 . 9 . 3 ( e )  3rd Row H e x a f l u o r i d e  Bond S t r e n g t hs  and

â i Q ( ) v i b r a t i o n a l  f r e q u e n c i e s •

H e x a f l u o r i d e
,  67

Ig^ v i b r a t i o n  

f r e q u e n o y ( o m " ^ )

Bond S t r e n g t h '  

( k c a l  m o l“ ^bon

WPg 7 7 1 . 0 1 2 1 . 5

RePg 7 5 5 . 7 1 0 5 . 3

OsPg 7 5 0 . 7

IrPg 7 0 1 . 7 6 7 . 0

PtPg 6 5 6 . 4
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F i g u r e  2 . 9 . 3 ( a ) . M o l e c u l a r  O r b i t a l s  in  M e t a l  H e x â f l u o r i d e s

( o c t a h e d r a l ) ,  ( a d a p t e d  from O rgel^

A  E n e r g y

o u t  er  

m e t a l  

a t o m i c  

o r b i t a l s

< r L

j

m e ta l  h e x a f l u o r i d e  

m o l e c u l a r  o r b i t a l s

a v a i l a b l e  a t o m i c  

o r b i t a l s  from 6 

f l u o r i n e  a tom s  

(.6 d e g e n e r a t e  

o r b i t a l s )
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2 ' H ow ever ,  t h e r e  a re  two f a c t o r s  w h ich  do l e a d  t o * a  d e c r ­

e a s e  i n  b o n d in g  a l o n g  t h e  P e r i o d ;

1 .  The Q ^ o r b i t a l s  in  t h e  h e x a f l u o r i d e  a r e  m o d i f i e d  by 

t h e  TV t y p e  p o r b i t a l s  o f  t h e  f l u o r i n e  l i g a n d s  t h u s t -

2g
o r b i t a l s

•yj-'* ( a n t i b o n d i n g )

f u l l y  o c c u p i e d  

IT t y p e  p 
o r b i t a l s  o f  

f l u o r i n e

7 T  ( b o n d in g )

F i g u r e  2 .9 *  3 (b )  TT” b on d in g  i n  MF^.

In  t h e  c a s e  o f  MoF^ t h e  t g g  o r b i t a l s  a r e  u n o c c u p i e d  so  < 

t h a t  o n l y  t h e  7 \ b on d in g  m o l e c u l a r  o r b i t a l s  a r e  f i l l e d .  

H owever ,  w i t h  TcF^, t h e  t g g  o r b i t a l s  c o n t a i n  one  e l e c t r o n ,
—n - *

which must o c c u p y  a l \  a n t i b o n d i n g  o r b i t a l .  T h e r e f o r e ,  

t h e  TT bond s t a b i l i s a t i o n  e n e r g y  o f  TcF^ i s  d e c r e a s e d  w i t h  

r e s p e c t  t o  MoF^. P r o c e e d i n g  a l o n g  t h e  p e r i o d  ( t o  RuF^, RhF^ 

and PdFg) f u r t h e r  e l e c t r o n s  a r e  added t o  t h e  / \ ^ a n t i b o n d i n g  

o r b i t a l s  l e a d i n g  t o  a s t e a d y  d e c r e a s e  in  t h e  A b o n d in g  

c h a r a c t e r  ( a n d , t h e r e f o r e ,  i n  t h e  o v e r a l l  bond s t r e n g t h ) .

2 .  The t _  e l e c t r o n s  a r e  i n e f f e c t i v e  i n  t h e i r  s c r e e n i n g  
2g

o f  t h e  n u c l e a r  c h a r g e .  T h e r e f o r e ,  a l o n g  each  P e r i o d  t h e  e f f e ­

c t i v e  n u c l e a r  c h a r g e  o f  t h e  m e t a l  i n c r e a s e s .  C o n s e q u e n t l y  t h e  

d o r b i t a l s i z e  and t h e  d C T' b o n d in g  o v e r l a p  i n  t h e  h e x a f l u o r i -

d e s . d e c r e a s e  a l o n g  t h e  p e r i o d ,  (he* a d e c r e a s e  i n  t h e  CT~ bond

^  That f l u o r i n e  t o  t r a n s i t i o n  m e t a l  T \  b o n d in g  d o e s  o c c u r  h a s
6 8 , 6 9  i g

been  d e m o n s t r a t e d ,  by Dyer & R a g s d a l e  i n  a F NMR s t u d y  o f  

n i t r o g e n  b a s e  a d d u c t s  o f  t i t a n i u m  t e t r a f l u o r i d e .
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s t r e n g t h  o c c u r s ) .  A l th o u g h  t h e  d e c r e a s i n g  s i z e  o f  t h e  d 

o r b i t a l s  would t e n d  t o  c a u s e  a d e c r e a s e  i n  t h e  bond l e n g t h s ,  

t h e  h e x a f l u o r i d e  bond l e n g t h s  show no su ch  t r e n d .  T h i s  i s  

p r o b a b l y  due t o  t h e  o p p o s i n g  bond l e n g t h e n i n g  e f f e c t  o f  t h e  

l o s s  o f  TV b o n d in g  c h a r a c t e r .

Each o f  t h e s e  f a c t o r s  c a u s e s  a d e c r e a s e  i n  bond s t r e n g t h s  

( i n  e i t h e r  I T  o r  (j 'b o n d in g )  a l o n g  t h e  2nd row t r a n s i t i o n  

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

t h e  o b s e r v e d  t r e n d s .  S i m i l a r  a r g u m e n ts  can be u s e d  f o r  t h e  

3rd row h e x a f l u o r i d e s , t h e  h e x a c h l o r i d e s  a n d ^ w i th  more  

d i f f i c u l t y ^ f o r  t h e  p e n t a h a l i d e s .

( f )  Bond S t r e n g t h s ,  Thermal S t a b i l i t y  and C hem ical  7 ' i: '

R e a c t i v i t y
/■

A lt h o u g h  t h e  e n e r g y  r e q u i r e d  t o  b rea k  t h e  f i r s t  bond  

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

c h e m i c a l  r e a c t i v i t y ,  th e  a v e r a g e  bond s t r e n g t h  ^ i v e s  an 

i n d i c a t i o n  o f  t h i s  e n e r g y  a n d t h e r e f o r e ,  o f  t h e  t h e r m a l  

s t a b i l i t y  and c h e m ic a l  r e a c t i v i t y .

The s t e a d y  d e c r e a s e  i n  bond s t r e n g t h  w i t h  i n c r e a s i n g  

m o l e c u l a r  w e i g h t  f o r  a p a r t i c u l a r  compound t y p e  w o u ld ,  

t h e r e f o r e , be e x p e c t e d  t o  l e a d  t o  a s t e a d y  d e c r e a s e  i n  t h e r m a l  

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

In t h e  c a s e  o f  t h e  h e x a f l u o r i d e s ,  t h e  t h e r m a l  s t a b i l i t i e s  

o f  t h e  l e s s  s t a b l e  h e x a f l u o r i d e s  a r e  i n  t h e  f o l l o w i n g  o r d e r :  

RuPg >  RhFg >  (P d Pg)*  '

& OsPg I rP 6  ^  PtF^ a s  e x p e c t e d .
11The r e v i e w  o f  C a n t e r f o r d ,  C o l t o n  and O ' D o n n e l l  

showed acme c o r r e l a t i o n  b e tw een  t h e  bond s t r e n g t h s  ( b a s e d  on

f  PdFr i s  unknown.
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i n f r a - r e d  f r e q u e n c i e s )  and t h e  c h e m i c a l  r e a c t i v i t i e s  o f  t h e  

h e x a f l u o r i d e s .  More s p e c i f i c a l l y  t h e  r e a c t i o n s  c o n s i d e r e d  ( w i t h

NO, NOP and Xe) show t h e  o x i d i s i n g  power o f  t h e  t h i r d  row
>

h e x a f l u o r i d e s  t o  be i n  t h e  o r d e r  PtP^ ^  IrP^ OsP^*^ ReP^

>  WPg a s  s u g g e s t e d  by B a r t l e t t ? ^ .  I f  t h e s e  r e a c t i o n s  a r e  

s t r a i g h t f o r w a r d  e l e c t r o n  t r a n s f e r  r e a c t i o n s  w i t h  no u n u s u a l  

k i n e t i c  e f f e c t s  t h e n  t h i s  o r d e r  o f  r e a c t i v i t y  w ould  be 

e x p e c t e d  t o  be d e p e n d en t  on t h e  e l e c t r o n  a f f i n i t y  o f  t h e  

h e x a f l u o r i d e  r a t h e r  th an  t h e  bond s t r e n g t h .  H ow ever ,  t h e  

' e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e  i n  t h e  r e a c t i v i t i e s  o f  MoPg 

andWP^ w i t h  n i t r i c  o x i d e  ( s e e  d i s c u s s i o n  i n  S e c t i o n  2 . 1 3 )  

c o n s i d e r s  t h e  im p o r t a n t  m e c h a n i s t i c  s t e p  iq, p r e v e n t i n g  t h e  

r e a c t i o n  o f  WF  ̂ t o  be

N O (g )+ M F ^ (g )—> MF^(E)+NOP(g)

T h i s  steqp i s  d e p e n d en t  on t h e  f i r s t  bond s t r e n g t h  ( o r  t h e  

a v e r a g e  bond s t r e n g t h  -  s e e  a b o v e ) .  E x t r a p o l a t i o n  t o  t h e  o t h e r  

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

w i t h  n i t r i c  o x i d e  s h o u l d  show some d e p e n d e n c e  on bond s t r e n g t h s  

and t h i s  i s  r e f l e c t e d  i n  t h e  r e a c t i v i t i e s  ( s e e  T a b l e  2 . 9 . 3 ( f )  

w h ic h  cbmpares t h e  bond s t r e n g t h s  o f  t h e  h e x a f l u o r i d e s  w i t h  

t h e  p r o d u c t s  o f  t h e  n i t r i c  o x i d e  r e a c t i o n ) .

In t h e  c a s e  o f  t h e  p e n t a f l u o r i d e s  t h e r m a l  breakdown

o c c u r s  by d i s p r o p o r t i o n a t i o n  and i s  n o t  c o m p l e t e l y  d e p e n d e n t

on p e n t a f l u o r i d e  bond s t r e n g t h .  In p a r t i c u l a r ,  t u n g s t e n

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

11d i s p r o p o r t i o n a t i o n .  C a n t e r f o r d  e t  a l  h a v e  put t h e  i r r e g u l a r  

p r o g r e s s i o n  o f  p e n t a f l u o r i d e j t h e r m a l  s t a b i l i t i e s  down t o  t h e  

t h r e e  d i f f e r e n t  s t r u c t u r a l  t y p e s  o f  t h e  p e n t a f l u o r i d e s .
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With t h e  p e n t a c h l o r i d e s , t h e r e  i s  some c o r r e l a t i o n  

b e tw e en  bond s t r e n g t h s  and t h e r m a l  s t a b i l i t y .  Only  t h e

p e n t a c h l o r i d e s  o f  n io b iu m ,  £ . tà^ta iù m j molybdenum, t u n g s t e n

and rheniL.m a r e  known. N iobium  and t a n t a l u m  p e n t a c h l o r i d e s

a r e  t h e r m a l l y  s t a b l e  w h e r e a s  w i t h  molybdenum, t u n g d t e n  and

rhenium  p e n t a c h l o r i d e s  t h e r m a l  breakdown o c c u r s  r e l a t i v e l y

e a s i l y .

f o r  3rd Row H e x a f l u o r i d e s

3rd Row R e a c t i o n  P r o d u c t s ^ o f  t h e  H ex a ­ Bond S t r e n g t h

H e x a f l u o r i d e f l u o r i d e  w i t h  n i t r i c  o x i d e . ( k c a l  m o l “ ^bon<

no r e a c t i o n 1 2 1 . 3

E e l \O NORePg 1 0 3 . 5

OsPg NOOsFg -

I rP g  , NOIrFg & '(N0)2 lrFg •6 7 . 0

PtPg NOPtPg & (N0)2PtFa -

sjr s e e  r e f e r e n c e s  11 and 71 t o  74*
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2 . 9 , 4 . '  x i  d a t  i o n  o f  P e n t a h a l i d e s .  .

Prom known and e s t i m a t e d  e n t h a l p i e s  o f  f o r m a t i o n  o f  t h e  

p e n t a h a l i d e s  and h e x a h a l i d e s ,  t h e  e n t h a l p i e s  o f  o x i d a t i o n  

o f  t h e  p e n t a h a l i d e s  ( t o  t h e  h e x a h a l i d e s )  h a v e  b een  c a l c u l a t e d  

and a r e  shown i n  T a b l e  2 . 9 . 4 *

The t a b l e  s h o w s t h a t  t h e  t h r e e  p e n t a f l u o r i d e s  a r e  r e a d i l y  

o x i d i s e d .  The f a c t  t h a t  t u n g s t e n  p e n t a f l u o r i d e  i s  t h e  most  

r e a d i l y  o x i d i s e d  h a s  been  u s e d  t o  e x p l a i n  d i f f e r e n c e s  i n  t h e  

o x i d i s i n g  p r o p e r t i e s  o f  t h e  h e x a f l u o r i d e s  ( S e c t i o n  2 . 1 3 ) ,
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2 . 1 0 .  T u n g s t e n  and Mo l y bdenum O x y f l u o r i f i e p .

2 , 1 0 , 1  E n t h a l p i e s  o f  F o r m a t io n  and S t a b i l i t i e s  o f

O x y te t r a f l u o r i d e s .

The e n t h a l p i e s  o f  f o r m a t i o n  o f  s o l i d  t u n g s t e n  o x y t e t r a -  

f l u o r i d e  and s o l i d  molybdenum o x y t e t r a f l u o r i d e  have  been
un­

m e a su r ed  ( S e c t i o n  2 , 7 )  a s  - 3 5 8 . 5 ± 2 . 2  a n d - 3 2 9 , 8 ± 1 . 2  k c a l  mol*

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

The e n t h a l p i e s  o f  s u b l i m a t i o n  o f  t u n g s t e n  and molybdenum  

o x y t e t r a f l u o r i d e  a r e  1 6 . 5  and I 3 . I  k c a l  m o l “  ̂ r e s p e c t i v e l y ^ ? .  

S i n c e  t h e  v a p o u r s  a r e  monomeric^^ t h e  e n t h a l p i e s  o f  form a­

t i o n  o f  g a s e o u s  monomeric  t u n g s t e n  o x y t e t r a f l u o r i d e  and  

molybdenum o x y t e t r a f l u o r i d e  a r e  - 3 4 2  and - 3 1 6 . 7  k c a l  m o l ”  ̂

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

The s t a b i l i t y  o f  an o x y t e t r a f l u o r i d e  may be d i s c u s s e d  

w i t h  r e s p e c t  t o  p o s s i b l e  t h e r m a l  d e c o m p o s i t i o n  r e a c t i o n s .

( a )  D e c o m p o s i t i o n  t o  t h e  e l e m e n t s .

Here  t h e  p o s s i b l e  d e c o m p o s i t i o n  r e a c t i o n s  a r e t -  

S o l i d  D e c o m p o s i t i o n  ( i )  MOP^( s ) -> M( s)- t -JOg “̂ 2 P2 ( g )

Gas p h a se  D e c o m p o s i t i o n  ( i i )  MOP^(g)->M( s )  ‘*'4 0 2 ( g )  '*“ 2 P2 ( g )

( i i i )  M O P ^ ( g ) - > M ( g ) + 6 0 2 ( g )  + 2 P 2 ( g )

U s i n g  t h e  known s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  ( S e c t i o n  2 . 7 )  

and known ( o r  e s t i m a t e d )  s t a n d a r d  e n t r o p i e s ^ ^  t h e  f r e e  e n e r g ­

i e s ,  o f  t h e s e  d e c o m p o s i t i o n  r e a c t i o n s  ha v e  b e e n  c a l c ­

u l a t e d  ( T a b l e  2 . 1 0 . 1 ( a ) ) .  The l a r g e  p o s i t i v e  f r e e  e n e r g i e s  

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

( b )  D e c o m p o s i t i o n  t o  o x i d e s  and f l u o r i d e s .

Here  t h e  p o s s i b l e  d e c o m p o s i t i o n  r e a c t i o n s  a r e : -

S o l i d  D e c o m p o s i t i o n  ( i )  MOP. ( s ) “ >jLMO,( s') 4* 2MPg(g)
 ̂ 5 5
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Gas P h a se  D e c o m p o s i t i o n  ( i i )  MOP (g)~>l^ M 0 % ( s ) + 2  M P ,(g )
 ̂ 3  ̂ 5 ^

(iii) MOP,(e)->iMO,(c) +2MPg(e:)
^  3  '  5

k

A gain  u s i n g  s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  ( S e c t i o n  2 . 7  &

2 . 5  andJANAP T h erm o ch em ica l  T a b l e s ^ ^ )  and known ( o r  e s t i m a t e d )

e n t r o p i e s ,  ( A p p e n d i x . 2 and JANAP T h e rm o ch em ica l  T a b l e s ^ ^ }  t h e

jfree e n e r g i e s , > o f  t h e s e  d e c o m p o s i t i o n -  r e a c t i o n s  h a v e

been c a l c u l a t e d  (T a b le  2 . 1 0 . 1 ( b ) ) .  The p o s i t i v e  v a l u e s  o b t a i n e d

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

a t  room t e m p e r a t u r e .

B e c a u s e  t h e  e n t r o p y  change o f  t h e  s o l i d  d e c o m p o s i t i o n

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

t e m p e r a t u r e  w i l l  make t h i s  r e a c t i o n  l e s s  u n f a v o u r a b l e .  Above

a c e r t a i n  u n d e t e r m in e d  t e m p e r a t u r e  d e c o m p o s i t i o n  w ould  be '

e x p e c t e d  t o  o c c u r .  However ,  b o t h  o x y t e t r a f l u o r i d e s  m e l t  and

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

d e c o m p o s i t i o n  r e a c t i o n s  ( i i )  a n d : ( i i i )  a r e  u n f a v o u r a b l e  t o
t h e

d e c o m p o s i t i o n .  T h e r e f o r e ,  i n c r e a s i n g ^ t e m p e r a t u r e  w i l l  make t h e s e  

d e c o m p o s i t i o n  r e a c t i o n s  more u n f a v o r a b l e .

( c )  D e c o m p o s i t i o n  t o  o t h e r  o x y f l u o r i d e s .

Here  two p o s s i b l e  de c o m p o s i t  ions^ a r e  *-

( i )  MOP^-^'&MOgPg'*'

( i i )  .MOP^ MOPg -4 Pg

The o n l y  thermo c h e m i c a l  d a t a  a v a i l a b l e  on t h e  o t h e r

o x y f l u o r i d e s  a r e  t h e  e n t h a l p i e s  o f  f o r m a t i o n  o f  t h e  g a s e o u s

15d i o x y d i f l u o r i d e s  d e t e r m in e d  by Zmbov, Uy and M argrave  by  

mass  s p e c t r o m e t r i c  methods*  U s i n g  t h e s e  and o t h e r  known e n t h a ­

l p i e s  o f  f o r m a t i o n  ( S e c t i o n  2 . 7  and 2 . 5 )  t h e  e n t h a l p i e s  o f  t h e  

d e c o m p o s i t i o n  MOP ( g ) - > J mO*P ( g )  4- JmP ( g )  h a v e  b een  d e t e r m i n e d
4 4 t  6

/
/
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a s i - 2 8 . 6 k c a l  raol“^  f o r  t u n g s t e n  and - 4*7 k c a l  mol"^ f o r  

molybdenum. T h i s  s u g g e s t s  t h a t ,  i n  t h e  c a s e  o f  molybdenum,  

t h e  d e c o m p o s i t i o n  m ig h t  o c c u r .  H owever ,  s i n c e  t h e  f r e e  e n e r g i e s  

o f  t h e  d e c o m p o s i t i o n  ha v e  n o t  b e e n  c o n s i d e r e d  (d u e  t o  l a c k  o f  

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

molybdenum d i o x y d i f l u o r i d e  i s  ± l O k c a l  mol*  t h i s  i s  n o t  

c o n c l u s i v e .

2 . 1 0 . 2 .  G e n e ra l  S t a b i l i t y  o f  T u n g s t e n  and Molybdenum o x y ­

f l u o r i d e s  .

Known thermo c h e m i c a l  d a t a  ( T a b l e  2 . 1 0 . 2 )  h a v e  b e e n  u s e d

t o  c o n s t r u c t  a graph (Graph 2 . 1 0 . 2 )  o f  e n t h a l p y  o f  f o r m a t i o n

a g a i n s t  number o f  o x y g e n  a t o m s ,  f o r  t h e  s e r i e s  o f  g a s e o u s

s p e c i e s  MO^P  ̂ 2n(^^^ o r  Mo).  The graph i s  an e x c e l l e n t

i l l u s t r a t i o n  o f  t h e  ” s u b s t i t u t i o n  p r i n c i p l e " 7 5 w h i c h  p r e d i c t s

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

i n t e r m e d i a t e  b e tw een  t h e  c o r r e s p o n d i n g  b i n a r y  o x id e s  and

h a l i d e s .  The c u r v i n g  n a t u r e  o f  t h e  graph g i v e s  t h e  s t a b i l i t y

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

o x i d e s  and h a l i d e s . Prom t h e  grap h  i t  a p p e a r s  t h a t ,  i n  a

c o n s i d e r a t i o n  o f  s t a b i l i t y  t o w a r d s  d e c o m p o s i t i o n ,  MoOgPgCg)

i s  more s t a b l e  t h a n  MoOP.(g) but  WOP ( g )  i s  more s t a b l e  th a n
4 4

W0 2 P2 ( g )  ( s e e  a l s o  p r e v i o u s  S e c t i o n )  .

/
/
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T a b l e  2 . 1 0 . 2  -  E n t h a l p i e s  o f  f o r m a t i o n  o f  g a s e o u s  o x i d e s .

f l u o r i d e s  and o x y f l u o r i d e s  o f  t u n g s t e n  and  

molybdenum.

( a )  T u n g s t e n  Compounds.

S p e c i e s E n t h a l p y  o f  

form at  ion,Ay^* 

( k c a l  m o l“ ^)

S o u rce R e f .

wPgCg) - 4 1 1 . 5 O'Hare and Hubbard 14

w op ^ (e ) - 3 4 2 . 0 t h i s  t h e s i s  ( S e c t i o n s  2.7J. & 21OJ#)

wOgFgfe) - 2 1 5 Zmbov, Uy and M argrave 15

WOj(g) - 7 0 JANAP T h e rm o ch em ica l  T a b l e s 45

(b )  Molybdenum Compounds

S p e c i e s E n t h a l p y  o f  

form at  ion,AH 

( k c a l  m o l “^)

S ou rce R e f .

MoP^Cs)

MoOP^(g) 

M0 O2 P2 (g

- 3 7 2 . 3  ... 

- 5 1 6 . 7  

1 - 2 6 8  

- 8 6 . 2

S e t t l e ,  P e d e r  & Hubbard  

t h i s  t h e s i s  ( S e c t i o n  2 . 1 0 . 1 )  

Zmbov, Uy and M argrave  

JANAP Thermo c h e m i c a l  T a b le  s

27

15

45
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GRAPH 2 . 1 0 . 2 .  -  E n t h a l p i e s  o f  F o r m a t i o n  o f  G a s e o u s  O x y f l u o r i d e s ,
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2 . 11 .  E l e c t r o n  A f f i n i t i e s  o f  H e x a h a l i d e s .

2 , 1 1 , 1 ,  I n t r o d u c t i o n  t o  E l e c t r o n  A f f i n i t i e s .

The e l e c t r o n  a f f i n i t y  o f  an e l e m e n t  o r  compound i s  a 

m ea su re  o f  t h e  e a s e  w i t h  which,  t h a t  e l e m e n t  o r  compound r e a c t s  

w i t h  an e l e c t r o n  ( o r  e l e c t r o n  d o n o r ) .  I t  i s  d e f i n e d  a s  t h e  

e n e r g y  g i v e n  o u t  when one g .a t o m  o f  t h e  e l e m e n t  ( o r  I g . m o l e ,  

o f  t h e  compound) r e a c t s  w i t h  an e q u i v a l e n t  number o f  e l e c t r o n s  

( a t  0 K ) .

A l t h o u g h  t h e  e l e c t r o n  a f f i n i t i e s  o f  t h e  e l e m e n t s  a r e

f a i r l y  w e l l  d o c u m en te d ,  f ew  e l e c t r o n  a f f i n i t i e s  o f  compounds

h a v e  been  r e p o r t e d .  Prom 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

h e x a f l u o r i d e s  w i t h  o x i d i s a b l s  m o l e c u l e s  su ch  a s  OgiNO and  

* 7i 'NOg, B a r t l e t t   ̂ h a s  made q u a l i t a t i v e  e s t i m a t e s  o f  t h e  minimum

O sP ^ (IO B ) ,  and R eP ^ (90 k c a l  mol"^)  but so  f a r  t h e s e  h a v e  n o t

v a l u e s  o f  t h e  e l e c t r o n  a f f i n i t i e s  o f  P t P ^ ( l 5 6 ) ,  I r P ^ ( l 5 5 ) >  

O sP ^ (IO B ) ,  and R eP ^ (90k c a l  mo! 

b een  c o n f i r m e d  q u a n t i t a t i v e l y .  :

P o o t n o t e  sj=

E l e c t r o n  a f f i n i t i e s  h a v e  b een  c a l c u l a t e d  from t h e r m o ­

c h e m i c a l  c y c l e s  a t  298K. The e n t h a l p y  o f  t h e  r e a c t i o n ,

A ( g ) +  e “> A " ( g ) ,  a t  298K, A H 298» i s  r e l a t e d  t o  t h e  e l e c t r o n  

a f f i n i t y  a t  0 K, -AXJq , t h u s :  z^Hggg =  CpdT

By a s s u m in g  h e a t  c a p a c i t i e s  t o  be z e r o  a t  0 K, t h e  h e a t  

c a p a c i t i e s  o f  A (g)  and A“ ( g )  t o  be e q u a l ,  and t h e  h e a t  ca p a ­

c i t y  o f  a g a s e o u s  e l e c t r o n  a t  298K t o  be t h e  e x p r e s s i o n
2

b ecom es  o r  ^  A E g g g  + I . 5  k c a l  m o l ' ^ .

Where two e l e c t r o n s  a r e  i n v o l v e d ,  i e .  A ( g ) ^ 2 e ~ > A ^ * ( g ) ,  t h e  

e x p r e s s i o n  becom es  A R o " A H 2 g 8 + 3 ; 0  k c a l  mol*  • In t h e  f o l l o w ­

i n g  work e l e c t r o n  a f f i n i t i e s  a r e  q u o t e d  a t  298K and 0 K,



8 4 .

E l e c t r o n  a f f i n i t i e s  o f  WP^, MoP^, and WClg h a v e  now been  

c a l c u l a t e d  from t h e  e n t h a l p i e s  o f  f o r m a t i o n  o f  KW-P^, KMo Pg,  

KW'^Clg, KgW'^Clg and t h e  h e x a h a l i d e s .

2 . 1 1 . 2 .  E l e c t r o n  A f f i n i t y  o f  T u n g s t e n  H e x a f l u o r i d e .

In  o r d e r  t o  c a l c u l a t e  t h e  e l e c t r o n , a f f i n i t y  o f  t u n g s t e n  

h e x a f l u o r i d e  we h a v e  p r e v i o u s l y  d e t e r m i n e d  ( S e c t i o n  2 . 8 . 1 . )  

t h e  e n t h a l p y  o f  f o r m a t i o n  o f  KW^P^(s) t o  be * 5 5 2 . 0 ‘4 : 2 . 6  k c a l  

m ol*  . The e n t h a l p y  o f  f o r m a t i o n  o f  g a s e o u s  t u n g s t e n  h e x a ­

f l u o r i d e  h a s  a l s o  been  d e t e r m i n e d  ( S e c t i o n  2 . 5 . 1 . )  t o  be 

- 4 1 1 . 8 ^ 1 . 4  k c a l  m o l* ^ .
V

KW P^ h a s  a s t r u c t u r e  w h ich  i s  s l i g h t l y  d i s t o r t e d  t e t r a ­

g o n a l  v a r i a n t  o f  t h e  CsCl t y p e ? ^ ;  t h e  K-W d i s t a n c e ,  dedu ced  

from t h e  l a t t i c e  c o n s t a n t s ,  i s  4 *4 0 ^2., from w hich  a l a t t i c e  

e n e r g y ,  o f  1 2 2 * 5  k c a l  mol*^ h a s  been c a l c u l a t e d  ( a s s u m i n g
78an u n d i s t o r t e d  CsCl s t r u c t u r e )  u s i n g  t h e  Born Mayer e q u a t i o n  

( E q u a t i o n  2 . 1 1 . 2 ) .  The l a t t i c e  e n t h a l p y ,  2RT, i s

1 2 3 . 7  k c a l  mol

U s i n g  t h e  m ethod d i s c u s s e d  by Waddington?® and t h e  

a p p r o p r i a t e  therm o c h e m i c a l  c y c l e  ( F i g u r e  2 . 1 1 . 2 * ) ,  t h e  

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

c a l c u l a t e d  t o  be 1 1 7 . 9  ^ 4 k c a l  mol*  ( a t  O K)*

F o o t n o t e s  ‘ .
/ 77ÀF We h a v e  p r e v i o u s l y  r e p o r t e d  t h i s  work i n  t h e  l i t e r a t u r e  .

^  T h i s  a s su m e s  t h a t  t h e  l a t t i c e  e n e r g y  i s  i n d e p e n d e n t  o f  

t e m p e r a t u r e  i e .  U  ̂ % U ggg .  In  t h i s  and o t h e r  l a t t i c e  e n e r g y  

e q u a t i o n s  London or  Van d er  Waal f o r c e s  and z e r o  p o i g t  e n e r g y  

h a v e  b e e n  n e g l e c t e d *

/
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B a r t l e t t ' s  d a t a  s u g g e s t  : a minimum v a l u e  f o r  t h e  e l e c t r o n  

a f f i n i t y  o f  t u n g s t e n  h e x a f l u o r i d e  o f  75 -  80 k c a l  m o l*^ .

T h i s  can be r e c o n c i l e d  w i t h  t h e  ' p r e s e n t  e s t i m a t e  i f  a l l o w a n c e  

i s  made f o r  t h e  p r o b a b le  e x o t h e r m i c  n a t u r e  o f  t h e  g a s  r e a c t ­

i o n s  c o n s i d e r e d  by B a r t l e t t  and t h e  e n t r o p y  c h a n g e s  i n  th em .

F i g u r e  2 . 1 1 , 2  -  Thermo c h e m i c a l  c y c l e  ( f i g u r e s  i n  k c a l  mol*^
•  ,  ' • : '■ ■ ■ , ■ • :

a t  298 K)

A H e
K ( g )  f  WFg(g) ---------- ^-k R s ) 4. ÏÏPg(g)

t  ^
1 2 2 . 9  - 4 1 1 . 8  l a t t i c e  e n t h a l p y

( - 1 2 3 . 7 )

y
K ( s )  4  W ( 3 ) +  3 F , ( g )  >  ^KWP,(s)

- 5 ) 2 .0

— 1
a t  258K, e l e c t r o n  a f f i n i t y  o f  W P ^ ( g ) î = «* 1 1 9 * 4 'k c a l  mol

a t  0 K, e l e c t r o n  a f f i n i t y  o f  WP ( g ) ,  - A N q*' - ( A 1*5)
- 1  ■ .

^  l l 7 . & k c a l  mol*  .

Equa t i o n 2 . 1 1  . ‘2 S im ple  Born Mayer e q u a t i o n  /■

L a t t i c e  e n e r g y ,  NMZj^Z2 e ^ ( l  -  )

P q "

where N i s  A v a g a d r o ' s number

M *is  t h e  Madelung c o n s t a n t

Zĵ  & Zg a r e  t h e  v a l e n c i e s  o f  t h e  i o n s  , . .

' e i s  t h e  ch arge  on t h e  e l e c t r o n
n e a r e s t

r i s  t h e  d i s t a n c e  b e tw een J^ unl ike  i o n s  

^  i s  a c o n s t a n t  (O ,3 4 5 A )  ,

The v a l u e  o f  t h e  M adelung  c o n s t a n t ,  M, f o r  a p a r t i c u l a r
)s t r u c t u r a l  t y p e  h a s  been t a k e n  from T a b l e  11 o f  W a d d in g to n s  

78p a p e r .
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2 . 1 1 , 3  - E l e c t r o n  A f f i n i t y  o f  Molybdenum H e x a f l u o r i d e

The e n t h a l p i e s  o f  f o r m a t i o n  o f  g a s e o u s  molybdenum  

h e x a f l u o r i d e  and s o l i d  .KMo^E^ ha v e  p r e v i o u s l y  b een  d e t e r m i n e d  

( S e c t i o n s  2 , 5 . 1  and 2 . 8 . 2 )  t o  be - 3 7 4 » 8 ± 2 . 5  and - 4 9 3 . 2 t l . g
-1k c a l  mol r e s p e c t i v e l y .  L ik e  KW-P^ (a n d  a l s o  K&eP^), KMoP,

76
h a s  t h e  s l i g h t l y  d i s t o r t e d  CsCl t y p e  o f  s t r u c t u r e  ; t h e

K-Mo d i s t a n c e ,  d e d u ce d  from t h e  l a t t i c e  c o n s t a n t s ,  i s  4» 37^2.

from w h ich  a l a t t i c e  e n t h a l p y =• U^4 2RT, o f  1 2 4 . 4  
-1

k c a l  mol h a s  been c a l c u l a t e d  u s i n g  t h e  Born Mayer e q u a t i o n  

( E q u a t i o n  2 . 1 1 . 2 ) .

U s i n g  t h e  same method a s  f o r  t u n g s t e n  h e x a f l u o r i d e  (an d  t h e  

thermo c h e m i c a l  c y c l e  shown i n  F i g u r e  2 . 1 1 . 3 ) ,  t h e  e l e c t r o n  

a f f i n i t y  o f  g a s e o u s  molybdenum h e x a f l u o r i d e  h a s  been c a l c u l ­

a t e d  t o  be 1 1 5 . 4 ^ 4  k c a l  m o l” ^ ( a t  O K ) .  , .

F i g u r e  2 . 1 1 . 3  ,T h erm o ch em ica l  c y c l e  ( f i g u r e s  i n  k c a l  mol*^ ,

, a t  298%). ■

K ( g )  4- MoP^(g)
A h E

' ; ■ •

+ 1 2 2 . 9 - 3 7 4 . 8

- 4 9 3 . 2 r

>  K ( g )  4- MoPg(g)

l a t t i c e

e n t h a l p y

- ( n +  2r t )

( - 1 2 4 . 4 )
K(8)+Mo(s)+3Fg(g) ^  KMoPg ( s )

a t  298K, e l e c t r o n  a f f i n i t y  o f  MoP^(g) = - =  1 1 6 . 9 k c a l  mol 

a t  O K, e l e c t r o n  a f f i n i t y  o f  M o P ^ (g ) ,  - A H q =  - ( A H e + ' 1 . 5 )

1 1 5 . 4  k c a l  m o l“^.

-1
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2 , 1 1 . 4  The F ir s t  and Second E lec tro n  A f f i n i t i e s  o f  

Tungsten B e x a c h lo r id e .

The e n t h a l p y  o f  f o r m a t i o n  o f  KW^Clg(s) from p o t a s s i u m  

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

Z a i t s e v a ? ^  t o  be - l l . ^ a k c a l  m o l” ^. U s i n g  t h e  e n t h a l p i e s  o f

45f o r m a t i o n  o f  p o t a s s i u m  c h l o r i d e  and t u n g s t en p e n t a c h l o r i d e  , 

t h e  s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  KWClg(s) h a s  been  

c a l c u l a t e d  t o  be - 2 3 8 . 3  k c a l  m o l” ; The e n t h a l p y  o f  f o r m a t i o n  ' 

o f  g a s e o u s  t u n g s t e n  h e x a c h l o r i d e  i s  - 1 1 8 . 0  k c a l  m o l * ^ . 4 5

The l a t t i c e  energy,  U^, o f  KWCl^(s) has been determ ined ,  

u s in g  K a pust insk i i ' s  equation^GyHO (e q u a t io n  2 . 1 1 . 4 )  and 

standard i o n i c  r a d i i ,  to be 9 4 . 6 ,y kca l  mol“^. The l a t t i c e  

entha lp y  » Û  + 2RT, o f  KWClg(s) i s  9 5 . 8 gkcal mol”^.

Using the  app rop r ia te  thermochemical c y c l e  (F igu re  2 . 1 1 . 4  

( a ) ) ,  the  f i r s t  e l e c t r o n  a f f i n i t y  o f  gaseous  tu n g s te n  h e x a c h l -  

or id e  has been c a l c u l a t e d  to  be 1 4 5 * 8  k c a l  mol* (a t  OK),

78 '80Equation 2 . 1 1 . 4  -  K apust insk i i  equat ion  * fo r  l a t t i c e  energ y .

i c e  E n e r g y ,  U  ̂ *  2 8 7 .2 ^ ^ Z iZ 2  j^l -  0 . 345 ^  k c a l  m o l ” ^Latt -  V
p

where i s  the  number o f  i o n s  in the chemical m o lecu le

& Zg are the  v a l e n c i e s  o f  the  io n s
n e a r e s t

and r  i s  the  d i s ta n c e  between^unlike  io n s  (and may

be' r ep la c ed  by r^ + r ^ , the  sum o f  the  c a t i o n i c  

 ̂ and a n io n ic  r a d i i )

/
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^ 1 F i g u r e  2 . 1 1 . 4 ( a )  -  Thermo c h e m i c a l  c y c l e  ( f i g u r e s  i n  k c a l  m c l ” '

a t  298K) •

K * (g )  + WClg(g)
A n p  .

. ' > K ( g )  +  3 c i g " ( e )
/ V - >

+ 1 2 2 . 9 - 1 1 8 . 0

- 2 5 8 . 5
K (3)* -W (s) - f3C l„ (g )  —

l a t t i c e  e n t h a l p y  

- (U^-+2RT)

- 9 5 . 9

V K W C lg (s )

a t  296K^ f i r s t  e l e c t r o n  a f f i n i t y  o f  WClg(g)  *=■ -AEg «  1 4 7 * 3  

k c a l  m o l” ^,

a t  0 K , f i r s t  eleocbron a f f i n i t y  o f  WCl^(g) , -  A u ^ =  - ( A H g + 1 . 5 )
-1s* 1 4 5 , 8  k c a l  mol

The e n t h a l p y  o f  f o r m a t i o n  o f  KgWCl^Cs) h a s  p r e v i o u s l y  

been  d e t e r m i n e d  ( S e c t i o n  2 . 8 . 5 )  t o  be - 5 2 9 * 9 ^ 1 . 8  k c a l  mol*  . 

K2WC1 ^ ( s )  h a s  a s t r u c t u r e  o f  t h e  c u b i c  KgPtCl^ ( a n t i

f l u o r i t e )  t y p e ® ^ ,  t h e  K - W  d i s t a n c e ,  d ed u ced  from t h e  l a t t i c e
*1

p a r a m e t e r s ,  i s  4»27gX from w h ic h  a l a t t i c e  e n t h a l p y  h a s  been  

c a l c u l a t e d  u s i n g  t h e  Born Mayer e q u a t i o n ? ® ( E q u a t i o n  2 . 1 1 . 2 ) ^  

a s  - 5 6 p . 9 k c a l  m o l* ^ .

F o o t n o t e  ^  '

The known e n t h a l p i e s  o f  f o r m a t i o n  h a v e  been  t a k en from

the. JANAF Thermo chemi c a l  T a b l e s  ( l 9 7 l ) ^ ^ *  I f  t h e  e n t h a l p i e s  o f

f o r m a t i o n  ( o f  WCl^ andWCl^) a r e  t a k e n  from t h e  NBS T ech  N o te  
51

2 7 0 / 4  t h e  r e s u l t s  a r e :

a t  298K, f i r s t  e l e c t r o n  a f f i n i t y  o f  W C l^ (g ) ,  - A E g  " 158 « 7 
-1  '

k c a l  mol

a t  0 K, f i r s t  e l e c t r o n  a f f i n i t y  o f  W C l^ (g ) ,  -  AUq 137* 2 

—1k c a l  mol* .
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U s i n g  t h e  a p p r o p r i a t e  thermo c h e m i c a l  c y c l e  ( F i g u r e  2 . 1 1 . 4 ( b ) ) ,  

t h e  sum o f  t h e  f i r s t  and s e c o n d  e l e c t r o n  a f f i n i t i e s  o f  g a s e o u s

t u n g s t e n  h e x a c h l o r i d e  h a s  b een  c a l c u l a t e d  t o  be 95*8  k c a l  m o l” ^,

( a t  O K ) .

F i g u r e  2 . 1 1 . 4 ( b )  -  T h e rm o ch em ica l  c y c l e  ( f i g u r e s  i n  k c a l  mol*^

a t  298K) .

2K ( g )  +  WClg(g)
A h 2E

A

+ 2 4 5 . 8 - 1 1 8 . 0

2K(s)--W(8)*}Cl2(e)
Y

l a t t i c e  e n t h a l p y  

- 5 6 0 . 9

- 3 2 9 . 9
> K 2 W C 1 ^ ( s )

a t  2 9 8 K, sum o f  f i r s t  and s e c o n d  e l e c t r o n  a f f i n i t i e s  o f  WCl^(g)  

- A E 2E " 9 6 . 8  k c a l  mol ^ ^  

a t  0 K, sum o f  f i r s t  and s e c o n d  e l e c t r o n  a f f i n i t i e s  o f  WCl^(g)10  0 5

-  A u ^ =  - ( A H 2e  3 . 0 ) - ^ 3 . 8, k c a l  m o l ” ^.

Then we h a v e
J a t  0 K a t  2 9 8K 

■ 1 s t  e l e c t r o n  a f f i n i t y  o f  g a s e o u s  WClg I 4 5 . 8  1 4 7 . 3

2nd e l e c t r o n  a f f i n i t y  o f  g a s e o u s  WClg - 5 2 . 0  - 5 0 . 5

Stim o f  1 s t  and 2nd e l e c t r o n  a f f i n i t i e s

o f  g a s e o u s  WClg ■ 9 5 , 8  9 6 . 8

( f i g u r e s  i n  k c a l  m o l “ )
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2 . 1 2 .  I o n A f f i n i t i e s  o f  Pe n t a h a l i d e s .

2 . 1 2 . 1 ,  I n t r o d u c t i o n  t o  Io n  A f f i n i t i e s .

The i o n  a f f i n i t y  o f  a compound i s  a m e a su r e  o f  t h e  e a s e  

w i t h  w hich  t h a t  compound r e a c t s  w i t h  t h e  i o n  c o n c e r n e d .  I t  i s  

d e f i n e d  a s  t h e  e n e r g y  e v o l v e d  when Ig;  mol o f  t h e  compound 

r e a c t s  w i t h  an e q u i v a l e n t  q u a n t i t y  o f  t h e  i o n .

In  t h e  c a s e  o f  an a n i o n ,  t h e  i o n  a f f i n i t y  i s  t h e  h e a t  

e v o l v e d  i n  t h e  r e a c t i o n  A-f-B —̂ A B “ . S i n c e  t h i s  r e a c t i o n  i s  a 

L ew is  a c i d / b a s e  r e a c t i o n ,  t h e  a n i o n  a f f i n i t y  o f  A i s  ^  m easu re  

o f  i t s  L ew is  a c i d i t y .

In  t h i s  t h e s i s  h a l i d e  i o n  a f f i n i t i e s  o f  p e n t a h a l i d e s  

( p a r t i c u l a r l y  t u n g s t e n  and molybdenum) have  been c o n s i d e r e d .  

The h a l i d e  i o n  a f f i n i t y  o f  a p e n t a h a l i d e  m ig h t  be u s e f u l  i n  

such  c o n s i d e r a t i o n s  a s  :

( i )  The a c t i o n  o f  t h e  p e n t a h a l i d e  i n  t h e  non a q u eo u s

h y d r o g e n  h a l i d e  s o l v e n t .  For e x a m p l e ,  a n t im o n y  and n io b iu m

' 8 2p e n t a f l u o r i d e s  have  been  ( q u a l i t a t i v e l y )  shown t o  a c t  a s  

weak a c i d s  i n  a n h y d r o u s  h y d r o g e n  f l u o r i d e  t h u s

, MF^+- 2HP ^ H 2 F^'#-MP^” w i t h  a n t im o n y  p e n t a f l u o r i d e  b e i n g  

t h e  more a c i d i c  ( b e t t e r  F” a c c e p t o r )

( i i )  The f o r m a t i o n  o f  i n o r g a n i c  s a l t s  e g .  KMoF^ & NOÎIoF^

( i i i )  The f o r m a t i o n  o f  l e s s  common c a t i o n s .  For e x a m p le ,  

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

f l u o r i d e s  f o r m i n g  SbF^ and s t a b l e  carboniun io n s ® ^ .

' F o o t n o t e

To be i n  l i n e  w i t h  e l e c t r o n  a f f i n i t i e s ,  i o n  a f f i n i t i e s  

s h o u l d  be d e f i n e d  a t  0 K. H ow ever ,  h e r e  t h e  c a l c u l a t i o n s  have  

been l i m i t e d  t o  298K. As w i t h  e l e c t r o n  a f f i n i t i e s ,  a- s i m p l e

c o n v e r s i o n  t o  0 K, i n v o l v i n g  can be made ( s e e  f o o t n o t e  t o
2 . . .

S e c t i o n  2 . 1 1 . 1 ) .

/
/
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2 . 1 2 . 2  F l u o r i d e  Ion A f f i n i t y  o f  T u n g s t e n  P e n t a f l u o r i d e .

The e n t h a l p y  o f  o x i d a t i o n  o f  s o l i d  t u n g s t e n  p e n t a f l u o r i d e
~1 ' 't o  t h e  g a s e o u s  h e x a f l u o r i d e  i s  - 6 l . 9 k c a l  m o l ” . The e l e c t r o n

a f f i n i t y  o f  g a s e o u s  t u n g s t e n  h e x a f l u o r i d e  i s  1 1 9 «4 k c a l  m o l” ^.

( S e c t i o n  2 . 1 1 . 2 ) . U s i n g  t h e s e  e n t h a l p i e s  and t h e  e n t h a l p y  o f

f o r m a t i o n  o f  F“ ( g ) ^ ^ ,  i n  t h e  a p p r o p r i a t e  t h e r m o c h e m i c a l  c y c l e

( F i g u r e  2 . 1 2 . 2 ) ,  t h e  f l u o r i d e  i o n  a f f i n i t y  o f  s o l i d  t u n g s t e n

p e n t a f l u o r i d e  h a s  been c a l c u l a t e d  t o  be 1 1 9 . 1 ^  6 k c a l  mol" . 

F i g u r e  2 . 1 2 ^ 2  Thermo c h e m i c a l  C y c l e ( f i g u r e s  i n  k c a l  mol"^ a t

- 6 1 ' 9  298K)
W F ^ ( s ) +  & F g ( g )  ------- :----- ^ W F g ( g )

J - 6 2 . 2

WF ( s ) +  F - ( g )  ------------- > % F g - ( g )

F l u o r i d e  I o n  a f f i n i t y  o f  WF^(s) =  + A h _ =  1 1 9 . 1 k c a l  mol -1

2 . 1 2 . 5 . F l u o r i d e  Ion  A f f i n i t y  o f  Molybdenum P e n t a f l u o r i d e .

The e n t h a l p y  o f  o x i d a t i o n  o f  s o l i d  molybdenum p e n t a ­

f l u o r i d e  t o  t h e  g a s e o u s  h e x a f l u o r i d e  i s  - 4 5 » 4 k c a l  mol"^

( S e c t i o n  2 . 9 . 4 ) .

The e l e c t r o n  a f f i n i t y  o f  g a s e o u s  molybdenum h e x a f l u o r i d e

i s  l l 6 . 9 k c a l  m ol" ^ .  U s i n g  t h e  same method a s  w i t h  t u n g s t e n

p e n t a f l u o r i d e  ( S e c t i o n  2 . 1 2 . 2 )  and t h e  therm o c h e m i c a l  c y c l e

shown i n  ^Figure 2 . 1 2 . 5 »  t h e  f l u o r i d e  i o n  a f f i n i t y  o f  s o l i d

molybdenum p e n t a f l u o r i d e  h a s  b een  c a l c u l a t e d  t o  be 9 8 . 1 ^ 6  

-1k c a l  mol .
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F i g u r e  2 . 1 2 . 5  ~ Thermo c h e m i c a l  C y c le  ( f i g u r e s  i n  k c a l  mol"^ a t

298K)

“ 4 5 . 4
MoF^(s ) -f- jFgCg) ■V MoFg(g)

“ 6 2 . 2

MoF^(s) 4- F - ( g )
AHp

- I l 6 i 9

-y MoPg‘ ( g )
Y

F l u o r i d e  Io n  a f f i n i t y  o f  M o F ^ (s )~  “ Z\Ep = 9 G . l k c a l  mol “ 1

2 . 1 2 . 4 *  C h l o r i d e  Ion  A f f i n i t y  o f  T u n g s t e n  P e n t a c h l o r i d e .

U s i n g  t h e  e n t h a l p i e s  o f  f o r m a t i o n  o f  C l " ( g ) ,  WCl^(s)  

and W C lg ( g ) 4 5 a a a  t h e  f i r s t . e l e c t r o n  a f f i n i t y  o f  W C l ^  ( S e c t i o n  

2 . 1 1 . 4 ) i n  t h e  thermo c h e m i c a l  c y c l e  ( F i g u r e  2 . 1 2 . 4 ) ,  t h e  c h l o -  

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

c a l c u l a t e d  t o  be 8 6 . Ç k c a l  m o l" ^ .

F i g u r e  2 . 1 2 . 4  -  Thermo c h e m i c a l  C ÿ c le  ( f i g u r e s  i n  k c a l  m o l” ^

a t  298K)

4 4 * 8
W Cl^(s)  4- * C l g ( g ) WCl^(g)

- 5 5 . 9

V

WCl^(s ) t- C l - ( g )

e l e c t r o n  a f f i n i t y

- 1 4 7 . 3

^ V f C l ^ ( g )

Cl
C h l o r i d e  Io n  A f f i n i t y  o f  W C l^ (s )= r  -  8 6 .0 ic c a l  m o l “ ^.

S e v e r a l  g r o u p s  o f  w o r k e rs  ha v e  shown t h a t  t u n g s t e n  

p e n t a c h l o r i d e  a c t s  a s  a c h l o r i d e  i o n  a c c e p t o r ,  f o r  e x a m p le ,  

an e x a m i n a t i o n  o f  t h e  s y s t e m s  RbCl -  WCl^ and CsCl -  WCl^ 

h a s  s h o w n ® 4  t h e  p r e s e n c e  o f  RbïïClg and CsWCl^.
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T a b l e  2 . 1 2 . 5 .  Summary T a b l e s  o f  E l e c t r o n  and I o n  A f f i n i t i e s

( a )  E l e c t r o n  A f f i n i t i e s .

S p e c i e s 1 s t  e l e c t r o n  a f f i n i t y 2nd e l e c t r o n  a f f i n i t y

( k c a l  m o l”^) ( k c a l  mol"^)

MoF^(g) 1 1 6 . 9  ± 4

WPg(g) 1 1 9 . 4  - 4 —

WCl^(g) 1 4 7 . 5 - 5 0 . 5

(b )  Ion  A f f i n i t i e s .

Compound Ion Ion  A f f i n i t y

sp e  c i e s ( k c a l  m o l “ ^)

MoF^(s) p‘ ( g ) 9 8 . 1  ± 6

WP^(s)
5

F - ( s ) 1 1 9 : 1 . + 6

WCl ( s ) c i - ( g ) 86k8

I-
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2 . 1 5 .  O x i d a t i o n  R e a c t i o n s  o f  H e x a f l u o r i d e s .

2 . 1 5 *1 . I n t r o d u c t io n .

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

m a i n l y  from t h e  d i s c o v e r y  o f  t h e  i o n i c  d i o x y g e n y l  h e x a -  
8 5 , 8 6 ,. ■

f l o i o r o p l a t i n a t e  (v)  ) .  In o r d e r  t h a t  t h e  o x i d a t i o n

o f  m o l e c u l a r  o x y g e n  ( w i t h  an i o n i s a t i o n  p o t e n t i a l  I / 281
1 8 7 ^

k c a l  m o l” )' ' by p l a t i n u m  h e x a f l u o r i d e ,  s h o u l d  o c c u r

s p o n t a n e o u s l y ,  B a r t l e t t ? ^  h a s  s u g g e s t e d ,  u s i n g  a Born Haber  

c y c l e ,  t h a t  t h e  e l e c t r o n  a f f i n i t y  o f  t h e  h e x a f l u o r i d e  must be  

g r e a t e r  t h a n  1 5 6 k c a l  raol"^. A f t e r  t h e  o x i d a t i o n  o f  m o l e c u l a r  

o x y g e n ,  a t t e n t i o n  was f o c u s e d  on t h e  p o s s i b l e  o x i d a t i o n  o f  

xenon  ( w i t h  i o n i s a t i o n  p o t e n t i a l  l ^ ^ e )  ** 280 k c a l  m o l” )̂®*^

a n d ,  a s  e x p e c t e d ,  t h e  o x i d a t i o n  o f  x e n o n  by p l a t i n u m  h e x a ­

f l u o r i d e  o c cured, s p o n t a n e o u s l y  a t  room t e m p er a tu r e ® ® .  The  

p r o d u c t s  o f  t h i s  r e a c t i o n  a r e  XePtP^ . (  f o r m u l a t e d  X e*PtF ^” ) 

and X e ( P t F ^ ) 2  ( f o r m u l a t e d  X e F ^ P t ^ F J i ) .

2 . 1 5 , 2 . A Comparison o f  t h e  O x i d i s i n g  P r o p e r t i e s  o f  H exa­

f l u o r i d e s

( a )  P e r i o d i c  T re n d s  i n  o x i d i s i n g  r e a c t i o n s  o f  t h e  

h e x a f l u o r i d e s .

In a c o m p a r iso n  o f  t h e  h e x a f l u o r i d e s  o n l y  p l a t i n u m ,  

r u t h e n iu m  and^rhodium h e x a f l u o r i d e s  were  fo u n d  t o  be  c a p a b l e  

o f  o x i d i s i n g  x e n o n .  N i t r i c  o x i d e  ( w i t h  an i o n i s a t i o n  p o t e n t i a l  

I ( j^O) ** 2 1 5h c a l  m o l” ^) and n i t r o s y l  f l u o r i d e  ha v e  a l s o  b een  

u s e d  as  t h e  r e d u c i n g  a g e n t s  i n  a co m p a r i so n  o f  t h e  o x i d i s i n g  

power o f  t h e  t h i r d  row h e x a f l u o r i d e s .  The r e s u l t s ,  shown i n  

T a b l e  2 . 1 5 . 2 ,  s u g g e s t  a smooth  i n c r e a s e  i n  t h e  o x i d i s i n g  power  

o f  t h e  h e x a f l u o r i d e s  from WF  ̂ t o  P tF ^ .
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From t h e  r e a c t i v i t y  o f  t h e  h e x a f l u o r i d e s  w i t h  p h o s p h o r u s

t r i f l u o r l d e ,  ars#&G t r i f l u o r i d e  and carbon d i s u l p h i d e ,
90C a n t e r f o r d  e t  a l  have  s u g g e s t e d  t h a t  rhen ium  h e x a f l u o r i d e  

i s  a s t r o n g e r  o x i d i s i n g  a g e n t  th a n  t u n g s t e n  h e x a f l u o r i d e .

T a b l e  2 . 1 5 . 2 . O x i d a t i o n  P r o d u b t s  o f  t h e  T h i r d  T r a n s i t i o n

S e r i e s  H e x a f l u o r i d e s .

5rd Row 

H e x a f l u o r i d e

R e a c t i o n  P r o d u c t s  w i t h  

NO NOP Xe

WPg no r e a c t i o n HOWFy o r  (NOjgWFg no r e a c t i o n

ReFg NOReFg• (NOÏgReFQ II

OsPg NOOsFg NOOsFy ,& NOOsFg II

I r P g (NOÏgIrFa & NOIrFg 1»

NOIrFg

PtPg (NOjgPtF^ & (NOjgPtF^ &

NOPtFg NOPtF^: X e ( P t P g ) x

F o o t n o t e

from r e f e r e n c e s  1 1 ,  7 2 - 7 4 ,  88 and 89*
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(b )  O x i d i s i n g  p r o p e r t i e s  and e l e c t r o n  a f f i n i t y  p r e d i c t i o n s  

( s e e  a l s o  S e c t i o n  2 , 1 1 )

From t h e  r e s u l t s  i n  T a b l e  2 . 1 5 . 2  and o t h e r  s i m i l a r  

o x i d a t i o n  r e a c t i o n s ,  B a r t l e t t ? ^  made q u a l i t a t i v e  e s t i m a t e s  

o f  t h e  minimum v a l u e s *  o f  t h e  e l e c t r o n  a f f i n i t i e s  o f  PtF^  

( 1 5 6 ) ,  I r F ^ ( l 5 5 ) ,  0 s F g ( l 0 8 )  and ReF^ ( g o k c a l  m o l “ ^ ) .  As n o t e d
J '

e a r l i e r  ( S e c t i o n  2 . 1 1 . 2 )  t h e  t r e n d  o f  B a r t l e t t s  d a t a  s u g g e s t s

a minimum v a l u e  f o r  t h e  e l e c t r o n  a f f i n i t y  o f  WFg o f  75 - 80

k c a l  m o l " ^ , •

( c )  O x i d a t i o n  m echanism s o f  h e x a f l u o r i d e s  ( s e e  a l s o  S e c t i o n

2 . 1 5 . 5 )

H e x a f l u o r i d e s  a r e  r e d u c e d  i n  two p o s s i b l e  ways ( i e

MFg4*e">MF^“ andMFg —>  MF  ̂ 4. p) and i n d i v i d u a l  o x i d a t i o n s  must

be c o n s i d e r e d  in  t erm s  o f  b o t h  o x i d a t i o n  t y p e s  and p o s s i b l e

r e a c t i o n  m e c h a n is m s .  For e x a m p l e ,  from t h e  a c t u a l  v a l u e  o f  t h e
-1

e l e c t r o n  a f f i n i t y  o f  t u n g s t e n  h e x a f l u o r i d e  ( l l i 7  . 9 k c a l  mol 

S e c t i o n  2 . 1 1 . 2 )  i t  can be shown t h a t  t h e  r e a c t i o n ,  .

I Wp^-f.NO ^  NO^WFg h a s  a f a v o u r a b l e  e n t h a l p y  o f  r e a c t i o n .  

H ow ever ,  t h e  mechanism f o r  t h e  non r e a c t i o n  o f  n i t r i c  o x i d e  

w i t h  t u n g s t e n  h e x a f l u o r i d e  i s  c o n s i d e r e d  ( i n  S e c t i o n  2 . 1 5 * 5 )  

t o  i n v o l v e  two s t e p s .  ( S t e p  1 V̂ F̂  4 - N 0 W F ^ 4 - NOF, and S t e p  2 

WF -̂f- NOF~>NO'*^F^” ) w i t h  s t e p  1 b e i n g  u n f a v o u r a b l e  ( i e  i t  i s  

.

F ootnote

T h e se  v a l u e s  i g n o r e  e n t r o p y  c h a n g e s  i n  t h e  o x i d a t i o n  . 

r e a c t i o n s .  The minimum v a l u e  o f  e a c h  e l e c t r o n  a f f i n i t y  i s  

t h a t  v a l u e  w hich  would l e a d  t o  a z er o  e n t h a l p y  f o r  t h e  most  

d i f f i c u l t  o x i d a t i o n  which  o c c u r s .

/

/
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t h e  l a c k  o f  r e d u c t i o n  o f  WP  ̂ t o  WP  ̂ r a t h e r  t h a n  ; a l o w  

e l e c t r o n  a f f i n i t y  o f  WP  ̂ w h ic h  p r e v e n t s  t h e  r e a c t i o n ) *  I t  

can be s e e n ,  t h e r e f o r e ,  t h a t  a l t h o u g h  t h e  r e a c t i o n  o f  a 

h e x a f l u o r i d e  w i t h  n i t r i c  o x i d e  can g i v e  a minimum v a l u e  f o r  

t h e  e l e c t r o n  a f f i n i t y  o f  t h e  h e x a f l u o r i d e ,  t h e  l a c k  o f  r e a c t i o n  

c a n n o t  n e c e s s a r i l y  be u s e d  In  a c o n s i d e r a t i o n  o f  t h i s  

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

( d )  R e d u c t i o n  o f  h e x a f l u o r i d e s  t o  p e n t a f l u o r i d e s .
row

For t h e  t h i r d  t r a n s i t i o n ^ h e x a f l u o r i d e s , t h e  o n l y  a v a i l a b l e  

th erm o d y n a m ic  d a t a  on t h e  r e d u c t i o n  t o  t h e  p e n t a f l u o r i d e s  ( t h i s  

t h e s i s  S e c t i o n  2 . 9 * 4 )  a r e  t h e  e n t h a l p i e s  o f  r e d u c t i o n  o f  

WF  ̂ ( + 6 l * 9 k c a l  m o l” ^) and ReF^ ( + 2 8 * 5 k c a l  m o l " ^ ) .  T h e s e  

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

and rhen ium  h e x a f l u o r i d e s  t o w a r d s  n i t r i c  o x i d e  u s i n g  t h e  

a b o v e  two s t e p  m ech an ism .

2 . 1 5 . 5 . A Comparison o f  t h e  O x i d i s i n g  P r o p e r t i e s  o f  T u n g s t e n

and Molybdenum H e x a f l u o r i d e s .
91 92E a r l y  l i t e r a t u r e  s u g g e s t e d  t h a t  t u n g s t e n  and

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

i n  c h e m i c a l  a s  w e l l  a s  p h y s i c a l  p r o p e r t i e s .  H ow ever ,  more  

r e c e n t  l i t e r a t u r e  h a s  shown molybdenum h e x a f l u o r i d e  t o  be t h e

more r e a c t i v e .

S e v e r a l  w o rk ers  h a v e  r e c e n t l y  made c o m p a r i s o n s  o f  t h e  

o x i d i s i n g  p r o p e r t i e s  o f  t u n g s t e n  and molybdenum h e x a f l u o r i d e  

by c h e m i c a l  m e t h o d s .  Geichman e t  al^^*®^ h a v e  s t u d i e d  t h e  

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

/
/

/
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and n i t r o s y l  c h l o r i d e .  The r e s u l t s ,  shown i n  T a b l e  2 . 1 5 . 5 ( a )

s u g g e s t  t h a t  molybdenum h e x a f l u o r i d e  i s  t h e  s t r o n g e r  o x i d i s i n g
7 ,9 0 ,9 5 -9 6

a g e n t .  O ' D o n n e l l  and c o - w o r k e r s  h a v e  made s e v e r a l

s t u d i e s  o f  t h e  o x i d i s i n g  r e a c t i o n s  o f  h e x a f l u o r i d e s  and p e n t a ­

f l u o r i d e s  from w hich  t h e y  h a v e  d ed u ced  t h e  o r d e r  o f  o x i d i s i n g  

s t r e n g t h s

VF^ >  UFg >  MoF^3«sReF5 >  WF^ >  TaF^- tSzNbF^

From a s t u d y  o f  band p o s i t i o n s  i n  t h e  c h a r g e  t r a n s f e r
^  97-99s p e c t r a  o f  t h e  f l u o r i d e s  w i t h  o r g a n i c  d o n o r s ,  Hammond

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

num h e x a f l u o r i d e  i s  g r e a t e r  t h a n  t h a t  o f  t u n g s t e n  h e x a f l u o r i d e .
V'> t h e  +

H ow ever ,  Vmax v a l u e s  o f ^ c h a r g e  t r a n s f e r  s p e c t r a  o f  

McLean, Sharp and W i n f i e l d ^ ® ® ' ( w i t h  WF  ̂ and MoFg and  

Group IV compounds) show no. s i m p l e  d e p e n d en ce  on t h e  i o n i s a t i o n  

p o t e n t i a l  o f  t h e  donor o r  t h e  e l e c t r o n  a f f i n i t y  o f  t h e  f l u o r i d e .

F ootnote  ^

A c h a rg e  t r a n s f e r  band or  s p e c tru m  i s  p r o d u ce d  when t h e  

a b s o r p t i o n  o f  r a d i a t i o n  c a u s e s  an e l e c t r o n i c  t r a n s i t i o n

b e t w e e n  m o l e c u l a r  o r b i t a l s  l a r g e l y  l o c a t e d  i n  d i f f e r e n t  p a r t s
<

o f  t h e  m o l e c u l e  o r ' c o m p l e x .  ' '
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T a b l e  2 , 1 3 , 3 ( g )  Ox i d i s i n g  r e a c t i o n s o f  t u n g s t e n  and molybdenum
'

h e x a f l u o r i d e  w i t h  n i t r i c  o x i d e  and n i t r o s y l  

c h l o r i d e .

Pro duct :

R e a g en t w i t h  MoPg w i t h  WPg R e f .

NO NC^MoPg” no r e a c t i o n 75

NO Cl Na+MoP^" no r e a c t i o n 89



/
/

/
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Q u a n t i t a t i v e  m ea su rem en ts  o f  t h e  o x i d i s i n g  power o f  

t u n g s t e n  and molybdenum h e x a f l u o r i d e  have now been made. The  

e l e c t r o n  a f f i n i t i e s  o f  t u n g s t e n  and -molybdenum h e x a f l u o r i d e  

a r e  1 1 9 » 4  a n d l l 6 . 9 k c a l  m o l”  ̂ ( a t  298K) r e s p e c t i v e l y  ( s e e  

S e c t i o n  2 , 1 1 ) ,  The e n t h a l p y  o f  r e d u c t i o n  o f  t h e  g a s e o u s  

h e x a f l u o r i d e  t o  t h e  s o l i d  p e n t a f l u o r i d e  i s  6 l . 9 k c a l  m o l “  ̂

f o r  t u n g s t e n  and 4 5 » 4 h c a l  m o l”  ̂ f o r  molybdenum, ( s e e  S e c t i o n

2 . 9 . 4 . )

The d i f f e r e n c e  i n  t h e  two s 'é té  o f  f i g u r e s  i s  a c c o u n t e d  

f o r  by t h e  d i f f e r e n c e  i n  t h e  f l u o r i d e  i o n  a f f i n i t y  o f  t h e  

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

• c y c l e  ( F i g u r e  2 . 1 5 . 5) .

/ •*
F i g u r e  2 . 1 3 . 5 . -  T h erm och em ica l  c y c l e  s h o w in g  t h e  s i g n i f i c a n c e

o f  t h e  f l u o r i d e  i o n  a f f i n i t y .

MF^( g) r e d u c t  i o n  t o  y M F ^ ( g )  

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

e l e c t r o n
V  t

a f f i n i t y  ..........  — —'—— — ^.MF^(g)

B oth  t h e  s e t s  o f  f i g u r e s  a re  m e a s u r e s  o f  t h e  o x i d i s i n g  

power o f  t h e  h e x a f l u o r i d e s  and i n d i v i d u a l  o x i d a t i o n  r e a c t i o n s  

must be c o n s i d e r e d  in  t h e  l i g h t  o f  b o t h  and p o s s i b l e  r e a c t i o n  

m e c h a n is m s .

The r e s u l t s  o f  t h e s e  c h e m i c a l  r e a c t i o n s  w hich  s u g g e s t  

t h a t  molybdenum h e x a f l u o r i d e  i s  a s t r o n g e r  o x i d i s i n g  a g e n t  t ’r. 

t u n g s t e n  h e x a f l u o r i d e  must be e x p l a i n e d  i n  t e r m s  o f  t h e  d i f f e ­

r e n c e  in  t h e  e n t h a l p y  o f  t h e  r e d u c t i o n . o f  t h e  h e x a f l u o r i d e  t o  

t h e  p e n t a f l u o r i d e .  T a k e ,  f o r  e x a m p l e ,  t h e  d i f f e r e n t  b e h a v i o u r  

o f  t h e  h e x a f l u o r i d e s  w i t h  n i t r i c  o x i d e  ( i e  MoF^ i s  r e d u c e d  by
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n i t r i c  o x i d e  but  WP i s  n o t ) .  The b a s i c  r e a c t i o n  u n d er
6

^  mm 7 3
c o n s i d e r a t i o n  i s  NO+ MP ^ — Ho we v e r ,  Geichman  

h a s  s u g g e s t e d ,  on t h e  b a s i s  o f  g a s  p h a se  i n f r a  r e d  e v i d e n c e  

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

f l u o r i d e ,  t h a t  t h e  o x i d a t i o n  o f  n i t r i c  o x i d e  by molybdenum  

h e x a f l u o r i d e  t a k e s  p l a c e  i n  two s t e p s  t h u s

S t e p  1 .  NO(g) 4» Mo ^  P^(g)  Mo“ P ^ ( s )  4* NOP(g)

S t e p  2 .  NOP(g) 4  M o -P ^ (s )  NO'̂ ’MoP^’ ( s )

T h i s  h a s  now been  t a k e n  a s  t h e  g e n e r a l  mechanism f o r  t h e  

o x i d a t i o n  o f  n i t r i c  o x i d e  by an h e x a f l u o r i d e .  A l t h o u g h  t h e  

o v e r a l l  r e a c t i o n  i s  d e p e n d en t  on t h e  e l e c t r o n  a f f i n i t y  o f  t h e  

h e x a f l u o r i d e .  S t e p  1 o f  t h e  m echanism  i s  d e p e n d e n t  on t h e  

r e d u c t i o n  o f  t h e  h e x a f l u o r i d e  t o  t h e  p e n t a f l u o r i d e  and S t e p  2

o f  t h e  mechanism i s  d e p e n d en t  on t h e  f l u o r i d e  i o n  a f f i n i t y  o f

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

HO*MoP^"(s) h as  a c u b i c  s t r u c t u r e ^ ^ .  From t h e  u n i t  c e l l  

c o n s t  an t  5*060^)  t h e  mean NO—-Mo d i s t a n c e  h a s  b een

c a l c u l a t e d  a s  4» 599^» The l a t t i c e  e n t h a l p y ,  U 4  2RT, o f  

NO^MoF^” ( s )  h a s  been c a l c u l a t e d ,  u s i n g  t h e  Born Mayer e q u a t i o n  

( e q u a t i o n  2 . 1 1 . 2 )  t o  be 1 2 ) . S k o a l  m o l ” . . T h e  l a t t i c e  e n t h a l p y  

o f  t h e  u n p r e p a r e d  NO^WF^” ( s )  h a s  a l s o  been t a k e n  a s  12 5» S k o a l

mo -11 ( c f .  t h e  l a t t i c e  e n t h a l p i e s  o f  KMoF^ and KWF  ̂ w h ic h  a r e
1

1 2 4 . 4  1 2 $ . 7 k c a l  m o l” r e s p e c t i v e l y  -  s e e  S e c t i o n  2 . 1 1 ) .

U s i n g  known s t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  ( T a b l e  2 . 1 5 . 5 ( b ) )  

and t h e  c a l c u l a t e d  l a t t i c e  e n t h a l p i e s ,  t h e  e n t h a l p i e s  o f  S t e p  1 

and S t e p  2 o f  t h e  mechanism h a v e  b een  c a l c u l a t e d  f o r  t h e  

r e a c t i o n  o f  n i t r i c  o x i d e  w i t h  molybdenum h e x a f l u o r i d e  and f o r  

t h e  p o s s i b l e  r e a c t i o n  o f  n i t r i c  o x i d e  w i t h  t u n g s t e n  h e x a f l u ­

o r i d e .  The r e s u l t s  ( T a b l e  2 . 1 5 . 5 ( c )  and Graph 2 . 1 5 . 5 )  s u g g e s t
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a h i g h  e n e r g y  b a r r i e r  t o  t h e  r e a c t i o n  b e tw e e n  WP^(g) and NO(g) 

but n o t  t o  t h e  r e a c t i o n  b e tw e en  MoP^(g) ancl N O (g ) .  T h e r e f o r e ,  

t h e  th erm od yn am ic  e v i d e n c e ,  b a s e d  on t h e  m echanism  o f  Geichman,  

i s  c o m p a t i b l e  w i t h  t h e  p r e s e n t  e x p e r i m e n t a l  e v i d e n c e .

A l t h o u g h  t h e  d i f f e r i n g  o x i d i s i n g  p r o p e r t i e s  o f  t u n g s t e n  

and molybdenum h e x a f l u o r i d e s  a r e ,  t h e r e f o r e ,  c o m p a t i b l e  w i t h  

t h e  d i f f e r i n g  e a s e  o f  r e d u c t i o n  t o  t h e  p e n t a f l u o r i d e s ,  an 

e x p l a n a t i o n  i s  n o t  s i m p l e .  I t  i n v o l v e s  d i f f e r e n c e s  i n  bond

s t r e n g t h s  i n  b o t h  t h e  p e n t a f l u o r i d e s  and t h e  h e x a f l u o r i d e s
quantum number o u t e r  

r e s u l t i n g  from t h e  h i g h e r . o r b i t a l s  and t h e  i n e f f e c t i v e
ft

s c r e e n i n g  by t h e  e l e c t r o n s  i n  t h e  t u n g s t e n  compounds.

P o o t n o t  e

0 ~ a n d  "Kbonding o v e r l a p  may be i n v o l v e d  i n  b o t h  h e x a f l u o r i d e  

and p e n t a f l u o r i d e  b o n d i n g .
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TABLE 2 . 1 5 . 3 (b)  Known S t a n d a r d  E n t h a l p i e s  o f  F o r m a t i o n .

S p e c i e s

E n t h a l p y  o f  

f  0 rmat ion,ABâ%s 

( k c a l  m o l” ^' S o u r c e

R o ( e ) +2 1 . 5 8

HO*(g) + 2 5 6 . 6 6 .JAKAP T h e rm o ch em ica l  T a b l e s ( I 9 7 I )

NOP(g) - 1 5 . 7 )

MoP_( s )  
0

- 5 5 1 . 4 * 1 . 5 T h i s  t h e s i s -  S e c t i o n  2 . 6 . 2

WPjCs) - 5 4 9 . 9  ±  5 . 5 T h i s  t h e s i s ' -  S e c t i o n  2 . 6 . 1

MoPg(g) - 5 7 4 . 8 ±  2 . 5 T h i s  t h e s i s -  S e c t i o n  2 . 5 . 1 ( b )

WPgfg) - 4 1 1 . 8 ^ —* 1*4 T h i s  t h e s i s -  S e c t i o n  2 . 5 * l ( a )

M o P g - (g ) - 4 9 1 . 7 T h i s  t h e s i s -  from e l e c t r o n  a f f i n i t y
' o f  Mo Eg -  S e c t i o n  2 . 1 1 . 5

WPg-(g) - 5 3 1 . 2 T h i s  t h e s i s -  from t h e  e l e c t r o n

a f f i n i t y  o f WPg -  S e c t i o n  2 . 1 1 . 2
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TABLE 2 . 1 3 . 3  ( c)  -  S t e p w i s e  E n t h a l p i e s  o f  R e a c t i o n  f o r  t h e

R e a c t i o n  o f  N i t r i c  O xide  w i t h  H e x a f l u o r i d e s ,

R e a c t i n g

H e x a f l u ­

o r i d e S t e p

E q u a t io n  o f  t h e  m e c h a n i s t i c  

s t  ep

E n t h a l p y  o f  

t h e  e t e p ^ A H x f S  

( k c a l  m o l” ^)

MoPg

(

]

1

2

j v e r a l l  

r e a c t  ion

N0(g)4Mo Eg (g)*^N0P(g)4MoP^( s )  

NOP(g)+MoP^(s)-+NO'^MoPg“ ( s )

NO ( g)4  Mo ( g )-^N0*^Mo Pg ” ( s )

+ 6 . 1  

- 5 1 . 7

- 2 5 . 6

WPg

01 

r (

1

2

r e r a l l

t a c t i o n
I

N0(g)^WP^(g)*4N0P(g)+WP^(s)  

NO P(g)*^WP^( s)*4N0'^WP^“ ( s )

NO(g)+WP^( gy+NO+WP^"( s )

4 2 4 . 6

- 5 2 . 7

- 2 8 . 1
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2 . 1 5 . 4 # A Comparison o f  t h e  O x i d i s i n g  P r o p e r t i e s  o f  T u n g s t e n  

H e x a f l u o r i d e  and T u n g s t e n  H e x a c h l o r i d e •

S e v e r a l  o x i d i s i n g  r e a c t i o n s  o f  t u n g s t e n  h e x a f l u o r i d e  and  

t u n g s t e n  h e x a c h l o r i d e  ha v e  been  i n v e s t i g a t e d .

T u n g s t e n  h e x a f l u o r i d e  h a s  bneen r e d u c e d  by p h o sp h o r u s
7 76t r i f l u o r i d e  and a l k a l i  i o d i d e s  ( i n  l i q u i d  s u l p h u r  d i o x i d e )  .

I t  h a s  been shown t h a t  n e i t h e r  n i t r i c  o x i d e j ^  n o r  io d in e ^ ® ^

r e d u c e  t u n g s t e n  h e x a f l u o r i d e .  T u n g s t e n  h e x a c h l o r i d e  h a s  b een

r e d u c e d  by p o t a s s i u m  c h l o r i d e ® ^ ,  p o t a s s i u m  i o d i d e ® ^ , y s t a n n o u s  
lO 5c h l o r i d e  and a number o f  o r g a n i c  donor  m o l e c u l e s  ( f o r  

e x a m p l e ,  2 , 2 ^ -b ip y r id y l  and 1 , 1 0 - p h e n a n t h r o l i n e ^ ® ^ )  . A l t h o u g h  

no s y s t e m a t i c  co m p a r i so n  o f  t h e  o x i d i s i n g  s t r e n g t h s  o f  t h e  

h e x a f l u o r i d e  and h e x a c h l o r i d e  h a s  been  made t h e  h e x a c h l o r i d e  

d o e s  a p p ea r  t o  undergo  more r e d u c t i o n s .

From a s t u d y  o f  t h e  p o s i t i o n s  o f  c h a r g e  t r a n s f e r  bands  

b e t w e e n  t h e  h a l i d e s  and o r g a n i c  d o n o r s ,  Hammond^^ h a s  s u g g e ­

s t e d  t h a t  t h e  m o l e c u l a r  e l e c t r o n  a f f i n i t y  o f  t u n g s t e n  hexa-_  

c h l o r i d e  i s  g r e a t e r  t h a n  t h a t  o f  t h e  h e x a f l u o r i d e .

The q u a n t i t a t i v e  m e a s u r em e n t s  o f  t h e  o x i d i s i n g  power o f  

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

been made g i v e  t h e  f i r s t  e l e c t r o n  a f f i n i t i e s  a s  1 1 9 . 4  and  

I 4 7 . $ k c a l  mol  ̂ ( a t , 2 9 8 K ) : r e s p e c t i v e l y  ( S e c t i o n  2 . 1 1 )  and t h e  

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

p e n t a h a l i d e  a s  6 1 . 9  and - 4 . 6 k c a l  m o l“  ̂ r e s p e c t i v e l y  ( S e c t i o n  

2 . 9 . 4 ) .

As s t a t e d  i n  t h e  p r e v i o u s  s e c t i o n ,  b o t h  t h e s e  s e t s  o f
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f i g u r e s  a r e  m e a s u r e s  o f  t h e  o x i d i s i n g  power o f  t h e  h e x a h a l i d e .  

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

s e t s  o f  f i g u r e s  and p o s s i b l e  r e a c t i o n  m e c h a n i s m s .  The f i g u r e s  

s u g g e s t  t h a t  t u n g s t e n  h e x a c h l o r i d e  i s  t h e  s t r o n g e r  o x i d i s i n g  

a g e n t  f o r  b o t h  t y p e s  o f  o x i d a t i o n .  H ow ever ,  t h e  d i f f e r e n c e  i n  

t h e  e l e c t r o n  a f f i n i t i e s  o f  t h e  h e x a h a l i d e s  i s  s m a l l  compared  

w i t h  t h e  d i f f e r e n c e  i n  t h e i r  e a s e  o f  r e d u c t i o n  t o  t h e  p e n t d -  

h a l i d e s .  T h e r e f o r e ,  t h e  o x i d a t i o n  r e a c t i o n s  i n v o l v i n g  t h e  

r e d u c t i o n  o f  th e  h e x a h a l i d e  t o  t h e  p e n t a h a l i d e  s h o u l d  show  

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

t h e  h e x a c h l o r i d e .

That  t u n g s t e n  h e x a c h l o r i d e  h a s  a h i g h e r  e l e c t r o n  a f f i n i t y  

th a n  t u n g s t e n  h e x a f l u o r i d e  i s  e x p l a i n e d  a s  f o l l o w s .  The  

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

e l e c t r o n i c  s t r u c t u r e ,  w h ich  i n v o l v e s  a b a s i c  O bonded s t r u c t u r e  

( s e e  S e c t i o n  2 . 9 . 3 . )  on t o  w h ich  i s  s u p e r i m p o s e d  a c e r t a i n  

amount o f  TTbonding.  In t r a n s i t i o n  m e t a l  f l u o r i d e s  t h e  b o n d in g  

i s  an i n t e r a c t i o n  b e tw een  t h e  f i l l e d  p ^ r - o r b i t a l s  o f  f l u o r i n e  

and t h e  m e t a l  d/r o r b i t a l s .  H o w ever ,  i t  h a s  b een  s u g g e s t l â .^ ^ ^  

t h a t  i n  t r a n s i t i o n  m e t a l  c h l o r i d e s  t h e  b o n d i n g  i s  an i n t e r ­

a c t i o n  b e tw e en  t h e  m e t a l  d ^  o r b i t a l s  and t h e  empty d ^ ^ o r b i t ­

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

o f  a d° t r a n s i t i o n  m e t a l  ( e g  W ^  ) a r e  shown i n  f i g u r e  2 . 1 5 . 4 *

I t  can be s e e n  t h a t  f o r  th e .  a d d i t i o n  o f  an e x t r a  e l e c t r o n  t o  

t h e  h e x a f l u o r i d e  " 7 T stru ctu re  a T t \ n t i b o n d i n g  o r b i t a l  must be 

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

h e x a c h l o r i d e  n i ^ s t r u c t u r e  a "TVl^onding o r b i t a l  may be u s e d .

/
/
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T h e r e f o r e ,  t h e  h e x a c h l o r i d e  s h o u l d  h a v e  a g r e a t e r  t e n d e n c y  t o  

a c c e p t  e l e c t r o n s  (i^e.  a h i g h e r  e l e c t r o n  a f f i n i t y ) .

F i g u r e  2 . 1 5 . 4 . B o n d i n g  S t r u c t u r e  i n  d° T r a n s i t i o n  M eta l

H e x a h a l i d e s  

( a )  H e x a f l u o r i d e .

m o l e c u l a r

o r b i t a l s

m o l e c u l a r  

o r b i t a l s

empty IT

• empty
f i l l e d

<JT bonded l i g a n d

o r b i t a l s

m o l e c u l a r  

o r b i t a l s

m o l e c u l a r  

o r b i t a l s

(b )  H e x a c h l o r i d e

empty

empty

f i l l e d  p

*7V“ bonded• bonded l i g a n d

o r b i t a l s
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That  t h e  r e d u c t i o n  o f  t u n g s t e n  h e x a c h l o r i d e  t o  t h e  

p e n t a h a l i d e  i s  more f a v o u r a b l e  th a n  t h e  s i m i l a r  r e d u c t i o n  o f  

t u n g s t e n  h e x a f l u o r i d e  i s  d e p e n d en t  on t h e  u s u a l  f a c t o r s  w h ic h  

l e a d  t o  s t a b i l i s a t i o n  o f  h i g h  o x i d a t i o n  s t a t e  f l u o r i d e s  • t h e  

h i g h  e l e c t r o n e g a t i v i t y  o f  f l u o r i i i e ,  i t s  s m a l l  s i z e  and t h e  lo w

d i s s o c i a t i o n  e n e r g y  o f  t h e  f l u o r i n e  m o l e c u l e .
'

2 . 1 4 . A Comparison o f  t h e  F l u o r i d e  Io n  A f f i n i t i e s  'o f  

T u n g s t e n  and Molybdenum P e n t a f l u o r i d e s .

The f l u o r i d e  i o n  a f f i n i t y  o f  a p e n t a f l u o r i d e  i s  t h e  e n e r g y

e v o l v e d  i n  t h e  r e a c t i o n  MF^(s) +  F ^ ( g ) - 4 » M F ^ ( g ) .  S i n c e  t h i s

can be c o n s i d e r e d  a s  t h e  r e a c t i o n  o f  an e l e c t r o n  don or  s p e c i e s

( t h e  f l u o r i d e  i o n )  w i t h  t h e  p e n t a f l u o r i d e  t o  form an a d d i t i o n

compound ( MP^’*(g)  ) ,  t h e  f l u o r i d e  i o n  a f f i n i t y  i s  a m easure

o f  t h e  e a s e  w i t h  which  t h e  p e n t a f l u o r i d e  w i l l  form a d d i t i o n

compounds w i t h  e l e c t r o n  d o n o r s  ( l e  i t s  L ew is  a c i d i t y ) .

Very  l i t t l e  o f  t h e  c h e m i s t r y  o f  t u n g s t e n  and molybdenum

p e n t a f l u o r i d e s  h a s  been i n v e s t i g a t e d .  Sharp e t  a i^ o G f lO ?

h a v e  shown t h a t  molybdenum p e n t a f l u o r i d e  form s  a d d u c t s  w i t h

a c e t o n i t r i l e , p y r i d i n e ,  ammonia, d i m e t h y l  e t h e r ,  d i m e t h y l
7 5s u l p h i d e ,  and c h l o r o a c e t o n i t r i l e . Geichman e t  a l  h a v e  

shown t h a t  molybdenum p e n t a f l u o r i d e  a d d s  a f l u o r i d e  i o n  from  

n i t r o s y l  f l u o r i d e  t o  form NO*MoF^~. H ow ever ,  s i n c e  no s i m i l a r  

r e a c t i o n s  have  been  i n v e s t i g a t e d  f o r  t u n g s t e n  p e n t a f l u o r i d e ,  

i t  h a s  n o t  been  p o s s i b l e  t o  compare t h e  a d d i t i o n  r e a c t i o n s  o f  

t u n g s t e n  and molybdenum p e n t a f l u o r i d e s .
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The f l u o r i d e  i o n  a f f i n i t i e s  o f  s o l i d  t u n g s t e n  a n d  m o l y b d ­

enum p e n t a f l u o r i d e s  a r e  I I 9 . I  a n d  9 6 .1  k c a l  m o l ” ^ r e s p e c t i v e l y  

( S e c t i o n  2 . 1 2 )  i n d i c a t i n g  t h a t  t u n g s t e n  p e n t a f l u o r i d e  i s  t h e  

b e t t e r  f l u o r i d e  i o n  a c c e p t o r .  T h e r e f o r e ,  t u n g s t e n  p e n t a f l u o r i d e  

s h o u l d  be more  l i k e l y  t o  fo rm a d d u c t s  w i t h  e l e c t r o n  d o n o r s  and  

i t  may e v e n  be u s e f u l  i n  t h e  p r o d u c t i o n  o f  s t a b l e  c a r b o n i u m
g  % % *

i o n s  ( c f .  an Limony p e n t a f l u o r i d e  ) .

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

a f f i n i t i e s  o f  t u n g s t e n  an d  molybdenum p e n t a f l u o r i d e s  i s  n o t

s i m p l e .  I t  i n v o l v e s  d i f f e r e n c e s  i n  bond  s t r e n g t h s  i n  b o t h

t h e  p e n t a f l u o r i d e s  an d  t h e  h e x a f l u o r o m e t a h a t e  a n i o n s  r e s u l t i n g  
q ua n t um  n u mb e r  o u t e r  “ " 

f r om t h e  h i g h e r ^ o r b i t a l s  an d  t h e  i n e f f e c t i v e  s c r e e n i n g  by

t h e  4 f  e l e c t r o n s  i n  t h e  t u n g s t e n  compounds .

/
//
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CHAPTER 3. THE TUNGSTEN FLUORINE INCANDESCENT LAMP.

3 . 1 . Early  I n candescent  Lamp Development.

The f i r s t  commercial in c a n d esce n t  lamp, c o n s i s t i n g  o f  

a carbon f i la m e n t  mounted in  an evacuated  g l a s s  bulb ,  was 

p a te n te d  by Edison^®® in  1880 .  The h igh  vapour p r e ssu r e  o f  

carbon r e s t r i c t e d  the working f i la m e n t  temperature  o f  the  

lamp, in  order  to g iv e  a r e a so n a b le  f i la m e n t  l i f e  and 

prevent  bulb b la c k e n in g .  Subsequent developments,  were 

aimed a t  producing a more s u i t a b l e  f i la m e n t  m a t e r i a l .

Mixed o x i d e s , I 09  the  m eta ls  osmium and tantalum and s i n t e r e d  

t u n g s te n  powder were used be fore  the  advent o f  the  drawn 

t u n g s te n  f i la m e n t  1% 1910^^^* In ca n d escen t  lamps are  s t i l l  

based on tu n g s te n  f i l a m e n t s .

G a s - f i l l e d  bulbs were f i r s t  s u c c e s s f u l l y  produced by 

Langmuir^^^ in  1915* The use  o f  a p re ssu re  o f  an i n e r t  gas,  

such as argon or n i t r o g e n ,  in  the bulb had the e f f e c t  o f  

r ed u c in g  the  e f f e c t i v e  e v a p o r a t io n  o f  tu n g s te n  from the  

f i la m e n t  by c o l l i s i o n  o f  the  gaseous  tu n g s te n  m o le c u le s  

with  the  atoms or m o lec u le s  o f  the  g a s - f i l l i n g .  Langmuir^^^ 

made a d e t a i l e d  study o f  the heat  l o s s e s  in  the gas f i l l i n g  

and found'iÆEat the  f i la m e n t  was surrounded by a q u a s i  s t a t ­

ion a r y  l a y e r  o f  gas from which heat  was l o s t  o n ly  by r a d i ­

a t i o n  and c o n d u ct io n .  This hea t  l o s s  was found to be depen­

dent on the  f i la m e n t  l e n g t h  and diam eter  and was minimised  

by the  i n t r o d u c t i o n  o f  the  c o i l e d  f i la m e n t  ; which,Vby cau s in g

the Langmuir l a y e r s  to  o v e r l a p ,  a c te d  l i k e  a sh o rt  c y l i n d -
■ 112 r i c a l  f i l a m e n t .  The c o i l e d - c o i l  was in tr o d u ce d  l a t e r  •

//
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Fuzther developments In v o lv ed  the  use  o f  h ig h e r  atomic  

or m olecu lar  weight  i n e r t  g a s e s  and ' g e t t e r s '  f o r  the  rem­

ova l  o f  t r a c e  i m p u r i t i e s .

5 . 2  Development. and Theory o f  Tungsten Halogen In can descen t  

Lamps.

The f i r s t  attempt at  the  a d d i t io n  o f  a ha logen  to  an

in c a n d esce n t  lamp in  order  to  in c r e a s e  f i la m e n t  l i f e  and 
bulb

p r e v e n t . b lack en in g  was made in  1882 when c h l o r i n e  was 
A  .

added to  a carbon f i la m e n t  lamp^^^-.

In 1 9 1 5  Langmuir^^4 took two t u n g s te n  wires,  under a 

low c h l o r i n e  p r e s s u r e ,  to d i f f e r e n t  tem peratures  and showed 

t h a t ,  a t  s u i t a b l e  t em p eratures ,  the h o t t e r  wire became t h i ­

cker and the  c o o le r  wire became t h i n n e r .  This  demonstrated  

the p o s s i b i l i t y ^ o f  t r a n s p o r t i n g  tu n g s te n  to  the h o t t e r  

p a r ts  o f  the  w ire ,  where the  evaporat ion ' ,  i s  g r e a t e s t .

This  ' p o s i t i v e '  t r a n s p o r t i n g  p r o p er ty  o f  the halogen ,*  

now adapted to the tu n g s te n  ha logen  in c a n d e s c e n t  lamp fo r  

the  r e d e p o s i t i o n  o f  tu n g s te n  on the hot  f i l a m e n t ,  i s  based . 

on the e q u i l i b r i a :

W ( s ) + n X ( g )  ^  WX&(g) 1.

W ( 8 ) t | X 2 ( g )  ^  WXü(g) 2 .

/
//
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The e q u i l i b r i a  are temperature dependents such th a t  a t  low 

tem peratures  the  product ion  o f  WXn(gas) i s  fa v o u r a b le ,  

w h i l s t  a t  h igh tem peratures  the  decom p osi t ion  o f  WXn(gas) 

(and, t h e r e f o r e ,  the d e p o s i t i o n  o f  t u n g s t e n )  i s  f a v o u r a b le .  

The a c t i o n  o f  the halogen in  a running lamp can be shown in  

a 'ha logen  cyc le*  as shown i n  F igure  5 . 2 . 1 .

F igure  5 . 2 . 1  — The Halogen C yc le .

WX.n( gas )

a t t a c k  o f

ha logen

h ig h  temperature  

decom p osi t ion

&
tu n g s te n  f i la m e n t  a ttu n g s te n  a t  a low

a h igh  temperaturetemperature

ev a p o r a t io n  o f  t u n g s te n  from

the h o t t e r

s u r f a c e •

For each halogen  the temperature a t  which the  decom posit ion  

o f  WXn(gas) becomes fa v o u r a b le ,  c a l l e d  the ' i n v e r s i o n  temp­

e r a t u r e ' ,  i s  determined from thermodynamic in fo r m a t io n  as  

the temperature a t  which the  Gibbs f r e e  energy ,  / I  Ĝ  , o f  

the  most fa vo u ra b le  d ecom p os i t ion  o f  the  most s t a b l e  h a l i d é  

species(WXjj ) i s  z er o .
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12The in a c c u r a te  t h e o r e t i c a l  work o f  Brewer on the  

tu n g s te n  h a l i d e s  i n d ic a t e d  th a t  the  ' i n v e r s i o n  tem peratures '  

f o r  the  i o d i d e ,  bromide, and c h l o r i d e  are 9 5 0 , 1600 and 

2200K r e s p e c t i v e l y *  With t h i s  in fo r m a t io n  i t  was thought  

th a t  the  o n ly  ha logen  which would be u s e f u l .w o u l d  be i o d i n e  

s i n c e  the  o th e r  h a l i d e s  would a t t a c k  the  c o o l e r  p a r t s  o f  ; 

the  f i la m e n t  l e g s .

A f t e r  a method was deve lop ed  f o r  s e a l i n g  tu n g s te n  

f i l a m e n t s  in t o  small  quartz  e n v e l o p e s , t h e  tu n g s te n  i o d i n e  

lamp was deve loped  (p a te n te d  in  1 9 4 9 ^^  ̂ and f i r s t  commercial  

d e t a i l s  p u b l i sh ed  in  1 9 5 9 ^^^).

In t h i s  tu n g sten  i o d i n e > in c a n d e s c e n t  lamp i t  was 

en v isa g e d  th a t  the whole o f  the  running f i la m e n t  would be 

m ainta ined  above the i n v e r s io n  temperature o f  the  i o d in e  

c y c l e  so th a t  the io d in e  would not  a t t a c k  the c o o le r  f i l a m ­

ent l e g s .  The f i la m e n t  l i f e  in  t h i s  lamp was i n c r e a s e d  in  

the  f o l l o w i n g  way:

1. The io d in e  preven ts  th e  d e p o s i t i o n  o f  tu n g s te n  on the  

bulb w al l  and r e d e p o s i t s  the  e v a p o r a t in g  tu n g s te n  oh 

the  f i l a m e n t .  '

2. The enve lope  s i z e  can t h e r e f o r e  be reduced ( u s i n g  

quartz  as  the envelope  m a t e r i a l ) .

5, With a s tr o n g  small enve lope^a  h igh  pressu re  ( e g .  three  

atm ospheres)  o f  i n e r t  gas can be used to i n h i b i t  the  

; V *. e v a p o r a t io n  o f  tu n g s te n  from the  f i la m e n t  ahd, t h e r e ­

f o r e ,  ex tend the f i la m e n t  l i f e .

/
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The co lou r  o f  io d in e  and the d i f f i c u l t y  o f  d o s in g  

proved to  be d i sa d v an tag es  o f  the  tu n g s te n  io d in e  lamp and 

so a t t e n t i o n  was turned to the  bromine c y c l e .  I t  was found  

t h a t ,  p r o v id in g  the  maximum bromine p a r t i a l  p re ssu re  was 

1 t o r r  ( i n  5*5  atmospheres o f  a r g o n ) ,  the c o ld e r  f i la m e n t  

l e g s  were not  n o t i c e a b l y  a t t a c k e d  by the bromine^^?.  

T h erefo re ,  w ith  a f i n e  c o n t r o l  on the  bromine dose a tu n g s te n  

bromine lamp could  be produced.

A more s a t i s f a c t o r y  s o l u t i o n  to  the  a t t a c k  o f  the  c o ld  

f i la m e n t  l e g s  by bromine was o b ta in e d  by m odify ing  the  t u n ­

g s t e n  bromine c y c l e  with hydrogen^^^. Hydrogen bromide does  

not r e a c t  with  tu n gsten  in  the range o f  c o n d i t i o n s  in  a

Commercial tu n g sten  bromine lamps are now produced  

with bromine in troduced  in  the more conv en ien t  form o f  

a l k y l  bromides^^G.

A fu r t h e r  development has been the i n t r o d u c t i o n  o f  

bromine in  the  form o f  brom ophosphon itr i le^^? .  The phosphorus  

produced in  t h i s  lamp a c t s  as  a ' g e t t e r '  f o r  oxygen and 

water vapour.

Because o f  t h e i r  r e a c t i v i t i e s ,  n e i t h e r  c h l o r i n e  nor  

f l u o r i n e  has been used in  a commercial tu n g s te n  halogen  

lamp, a l though some patents  have been g r a n te d ,  For example,  

Schroder has pa ten ted  a ( t u n g s t e n  f l u o r i n e  ) lamp in  which  

f l u o r i n e  i s  in trodu ced  as tu n g s te n  h e x a f lu o r id e ^ ^ ^ .

y
//
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5*3 Recent Thermochemical Advances o f  Importance to  the  

Tun g s te n  Halogen In can d escen t  Lamn•

3*5*1 The Thermochemical Advances.

The o r i g i n a l  work on tu n g s te n  ha logen  in c a n d esce n t  

lamps was based on in a c c u r a te  t h e o r e t i c a l  work o f  Brewer^^. 

R e c e n t ly  f u r t h e r  thermochemical e s t i m a t i o n s  have been
120c a r r i e d  o u t .  The most r e c e n t ,  th o s e  o f  Neumann and Knatz

1 2Twhich are based on the 1 9 6 5 - 6 8  JANAP Thermochemical T a b le s  , 

s u g g e s t  t h a t  no gaseous  tu n g s te n  io d id e  i s  s t a b l e  above 

room tem perature ,  a gaseous  bromide(WBr^) i s  s t a b l e  to

I 5OOK, a gaseous  ch lor idefW Clg)  i s  s t a b l e  to 2^00K and 

a gaseous  f luor idefW Pg) i s  s t a b l e  to  #x^3 9 0 0 K.

Thermodynamic c a l c u l a t i o n s  which have now been c a r r ie d  

out  (Appendix 1 )  i n d ic a t e  th a t  the  ' i n v e r s i o n  temperature*  

f o r  the e q u i l ib r iu m  w(s ) 4" 6 P (g )  ;p îW Pg(gas)  i s  3 3&0 K

3 . 3*2  The E f f e c t  o f  t h e s e  Advances.

These e s t i m a t e s  o f  Neumann and Knatz support the  

s u g g e s t io n  o f  Rabenau in  the tu n g s te n  io d in e  lamp

oxygen im purity  i s  n e c e s s a r y  and t h a t  t h i s  lamp i s  based on 

■ftie s p e c i e s  WO2 I 2 ' They^^? a l s o  ( r i g h t l y )  s u g g e s t  th a t  the  

,bromine, c h l o r i n e  and f l u o r i n e  c y c l e s  are p o s s i b l e  w ithou t  j 

the  presence  o f  oxygen but th a t  i f  oxygen i s  p re sen t  the  

im portant  e q u i l i b r ia :  w i l l  in v o l v e  the  o x y h a l i d e s .

Tungsten bromine lamps  ̂ now being; produced^^? 

c o n ta in  bromine i n ! t h e  form o f  b r o m o p h o sp h o n itr i le .  In th e se  

lamps,  phosphorus a c t s  as  an 'oxygen g e t t e r '  so th a t  a pure 

tu n g s t e n  bromine c y c le  ( r a t h e r  than a tu n g s te n  oxy-bromine  

c y c l e )  must be in  o p e r a t i o n .
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3 • 4  The S p e c ia l  S i g n i f i c a n c e  o f  th e  F l u o r i n e  C y c le •

In the halogen  lamps produced a t  p r e se n t  ( c o n t a i n i n g  

i o d i n e  or bromine) the  ha logen  i s  used to remove tu n g s te n  

from the bulb w a l l  (or  prevent  i t s  d e p o s i t i o n )  and to 

r e d e p o s i t  i t  on the f i la m e n t .  S in ce  the whole ,  or g r ea t  

m a j o r i t y ,  o f  the f i la m e n t  i s  above the ' i n v e r s i o n  tem perature'  

t h i s  r e d e p o s i t i o n  i s  i n d i s c r i m i n a t e .  In f a c t ,  near the  hot  

zones o f  the f i la m e n t  the tu n g s te n  h a l i d e s  might decompose 

in  the gaseous  s t a t e  (WX&(g)-4 »W(g) -f nX ( g ) ) w ithout  

r e d e p p s i t i n g  the  tu n g sten  on the f i l a m e n t .  Then, in  a lamp 

o f  t h i s  ty p e ,  t a k in g  ev a p o r a t io n  i n t o  c o n s i d e r a t i o n ,  th e re  

i s  a gradual r e d i s t r i b u t i o n  o f  t u n g s te n  on the f i la m e n t  as  

.shown in  Figure  3 . 4 . I .

FIGURE 5 . 4 . 1 . -  R e d i s t r i b u t i o n  o f  T u n g s te n  Through  L i f e  i n

a T u n g s te n  B rom ine  Lamp

5000^0

2000*C

U n ifo rm  f i l a m e n t  

a t  s t a r t  o f  l i f e .

a t  t h e  end

o f  l i f e  a f t e r  running  in  

the presen ce  o f  a bromide*

The t u n g s te n  f l u o r i n e  c y c le  has an ' i n v e r s i o n  t e m p e r ­

a t u r e '  o f  th e  o r d e r  o f  3 1 0 0 °C (A p p e n d ix  l )  so t h a t  gaseous  

t u n g s t e n  f l u o r i d e s  w i l l  o n l y  d e p o s i t  tu n g s te n  a t  p o i n t s  on
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t h e  f i l a m e n t  e x c e e d i n g  t h i s  t e m p e r a t u r e .  T h e r e f o r e ,  t h e  a d d -  

i t i o n  o f  f l u o r i n e  o r  a s u i t a b l e  f l u a r i d e  t o  a t u n g s t e n  •: 

f i l a m e n t  lamp s h o u l d  l e a d  t o  a more s e l e c t i v e  d e p o s i t i o n  o f  

t u n g s t e n  o n l y  on t h e  f i l a m e n t  ' h o t  s p o t s '  -  where  e v a p o r a t i o n  

o f  t u n g s t e n  i s  g r e a t e s t  and f i l a m e n t  f a i l u r e  o c c u r s  ( s e e

F i g u r e  3 . 4 . 2 ) .  T h i s  s h o u l d  e x t e n d  t h e  f i l a m e n t  l i f e , p r o v i d e d
» *

t h a t  t h e  i n i t i a l  p r e s s u r e  o f  f l u o r i n e  i s  l o w  so  t h a t  t h e  

a t t a c k  o f  f l u o r i n e  on t h e  c o o l e r  p a r t s  o f  t h e  f i l a m e n t  

(< C 3100° C )  i s  n o t  d e t r i m e n t a l  t o  lamp l i f e .

FIGURE 5 . 4 . 2  -  The S e a l i n g  o f  'H ot  S p o t s '  i n  t h e  P r e s e n c e  

o f  a F l u o r i d e .

3 1 0 0 °C +  3000^0

A . s e c t i o n  o f  a f i l a m e n t  w i t h  .

a h o t  s p o t '

The same f i l a m e n t  a f t e r  

r u n n i n g  i n  t h e  p r e s e n c e  

o f  a f l u o r i d e

The t u n g s t e n  f l u o r i n e  c y c l e  s h o u l d  work a s  shown i n  

F i g u r e  3 . 4 * 3

f  A s u i t a b l e  f l u o r i d e  i s  on e  w h ic h  w i l l  decom pose  a t ,  o r  

b e l o w ,  t h e  r u n n i n g  t e m p e r a t u r e  o f  t h e  f i l a m e n t  t o  g i v e  

f l u o r i n e  a tom s  o r  f l u o r i n e  m o l e c u l e s .

// .
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PIQURE 5 . 4 . 5 . The F l u o r i n e  C y c l e .

— WF^(gas )|—

A t t a c k  o f  f l u o r i n e High t e m p e r a t u r e  d e c o ­

m p o s i t i o n  o f  f l u o r i d e

T u n g s t e n  a t  l o w e r F i l a m e n t  ' h o t  s p o t s

t e m p e r a t u r e s

E v a p o r a t i o n  o f  t u n g s t e n  from

h o t t e r  s u r f a c e

5*5 P r e v i o u s  Work on t h e  Tung s t e n  F l u o r i ne  C y c l e .
m i , 1 0 9 ,1 2 3 , 1 2 4 :

S c h r o d e r  and c o - w o r k e r s  h a v e  shown t h a t - r u n n in g  an

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

w i r e  a t  ^ * 510 0 ^C and t h e  t h i c k  p a r t  o f  t h e  w i r e  a t  * ^ 2 8 0 0 ° C ,  

i n  t h e  p r e s e n c e  o f  a s m a l l  p r e s s u r e  o f  WPg p r o d u c e s  a u n i f -
6 ( a ) , 1 0 9 ,124

orm w i r e .  D iagram s from t h r e e  o f  t h e s e  r e f e r e n c e s  

s u g g e s t  t h a t  t h e  f i n a l  t e m p e r a t u r e  o f  t h e  w i r e  wasAjlOO°C  

( a l t h o u g h  t h i s  i s  n o t  s t a t e d ) .  T h i s  wou ld  i m p l y  t h a t  f l u o r i n e  

' ( o r  t h e  f l u o r i d e  ) p r e f e r e n t i a l l y  a t t a c k s  t u n g s t e n  a t  t h e  * 

l o w e r  t e m p e r a t u r e  but i t  d o e s  n o t  p r o v e  a n y  r e d e p o s i t i o n  o f  

t h e  t u n g s t e n  o n t o  t h e  h o t t e r  w i r e .  Prom d i f f e r e n t  d iagram s ,
1 2 3 , 1 2 4

i n  two o f  t h e  r e f e r e n c e s  i t  i s  n o t  c l e a r  w h e t h e r  t h e

u n i f o r m  w i r e  was p ro d u ced  by s e l e c t i v e  t h i n n i n g  o f  t h e  t h i ­

c k e r  p a r t  o f  th e  w i r e ,  o r  by t h i c k e n i n g  o f  th e  t h i n n e r  

p a r t  o f  t h e  w i r e ,  o r  by b o t h .

B f  r u n n i n g  a s t a n d a r d  f i l a m e n t  i n  the^presence  o f  NP%,
109

Rabenau h a s  p ro d u ced  a f i l a m e n t  o f  u n i f o r m  t e m p e r a t u r e .
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H o w ev er ,  s i n c e  t h i s  f i n a l  u n i f o r m  t e m p e r a t u r e  was e q u a l  t o  

t h e  maximum o r i g i n a l  t e m p e r a t u r e  ( i e .  t h e  f i l a m e n t  was  

t h i n n e d )  no r e g e n e r a t i v e  p r o p e r t i e s  o f  t h e  t u n g s t e n  f l u o r i n e  

c y c l e  w ere  shown.

T a k in g  a t u n g s t e n  f i l a m e n t  lamp w h ic h  had grown b l a c k  

d u r i n g  s e v e r a l  h o u r s  o p e r a t i o n  aj; A /  JOGO^C i n  t h e  p r e s e n c e
6 ( a ) , 1 2 .3,12 .4 .

o f  5 0 0 t o r r  a r g o n ,  Schr'dder showed t h a t  t h e  i n t r o d u c t i o n

o f  2 t o r r  WP  ̂ and 1 5 m i n u t e s  r u n n i n g  a t  3100°C l e d  t o  t h e  

r e m o v a l  o f  t h e  b l a c k  t u n g s t e n  d e p o s i t  from t h e  b u lb  w a l l .

T h i s  a g a i n  p r o v e s  t h a t  f l u o r i n e  o r  t h e  f l u o r i d e  a t t a c k s  

t u n g s t e n  a t  t h e  l o w e r  t e m p e r a t u r e s  t o  form a v o l a t i l e  

p r o d u c t .  H ow ever ,  a l t h o u g h  t h i s  ( l i k e  t h e  o t h e r  e x p e r i m e n t s )  

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

no p r o o f  o f  t h e  r e d e p o s i t i o n  o f  t u n g s t e n  a b o v e  t h e  ' i n v e r s ­

i o n  t e m p e r a t u r e *  h a s  been  p u b l i s h e d .

5 . 6  The P r e s e n t  Work.

The work now d ocum en ted  on t h e  t u n g s t e n  f l u o r i n e  

i n c a n d e s c e n t  lamp i s  s p l i t  i n t o  two p a r t s t

( 1 ) A s i m p l e  i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  o f  f l u o r i d e s  

i n  q u a r t z  e n v e l o p e ,  t u n g s t e n  f i l a m e n t  i n c a n d e s c e n t  l a m p s .

( 2 ) An i n v e s t i g a t i o n  o f  t h e  t u n g s t e n  f l u o r i n e  r e g e n ­

e r a t i v e  c y c l e  (a n d  a c o m p a r i s o n  w i t h  t h e  t u n g s t e n  brom ine  

c y c l e )  u s i n g  a  r a d i o c h e m i c a l  t r a c e r  t e c h n i q u e .

//
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3*7 An I n v e s t i g a t i o n  i n t o  t h e  E f f e c t s  o f  F l u o r i d e s  i n

Quartz Envelope Tungsten Filament Lamps U s in g  I n f r a -  

Red S p e c tr o s c o p y .

3 .7"!  I n t r o d u c t io n .

The m ajor  c h e m i c a l  r e a c t i o n s  o f  g a s e o u s  f l u o r i d e s  i n  

o p e r a t i n g  q u a r t z  e n v e l o p e  t u n g s t e n  f i l a m e n t  i n c a n d e s c e n t  

lam ps  h a v e  been i n v e s t i g a t e d  by i n f r a - r e d  s p e c t r o s c o p y .

The g a s - p h a s e  i n f r a - r e d  s p e c t r u m  o f  a f l u o r i d e  iras r e c o r d e d .  

A q u a r t z  e n v e l o p e  i n c a n d e s c e n t  lamp c o n t a i n i n g  t h e  f l u o r i d e  

was r u n .  The i n f r a - r e d  s p e c t r u m  o f  t h e  p r o d u c t s  was r e c o r d e d  

and compared w i t h  t h e  f i r s t  s p e c t r u m .

3 . 7*2 E x p e r i m e n t a l  P r o c e d u r e .

The a p p a r a t u s  ( F i g u r e  3 * 7 . 2 )  c o n s i s t e d  o f  a s t a n d a r d  

vacuum s y s t e m  a t t a c h e d  to  w h ic h  was a s t a n d a r d  12V 55W

t u n g s t e n  h a l o g e n  lamp and an i n f r a - r e d  g a s  c e l l  o f  o p t i c a l  

l e n g t h  9 1 . 5 cm ( w i t h  sodium c h l o r i d e  w i n d o w s ) .

FIGURE 3*7.2_ -  A p p a ra tu s  f o r  I n f r a - R e d  S t u d i e s .

to^ r o t a r y  a n d  o i l  
d i f f u s i o n  vacuum  

pumpsd r y i n g
t r a p

t r a p  o f  l i q u i d  
(PHP„)

t a p

s i l i c o n  o i l  
manometer

c y l i n d e r  o f
g a s e o u s
f l u o r i d e 1*4

s t a b i l i s e d  s u p p l y



1 2 2 .
The sp e c t r u m  o f  an u n r e a c t e d  g a s e o u s  f l u o r i d e  was  

o b t a i n e d  by d i r e c t l y  f i l l i n g  t h e  g a s  c e l l  w i t h  a known 

pressure o f  t h e  f l u o r i d e ,  r e m o v i n g  t h e  g a s  c e l l  from t h e  

vacuum l i n e  and r e c o r d i n g  t h e  i n f r a - r e d  s p e c t r u m  ( 8 0 0 -  

2000cm“^ )  on a Unicam SP200 s p e c t r o m e t e r .

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

f l u o r i d e  c o n t a i n i n g  lamp was o b t a i n e d  a s  f o l l o w s .  With a 

vacuum i n  t h e  g a s  c e l l  and a h i g h  p r e s s u r e  o f  t h e  f l u o r i d e  

i n  t h e  lamp ( t a p s  T1 and T2 c l o s e d )  t h e  lamp was run  a t  

1 3 . 2V f o r  a b o u t  1 hou r  ox  u n t i l  f i l a m e n t  f a i l u r e  o c c u r r e d .  

Tap T1 was o p e n e d  and t h e  g a s e o u s  p r o d u c t s  were  d i s t i l l e d  

i n t o  t h e  g a s  c e l l  ( t o  e q u a l  p r e s s u r e s ) .  W ith  t a p  T1 c l o s e d ,  

t h e  g a s  c e l l  was rem oved and t h e  s p e c t r u m  was r e c o r d e d .

3 . 7 . 3 . E x p e r i m e n t a l  R e s u l t s . .

The r e s u l t s  ( T a b l e  3 * 7 * 5 )  show t h a t  o p e r a t i n g  a  q u a r t z

e n v e l o p e ,  t u n g s t e n  f i l d m e n t  i n c a n d e s c e n t  lamp c o n t a i n i n g  a

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

i n f r a - r e d  a b s o r p t i o n  a t ' V  1 0 30cm“^ . T h i s  i s  i n d i c a t i v e  o f
1 2 8 , 1 2 9

s i l i c o n  t e t r a f l u o r i d e  w h ic h  i s  p r e s u m a b ly  form ed  by t h e

r e a c t i o n  o f  t h e  f l u o r i d e ,  f l u o r i n e  m o l e c u l e s  o r  f l u o r i n e  

atom s  w i t h  t h e  s i l i c a  e n v e l o p e .  The r e s u l t s  s u g g e s t  t h a t  a 

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

s i l i c o n  t e t r a f l u o r i d e  d u r i n g  t h e  f i r s t  hour  o f  lamp o p e r a t ­

i o n  .



1 2 3 .

TABLE 5 . 7 . 3  E f f e c t s  o f  F l u o r i d e s  i n  Q uartz  E n v e l o p e  

T u n g s t e n  F i l a m e n t  Lamp's. ' ,

( a )  I n f r a - R e d  S p e c t r a  o f  F l u o r i d e s  Not Run i n  t h e  Lamp.

F l u o r i d e P r e s s u r e

i n

Gas C e l l

Major A b s o r p t i o n  P e a k s  o f  

th e  F l u o r i d e  ( c m ”^ ) .

R e f e r e n c e

f o r

C omparison

i

1 t o r r 1 4 2 5 ( s t r o n g  w i t h  s h o u l d e r  

a t  1 4 9 0 ) 9 9 0 ( s t r o n g  and  

sh a r p  w i t h  s h o u l d e r s  a t

970 & 9 5 5 )

125

NFj 7 t o r r 1 0 5 0 (medium and s h a r p )  & 

9 1 0 ( s t r o n g  & b road  w i t h  

s h o u l d e r ,  a t  9 0 0 )

126

CF4 1 5t o r r 1 2 8 0 ( v e r y  s t r o n g  & b r o a d )  & 

1 2 4 0 (raedium & s h a r p ) 127

S iF ^ 2 4 t o r r 1200(medium w e a k ) ,  1 1 8 0 ( m e d -  

ium w e a k ) ,  1 0 3 0 ( v e r y  s t r o n g ) 1 2 8 , 1 2 9
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3 . 8 .  A R a d i o c h e m i c a l  E x a m i n a t i o n  o f  t h e  T u n g s t e n  F l u o r i n e  

R e g e n e r a t iv e  C y c le .

3 . 8 . 1 .  I n t r o d u c t i o n .

R a d i o c h e m i c a l  t r a c e r  e x p e r i m e n t s  i n  t w i n  f i l a m e n t

i n c a n d e s c e n t  lam p s  have  b e e n  u s e d  t o  i n v e s t i g a t e  t h e  t u n g s t e n

f l u o r i n e  r e g e n e r a t i v e  c y c l e  a nd ,  f o r  c o m p a r i s o n ,  t h e  t u n g s t e n

'brom ine  c y c l e .

When o p e r a t i n g ,  t h e  e x p e r i m e n t a l  t w i n  f i l a m e n t  t u n g s t e n

h a l o g e n  lamps h a v e  c o n s i s t e d  o f  one  h o t  ( r u n n i n g  ) f i l a m e n t

and one  c o l d  (non r u n n i n g )  f i l a m e n t .

Around t h e  c o l d  f i l a m e n t  t h e  r e a c t i o n

W ( s ) +  nX (g) -^»W X ^(g)  ( o r  W( s') + nX^g)i-> WX^(g) ) i s  f a v o u r a b l e

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

t h a n  t h e  ' i n v e r s i o n  t e m p e r a t u r e *  f o r  t h e  r e a c t i o n .  H o w ev er ,

a t  p o s i t i o n s  on t h e  h o t  f i l a m e n t  where t h e  t e m p e r a t u r e  
,

e x c e e d s  t h e  ' i n v e r s i o n  t e m p e r a t u r e '  t h e  r e a c t i o n  

WX^(g)^-> W( s )  + nX (g )  i s  f a v o u r a b l e  and t u n g s t e n  i s  d e p o s i t e d  

on t h a t  f i l a m e n t .  T h e r e f o r e ,  i f  t h e  t u n g s t e n  h a l o g e n  c y c l e  i s  

o p e r a t i o n a l  a c e r t a i n  amount o f  t r a n s f e r  from t h e  c o l d  

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

u t i o n  o f  t h e  d e p o s i t e d  t u n g s t e n  s h o u l d  be d e p e n d e n t  on t h e  

' i n v e r s i o n  t e m p e r a t u r e  *. •

/
/
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A r a d i o c h e m i c a l  t r a c e r  t e c h n i q u e  h a s  been u s e d  t o  

d e te r m in e  i f  ( a n d , I f  so , how much) t r a n s f e r  o f  t u n g s te n

o c c u r s  from t h e  c o l d  (n on  r u n n i n g )  t u n g s t e n  f i l a m e n t
185

( l a b e l l e d  w i t h  w) t o  t h e  h o t  ( r u n n i n g )  t u n g s t e n  f i l a m e n t  

( u n l a b e l l e d )  i n  t h e  p r e s e n c e  o f  a h a l i d e .  The occucrence  o f  

t r a n s f e r  p r o v e s  t h e  o p e r a t i o n  o f  t h e  p a r t i c u l a r  t u n g s t e n  

h a l o g e n  c y c l e  and t h e  amount and d i s t r i b u t i o n  o f  t h e  

t r a n s f e r  g i v e s  an i n d i c a t i o n  o f  t l ^  ' i n v e r s i o n  t e m p e r a t u r e '  

o f  t h e  h a l o g e n  c y c l e .

The e x p e r i m e n t s  h a v e  b een  c a r r i e d  o u t  on lam ps  d o s e d  

w i t h  v a r i o u s  f l u o r i d e s  ( t o  i n v e s t i g a t e  t h e  t u n g s t e n  f l u o r i n e  

c y c l e )  a n d ,  f o r  c o m p a r i s o n ,  on lam p s  d o s e d  w i t h  brom in e  i n  

t h e  form o f  b r o m o p h o s p h o n i t r i l e .

In  order t h a t  t h e  d i s t r i b u t i o n  o f  any t r a n s f e r r e d  t u n g ­

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

a l o n g  t h e  o p e r a t i n g  f i l a m e n t ,  t h e  t e m p e r a t u r e s  a t  p o i n t s  

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

5 . 8 . 2  E x p e r i m e n t a l  P r o c e d u r e .

( a )  R a d i o c h e m i c a l  T r a c e r  E x p e r i m e n t s .

F i l a m e n t s  o f  s t a n d a r d  12V 55^ t u n g s t e n  h a l o g e n  a u t o
»

lam p s  were  i r r a d i a t e d  ( a t  H a r w e l l )  f o r  50 h o u r s  w i t h  a
12 _2 _i

. n e u t r o n  f l u x  o f  7%10 n e u t r o n s  cm s e c  . At u n l o a d  t h e

a c t i v i t y  oh lO g  o f  t h e  f i l a m e n t s  was 50niCi o f  e m i t t i n g
1-85 J 8 7  '

W and 5 . 2  Ci o f  V  e m i t t i n g  W. The f i l a m e n t  were
187

r e t a i n e d  a t  H a r w e l l  u n t i l  t h e  a c t i v i t y  due t o  W was

n e g l i g i b l e .

Twin f i l a m e n t  12V . 55W t u n g s t e n  h a l o g e n  t y p e  a u t o  

lam p s  were c o n s t r u c t e d  w i t h  on e  i r r a d i a t e d  and one  npon-

/
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i r r a d i a t e d  f i l a m e n t  i n  a f u s e d  q u a r t z  e n v e l o p e  ( F i g u r e  

5 . 8 . 2 ( a ) ) .  Each lamp was d o s e d  w i t h  a knowh p r e s s u r e  o r  mass  

o f  a h a l i d e  and a known p r e s s u r e  o f  a r g o n  on t h e  vacuum  

s y s t e m  shown i n  F i g u r e  5 . 8 . 2 ( b ) .  The p r o c e d u r e  i n v o l v e d  

c o n d e n s i n g  g a s e s  from, t h e  s y s t e m  A i n t o  . . the  lamp  

and c a l c u l a t i o n  o f  t h e  . r e s u l t a n t  * lampv p i* e h s u r e s .

The p r e s s u r e s  i n  t h e  vacuum ' s y s t e m  were  m e a su r ed  on  

t h e  P i r a n i  gauge  ( f o r  t h e  l o w  p r e s s u r e s  o f  t h e  f l u o r i d e s )  

and t h e  Bourdon gauge  ( f o r  t h e  h i g h e r  p r e s s u r e s  o f  a r g o n ) .  

P i r a n i  g a u g e  p r e s s u r e s  w ere  c o r r e c t e d  f o r  t h e  d i f f e r i n g  

t h e r m a l  c o n d u c t i v i t i e s  o f  t h e  g a s e s  u s e d .^ ^ O

The n o n - i r r a d i a t e d  f i l a m e n t  o f  the  d osed  tw in  f i l a m e n t  

lamp was run a t  a known v o l t a g e  u n t i l  j u s t  b e f o r e  t h e  

f i l a m e n t  would be e x p e c t e d  to  f a i l  ( d e te r m in e d  from p r e v i o u s  

l i f e  t e s t  e x p e r im e n ts  ). The lamp was broken o p e n ,  th e  o p e r a t e d  

f i l a m e n t  removed,  and the  t o t a l  r a d i o a c t i v e  count on t h i s  

f i l a m e n t  was r e c o r d e d  ( u s i n g  a t h i n  window G e iger  M u l le r  

t u b e ,  M ullard  MX12 5^and a Panax t y p e  D657 c o u n t e r )  i n  Table_

5 . 8 . 2 / 1 . The f i l a m e n t  was t h e n  s e c t i o n e d  a s  shown i n  

F i g u r e s  5 . 8 . 2 ( c )  o r  ( d )  and t h e  r a d i o a c t i v e  c o u n t  and mass  

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

T a b l e s  3 . 8 . 2 / 2  and 3 . 8 . 2 / 3  and Graphs 3 * 8 . 2 / l  t o  3*

( b )  Temperature D e t e r m i n a t i o n s .

Tem peratures  a lo n g  th e  f i l a m e n t  o f  a 127 t u n g s t e n

h a l o g e n  ty p e  i n c a n d e s c e n t  lamp d o sed  o n l y  w i th  argon  

( 3  a t m o s . )  have been m easured .

The 1 2 7  35W .lamp was p l a c e d  v e r t i c a l l y , j p i n c h  down,

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

/
/



FIGURE ^ ^ 8 . 2 ( a ) -  The E x p e r i m e n t a l  Lamps

1 2 8 .

m a r k in g s

4,5 mm 
b e tw e e n  
c e n t r e s

S t a n d a r d  12V 55^ 12V 55W f i l a m e n t
a u t o  f i l a m e n t . ( l a b e l l e d  w i t h

'** n o t  t o  s c a l e .

a
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FIGURE 5 > 8 . 2 ( b )  -  A p p a ra tu s  f o r  d o s i n g  t h e  lamps*

0 - 7 6 0  t o r r  
p r e s s u r e
gauge______

P2O5
d r y i n g
t r a p s

t o  o i l ' d i f f u s i o n  
and r o t a r y  

<9= vacuum pumps
c y l i n d e r  o f  

Argon

c y l i n d e r  
o f  f l u o r i d e

Lamps

s y s t e m  A 
(known v o lu m e )
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FIGURE 3 « 6 » 2 ( c ) « F i l a m e n t  S e c t i o n s

(used  in  Table  5 , 8 , 2 / 2 )

1)1

C e n tr e  o f

f i l a m e n t

c o i l

Q

F r o n t  e l e v a t i o n  o f  h a l f  f i l a m e n t

/ V v \

End e l e v a t i o n
' !

o f  f i l a m e n t  *



FIGURE 5 . 8 . 2 f d ) . F i l a m e n t  S e c t i o n s  

( u s e d  i n  T a b le  ) . 8 . 2 / ) )

1)2 .

C e n tr e  o f

f i l a m e n t
c o i l

Q

V /

F r o n t  e l e v a t i o n  o f  h a l f  f i l a m e n t

/ V v v

End e l e v a t i o n  p f

f i l a m e n t
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185
TABLE 3 . 8 . 2 / 2  -  D i s t r i b u t i o n  o f  W T r a n s f e r  on t o  t h e __

Hot ( r u n n i n g )  F i l a m e n t s  i n  Lamps C o n t a i n i n g  

PNBr o and A r g o n .

( a )  Lamp 2A4 ( c o n t a i n i n g  25yng PNBrg and 5 a t m o s .  A r ) .

S e c t i o n  o f  

f i l a m e n t

Sect ion^"  

No.

A v e . Count m in “l  

a b o v e  back grou n d

A v e .  S e c t i o n

Mass (mg)

Count

. -1 -1min *̂ mg

b o t to m  o f  

f i l a m e n t  l e g s

1 ■ . 759 2 . 4 1 556

m i d d l e  o f  

f i l a m e n t  l e g s

2 ■ 807 2 . 0 7 589

t o p  o f

f i l a m e n t  l e g s

5 646 2 . 4 5 265

end t u r n s  o f  

c o i l

5 216 5 . 0 5 4 2 . 9

n e x t  t u r n s  

o f  c o i l

6 127 4 . 8 7 2 6 . 0

c e n t r e  t u r n s  

o f  c o i l

7 110 4 - 4 8 2 4 . 6

The S e c t i o n  N o s .  r e f e r  t o  F i g u r e  5 . 8 . 2 ( 0 ) •
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TABLE 5 . 8 . 2 / 2  ( c o n t i n u e d ) .

( b ) Lamp 3A2 ( c o n t a i n i n g PNBr^ and 5 a t m o s .  Ar)

S e c t i o n  o f  

f i l a m e n t

S e c t i o n  

No. ^

A ve .  Count m i n “  ̂

above  backgroun d

A v e .  S e c t i o n  

Mass (mg)

Count j
• -1 -1 min •'•mg ■

b o t to m  o f  

f i l a m e n t  l e g s

1 2694 0 . 9 5 2757

1

m i d d l e  o f  

f i l a m e n t  l e g s

2 4051- 1 . 0 5 3930

t o p  o f

f i l a m e n t  l e g s

3 8951 2 . 5 4 3402

end t u r n s  o f  

c o i l

5 8543 1 1 . 7 4 727

n e x t  t u r n s  o f  

c o i l

6 2561 7 . 5 7
1

312 j
I
i

c e n t r e  t u r n s  

o f  c o i l

7 1575 5 . 7 0 242 !
i

( c ) Lamps c o n t a i n i n g  a f l u o r i d e  a s  w e l l  a s  PNBro
185

The d i s t r i b u t i o n  o f  W t r a n s f e r r e d  on t o  t h e  h o t
i

( r u n n i n g )  f i l a m e n t  was n o t e d  f o r  lam ps  2B2 & 2B4 c o n t a i n i n g  

1 t o r r  S i P ^ ,  2 ^ g  PNBr2 5 a t m o s .  A r .  T h ere  was no s i g n ­

i f i c a n t  d i f f e r e n c e  i n  t h e  d i s t r i b u t i o n  o f  t h e  t r a n s f e r r e d  
185

W b e tw e en  t h e  lam ps  c o n t a i n i n g  8 i P  and t h o s e  w i t h o u t
4

S iP ^  ( i . e .  lam ps  2A4 and 5 ^ 2 ) .

4= The S e c t i o n  -Nos. r e f e r  t o  F i g u r e  5 * 8 . 2 ( c ) .
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185
TABLE 3 * 8 . 2 / 3  -  D i s t r i b u t i o n  o f  W T r a n s f e r r e d  on to  t h e

Hot ( r u n n i n g ) F i l a m e n t s  in .L a m p s  c o n t a i n i n g  

NF,  and A r g o n .

( a ) Lamp 2NF4/A1 ( c o n t a i n i n g  6 t o r r  NF^ a n d 3 a t m o s . A r g o n )

S e c t i o n  o f  

f i l a m e n t

S e c t i o n  

No .

Counts  min  ̂

ab o v e  b a ck g ro u n d

S e c t i o n

M ass(m g)

Counts

m in ”^mg"l

b o t to m  o f  

f i l a m e n t  l e g s

. ■.:>'l 7 4 . 7 3 . 1 2 4 . 1

t o p  o f

f i l a m e n t  l e g s

5 3 6 . 9 2 . 4 7 1 4 . 9

end t u r n s  o f  

c o i l

5 257^1 1 4 . 4 1 7 . 9

c e n t r e  t u r n s  

o f  c o i l

7 44 2 . 1 5 2 0 . 5

( b )  Lamp 2NF4 /B I  ( c o n t a i n i n g  6 t C r r  NF^ and 3 a t m o s .  a r g o n )3--------------- -----------------------

S e c t i o n  o f  

1 f i l a m e n t

S e c t i o n  

N o .

Counts  m in “l  

above  back grou n d

S e c t i o n

M ass(m g)

Counts

. -1 -1min •'■mg

j bo t to m  o f

f i l a m e n t  l e g s  j

1 4 8 . 5 3 . 5 7 1 3 . 6

t o p  o f  i 

• f i l a m e n t  l e g s |

3 6 . 7 2 . 5 7 2 . 6

end t u r n s  o f  

c o i l  1

5 1 3 9 . 4 1 7 . 1 7 8 . 7

c e n t r e  t u r n s  

o f  c o i l

7
8 1 .4 '

8 . 6 9 . 3 5

^  S e c t i o n  Nos r e f e r  t o  F i g u r e  3 . 8 . 2 ( d )

4 ^
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TABLE 3 . 8 . 2 / 3  ( c o n t i n u e d )

( c ) Lamp 2NF4/D1 ( c o n t a i n i n g  6 t o r r  NP  ̂ and 3 a t m o s .  Argon)

S e c t i o n  o f  

f i l a m e n t

S e c t i o n

No.^

Counts  m in ~ l  

above back grou n d

S e c t i o n

M ass(mg)

Counts

m in " » m g ' l

bo t to m  o f  

f i l a m e n t  l e g s

1 1 9 . 6 3 . 1 5 6 . 2

t o p  o f

f i l a m e n t  l e g s

3 8 . 6 2 . 8 5 3 . 0

end t u r n s  o f  

c o i l

5 1 6 7 1 7 . 7 5 9 . 4

c e n t r e  t u r n s  

o f  c o i l

7 5 2 . 8 6 . 7 5 7 . 8

S e c t i o n  N o s .  r e f e r  to  F i g u r e  3 . 6 . 2 ( d ) .
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GRAPH 3 . 8 . 2 / 1 . R a d i a t i v e  T r a n s f e r  on t o  F i lantent  2A4,
\

( lam p c o n t a i n e d  25^g PNBt2 and 5 a t m o s .  Ar)

*  r e f e r s  to  F i g u r e  5 * 8 . 2 ( c )
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■^AjPH. ) . 8^ 2 / 2 .  R a d i a t i v e  t r a n s f e r  on t o  F i l a m e n t  5A2 

( lam p c o n t a i n e d  ^ O j i g  PNBpg and 5 a tm os  Ar)

» r e f e r s  t o  F i g u r e  3 . 8 . 2 ( c )
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GRAPB 5 . 8 . 2 / 3 . R a d i a t i v e  T r e in s fe r  on t o  F i l a m e n t s  o f  t h e  

I 2NF4 Type.

( la m p s  c o n t a i n e d  6 t o r r  and 5 a tm os  Ar)

♦ r e f e r s  t o  F i g u r e  5 . 8 . 2 ( d )
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T r  yj

1 4 0.

v o l t a g e  a p p l ie d  to the f i l a m e n t .  The apparent ( b r i g h t n e s s )  

temperature o f  any part o f  the  f i la m e n t  was measured by 

comparing the b r ig h t n e s s  o f  that  part  with the  b r ig h t n e s s  

o f  the  f i la m e n t  o f  a d i r e c t  r ea d in g  d i s a p p e a r in g  f i la m e n t  

o p t i c a l  pyrometer (Pyro-Werk N0 3 I 6 I with  s p e c i f i e d  l e n s  G)* 

S e v e r a l  r e a d in g s  o f  the  f i la m e n t  temperature were taken in  

order  to  minimise v i s u a l  e r r o r s .  The apparent temperature  

was measured a t  v a r io u s  p o i n t s  both on the f i la m e n t  l e g s  

and on the i n s i d e  and o u t s i d e  o f  the f i la m e n t  c o i l .  The 

apparent ( b r ig h t n e s s  ) tem peratures  were converted  to  t ru e  

t em p er a tu r es ,  a cco r d in g  to de Vos^^l,  u s i n g  the formula

a » l o g e £ ( > k T )

where Xis t h e  w a v e l e n g t h  of t h e  pyrometer filter (6500S.)

Cg i s  the  con sta n t  in  the  Planck e q u at io n  f o r  the  

d i s t r i b u t i o n  o f  energy in  the  spectrum.

£ ( X t ) i s  the e m i s s i v i t y  o f  the part be ing  m easured^

T i s  the true  tem p erature .

i s  the temperature measured on the  pyrometer.

The r e s u l t s  fo r  an a p p l ie d  v o l t a g e  o f  1 ) . 2 7  are  shown 

on T a b l e - 3 . 8 . 2 / 4  and Graph 3 . 8 . 2 / 4 *

Further measurements o f  the  temperature  «of the cen tre

Footnote  $

The f i g u r e s  f o r  the e m i s s i v i t y  o f  the  d i f f e r e n t  p a r t s  

o f  the f i la m e n t  a t  d i f f e r e n t  tem peratures  were o b ta in e d  from 

r e f e r e n c e  1 3I ( f i l a m e n t  l e g s  and o u t s i d e  o f  c o i l )  and r e f e ­

ren ce  1 3 2  ( i n s i d e  the  f i la m e n t  co i l ) .

/



1 4 1 .

TABLE 3 * 6 . 2 / 4  T em p e ra t u r e  o f  a F i l a m e n t  a t  1 3 . 2 7 .

Po s i t i o n  

No*

Apparent( b r i g h t n e s s ) 

Temperature (k )

E m i s s i v i t y  

at 6 5 OO&

True tem perature  

(K)

1 5058 0 . 8 515 5

2 2 92 0 0 . 4 2 4 5 5292 '

5 3011 0 . 8 5 1 0 5

■ 4 . 2 9 2 0 0 . 4 2 4 5 5 2 9 2

5 3 0 1 8 0 . 8 3 1 1 5

6 2 92 0 0 . 4 2 4 5 529 2

7 3020 0 . 8 511 5

8 2588 0 . 4 2 4 9 5251

9 3 0 1 3 0 . 8 5 1 0 7

10 2 64 8 0 . 4 2 5 7 3200

11 2 95 6 0 . 8 5047

12 2 7 4 5 0 . 4 2 7 6 5 0 6 8

1 5 2888 0 . 8 2 9 7 5

1 4 2 5 8 6 O . 4 3 O8 2868

15 2 3 2 2 0 .4 5 5 8 2 5 4 4

1 6 2 1 9 7 0 .4 5 8 1 2 5 9 5

17 2 0 9 5 0 . 4 4 0 1 2 2 7 1

+ '  The p o s i t i o n  N o s .  r e f e r  t o  F i g u r e  3 . 8 . 2 ( e ) .



1 4 2 .

TABLE 3 . 8 . 2 / 5 » V a r i a t i o n  i n  t h e  T em p e ra tu r e  o f  t h e  C en tre

o f  the Filament Coil  w ith  V o l t a g e .

V oltage

Apparent( b r i g h t n e s s ) 

Temperature ( k ) E m i s s i v i t y

True 

tem perature  ( k )̂

' Outside In s id e O uts id e I n s i d e O uts ide In s id e

c o i l c o i l c o i l . c o i l c o i l c o i l

15 2 9 0 4 3031 0 .4 2 4 6 0 .8 3272 5127

1 5 . 2 2 9 2 2 5058 0 . 4 2 4 5 0 . 6 3295 5 155

14 2984 5111 0 . 4 2 3 i 0 . 8 5575 3211

16 '( 310 6 3249 0 .4 2 0 g 0 . 8 5555 5559

17 5158 3260 0.420% 0 . 8 3578 5592

18 3260 3 365 0 . 4 1 7 5 0 . 6 5 7 6 6* 5463

4* The t r u e  temperature measured on the  o u t s i d e  su r fa c e  

o f  the  c o i l  i s  ex p ec ted  to  be more a c c u r a te  than th a t  

measured on the  i n s i d e  su r fa c e  o f  the  c o i l  because th e  

e m i s s i v i t y  o f  the  o u t s i d e  s u r f a c e  has been measured more - 

a c c u r a t e l y .
I r ^  :

^  T his  f igure!  must be in  e r r o r  è in c e  i t  e x ce ed s  th e
! ' .  .

I m e l t i n g  p o in t  o f  t u n g s t e n .
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GRAPH 5 . 8 . 2 / 5 . ' T r u e  T e m p e r a t u r e '  o f  12V 5 5W F i l a m e n t

Coi l  a g a i n s t  A p p l i e d  V o l t a g e .
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1 4 5 .

FIGURE 5 . 8 . 2 ( e ) .  P o i n t s  où F i l a m e n t  -  u s e d  i n  t h e

T em p e ra tu r e  M ea su rem en ts  ( T a b l e  5 . 8 . 2 / 4 )

C e n tre  o f

f i l a m e n t

c o i l

F r o n t  e l e v a t i o n  o f  h a l f  f i l a m e n t

C
15

17

Aa )
1 •

End e l e v a t i o p  

o f  f i l a m e n t

I I
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s e c t i o n  o f  t h e  f i l a m e n t  were  made a t  a r a n g e  o f  v o l t a g e s  

( T a b l e  3 . 8 . 2 / 5  and Graph 3 . 8 . 2 / 5 ) .
f

D i s c u s s i o n  o f  E x p e r i m e n t a l  R e s u l t s .

In  a  t w i n  f i l a m e n t  la m p ,  t r a n s f e r  o f  t u n g s t e n  from t h e  

c o l d  t o  t h e ' h o t  f i l a m e n t  h a s  b een  fo u n d  t o  o c c u r  when e i t h e r  

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

i n t o  t h e  lam p.

I t  h a s  been s u g g e s t e d  e a r l i e r  ( s e c t i o n  5 . 8 . 1 ) ,  t h a t  

where t r a n s f e r  o f  t u n g s t e n  o c c u r s  a t u n g s t e n  h a l o g e n  

r e g e n e r a t i v e  c y c l e  i s  i n  o p e r a t i o n .  T h e r e f o r e ,  i t  f o l l o w s  

t h a t  w i t h  n i t r o g e n  t r i f l u o r i d e  i n t r o d u c e d  i n t o  t h e  lamp  

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

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

i n t r o d u c e d ^ i n t o  t h e  lamp i t  i s  n o t .

T h i s  can be e x p l a i n e d  t h e r m o d y n a m i c a l l y  by c o n s i d e r i n g
< * 

t h e  d e c o m p o s i t i o n  o f  t h e  i n t r o d u c e d  f l u o r i d e  t h u s

4" n P .  At l o w  t e m p e r a t u r e s  t h e  d e c o m p o s i t i o n  o f  t h e  

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

f o r  t h e  fo r w a r d  r e a c t i o n  a s  shown t h e  Gibbs  f r e e  e n e r g y ,

, i s  p o s i t i v e  and t h e  e q u i l i b r i u m  c o n s t a n t ,  K, i s  

l e s s  th an  u n i t y .  At h i g h  t e m p e r a t u r e s  t h e  d e c o m p o s i t i o n  

becomes f a v o u r a b l y  (AUy becom es  n e g a t i v e  and K becomes  

g r e a t e r  th a n  u n i t y ) .  The t e m p e r a t u r e  a t  w h ich  t h e  decom po­

s i t i o n  becom es  f a v o u r a b l e  ( &G° sO and K»1 ) i s  shown,  f o r  

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

f l u o r i d e ,  i n  T a b le  5 . 8 . 5 /1

S i n c e  t h e  h i g h e s t  t e m p e r a t u r e s  o b t a i n e d  i n  12V 55W

t u n g s t e n  h a l o g e n  t y p e  a u t o  lam p s  (when run a t  I 5 . 2V) i s  o f



TABLE 3 . 8 . 5 / 1

147

F l u o r i d e

T e m p e r a t u r e ( K ) a t  w hich

t h e  Gibbs  Free  E nergy  o f

F l u o r i d e  D e c o m p o s i t i o n

(AG°) i s  Z er o .
T

So u rce R e f e r e n c e

WPg

NP^

S iP

PP_

3560

2150

4450

5950

A pp endix  1 

B , J_. M cB r id e ,  

S .  H e rm e l ,

J . G. E h l e r  

& S .  Gordon.

1 3 3



1 4 8 .

t h e  o r d e r  o f  52OO-56OOK (o n  t h e  ’h o t  s p o t s '  ) i t  can be 

s e e n  t h a t  S iP ^  and PP^ w i l l  n o t  be d ecom posed  i n  a lam p ,  

w h e r e a s  NP^ w i l l  be a l m o s t  c o m p l e t e l y  decom posed  and t h e

s p e c i a l  c a s e  o f  WP w i l l  decom pose  o n l y  on t h e  ' h o t  s p o t s ' .
6

The s e t t i n g  up o f  a r e g e n e r a t i v e  f l u o r i n e  c y c l e  r e q u i r e s  

t h e  d e c o m p o s i t i o n  o f  t h e  i n t r o d u c e d  f l u o r i d e  i n  o r d e r  t o  

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

W (s) .*f  n P ( g )  WP^( g ) . T h e r e f o r e ,  o f  t h e  f l u o r i d e s  c o n s i ­

d e r e d  o n l y  NP^ (and WP  ̂ ) w i l l  l e a d  t o  t h e  s e t t i n g  up o f  t h e  

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

D u r in g  t h e  l i f e  o f  a f u s e d  q u a r t z  e n v e l o p e  lamp  

c o n t a i n i n g  a c o v a l e n t  f l u o r i d e  (NP^, PNPg» CP^ and S iP ^  

were c o n s i d e r e d )  S iP ^  i s  form ed ( S e c t i o n  5 . 7 ) by t h e  a c t i o n  

o f  f l u o r i n e  o r  t h e  f l u o r i d e  on t h e  f u s e d  q u a r t z  e n v e l o p e .  

When t h i s  o c c u r s  t h e  f l u o r i n e  i s  ' t r a p p e d *  i . e . c a n n o t  form  

f r e e  f l u o r i n e  a to m s  a t  t h e  f i l a m e n t  t e m p e r a t u r e  a n d ^ t h e r e -  

f o r e , C a n n o t  p a r t i c i p a t e  i n  t h e  r e g e n e r a t i v e  c y c l e .  A f t e r  

1 - 2  h o u r s  o f  norm al  r u n n i n g  i n  a 12V. 55W a u t o  lamp t h e  

m a j o r i t y  o f  t h e  f l u o r i n e  i s  p r e s e n t  a s  S i P ^ ,  so  t h a t  a f t e r  

t h i s  t im e  t h e  t u n g s t e n  f l u o r i n e  r e g e n e r a t i v e  c y c l e  w i l l  

c e a s e  t o  f u n c t i o n  i n  t h i s  lam p .  T h i s  a g r e e s  w i t h  t h e  e x p e ­

r i m e n t a l  e v i d e n c e  ( T a b l e  5 . 8 . 5 / 2 ) w hich  showed t h a t  a s  much
185

t r a n s f e r  o f  r a d i o a c t i v e  W o c c u r r e d  i n  a NP^ d o s e d  lamp  

run  ( a t  1 $ . 2 V )  f o r  I h o u r  a s  i n  a s i m i l a r l y  d o s e d  lamp run  

( a t  1 5 . 2V) f o r  16 o r  20 h o u rs  H o w ever ,  t h i s  ( l a t t e r )  

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

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

/
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The r e s u l t s  ( T a b l e  5 . 8 . 2 / 1 ) show t h a t  s e v e r a l  t i m e s  
185

more t r a n s f e r  o f  W h a s  o c c u r r e d  i n  t h e  n o r m a l l y  run  

•bromine* lam ps  th a n  h a s  o c c u r r e d  i n  t h e  s i m i l a r l y  run  

• f l u o r i n e *  l a m p s .  T h i s  i s  i n  k e e p i n g  w i t h  t h e  aim o f  f l u o r i d e  

d o s e s  ( i e  f o r  t h e  r e d e p o s i t i o n  ( o r  t r a n s f e r )  o f  t u n g s t e n  

o n l y  on  t o  t h e  *hot s p o t s * )  I t  was e x p e c t e d  oh therm od ynam ic  

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

t e m p e r a t u r e  r a n g e ,  t h e  'brom ine*  r e a c t i o n

WBr^( g ) ^  W ( s ) +  n B r ( g )  i s  more f a v o u r a b l e  t h a n  

t h e  ' f l u o r i n e *  r e a c t i o n  WPji(g) — ^ W(s ) -f* n P ( g )  ( i y .  t h e  

Gibbs  f r e e  e n e r g y  a t  any c o n s i d e r e d  t e m p e r a t u r e , Z \ G ^  , i s  

more n e g a t i v e  ( o r  l e s s  ^ . p o s i t i v e  ) i n  t h e  c a s e  o f  t h e  'brom ine*  

r e a c t i o n ) .

F u r t h e r  e x p e r i m e n t a l  e v i d e n c e  on t h e  ' f l u o r i n e  lamp* 

h a s  shown t h a t  a g r e a t e r  amount o f  t r a n s f e r  h a s  o c c u r r e d  

when t h e  t e m p e r a t u r e  o f  t h e  r u n n i n g  f i l a m e n t  h a s  been  

i n c r e a s e d  ( T a b l e  5 . 8 . 5/ 2 ) T h i s  i s  a l s o  c o m p a t i b l e  w i t h  

th erm od yn am ic  d a t a  w hich  s u g g e s t  t h a t  t h e  f l u o r i d e  decom­

p o s i t i o n  r e a c t i o n  WF^( g ) — ^  W( s ) * ^ n P ( g )  becom es  more 

f a v o u r a b l e  a s  t h e  t e m p e r a t u r e  i n c r e a s e s  (d«e.AG^> f o r  t h e  

r e a c t i o n  becom es  more n e g a t i v e  w i t h  i n c r e a s i n g  t e m p e r a t u r e ) .

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

t u n g s t e n  show t h a t  i n  t h e  c a s e  o f  t h e  ' f l u o r i n e  lamp* t h e  

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

f i l a m e n t  ( T a b l e  5 . 8 . 2 / 5  and Graph 5 . 8 . 2/ 5 ) w h e r e a s  i n  t h e  

c a s e  o f  t h e  'b rom in e  lamp* t h e  m a j o r i t y  o f  t h e  t r a n s f e r  h a s

b een  on t o  t h e  f i l a m e n t  l e g s  ( T a b l e  5 . 8 . 2 / 2  and Graphs  

5 . 8 . 2 / 1  and 5 . 8 . 2 / 2 ) .
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The m ea su red  d i s t r i b u t i o n  o f  t h e  t r a n s f e r r é d  t u n g s t e n  

on t h e  h o t  r u n n i n g  f i l a m e n t  i s  d e t e r m i n e d  by

( 1 )  The d e p o s i t i o n  o f  t r a n s f e r r i n g  t u n g s t e n  u h ib h  o c c u r s  

• 'H o n l y  ab o v e  t h e  ' i n v e r s i o n  t e m p e r a t u r e ' .  Above t h i s

t e m p e r a t u r e  t h e  r a t e  o f  d e p o s i t i o n  s h o u l d  be d e p e ­

n d e n t  on t h e  t e m p e r a t u r e  i n c r e a s e  a b o v e  t h e  ' i n v e ­

r s i o n  t e m p e r a t u r e ' .

( 2 ) The r e - e v a p o r a t i o n  o f  t r a n s f e r r e d  t u n g s t e n .  The 

e v a p o r a t i o n  o f  t u h g s t e n  from a p a r t i c u l a r  p o i n t

on t h e  f i l a m e n t  i s  d e p e n d e n t  on • t h e  t e m p e r a t u r e  

o f  t h a t  p o i n t .

( 5 ) The movement o f  t h e  t r a n s f e r r e d  t u n g s t e n  a l o n g  t h e  

t e m p e r a t u r e  g r a d i e n t  o f  t h e  f i l a m e n t .  The r a t e  o f  

t h i s  movement i s  d e p e n d e n t  on t h e  t e m p e r a t u r e  g r a d i e n t .  

With t h e  ' f l u o r i n e  lamp' ( i n v e r s i o n  t e m p e r a t u r e 5 1 00^ C) 

t r a n s f e r  a p p e a r s  t o  h a v e  o c c u r r e d  on t o  s e c t i o n s  o f  t h e  

f i l a m e n t  where t h e  t e m p e r a t u r e ,  was o n l y  ^  2000^C.  T h i s  

s u g g e s t s  e i t h e r  t h a t '  t h e  ' i n v e r s i o n  t e m p e r a t u r e '  i n  t h e  

' f l u o r i n e  lamp* i s  l o w e r  th a n  ) 1 0 0 ° C  o r  t h a t  a s u b s t a n t i a l  

amount o f  movement o f  t h e  t r a n s f e r r e d  t u n g s t e n  a l o n g  t h e  

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

d e p o s i t i o n .

With t h e  'b ro m in e  lamp' ( i n v e r s i o n  t e m p e r a t u r e ~ l 6 0 0 ° C )

a c o m b i n a t i o n  o f  t h e  t h r e e  f a c t o r s  m ig h t  e a s i l y  l e a d  t o  a
185

d i s t r i b u t i o n  o f  W o f  t h e  t y p e  o b t a i n e d .

3 . 8 . 4 . C o n c l u s i o n s .

T h e se  r a d i o c h e m i c a l  e x p e r i m e n t s  h a v e  shown t h a t  t r a n s f e r  

o f  t u n g s t e n  from a c o l d  ( n o n - r u n n i n g  ) f i l a m e n t  t o  a h o t  

( r u n n i n g )  f i l a m e n t  d o e s  o c c u r  i n  t h e  p r e s e n c e  o f  a s u i t a b l e
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f l u o r i d e .  T h i s  o c c u r r e n c e  o f  t r a n s f e r  h a s  p r o v e d  t h a t  a 

' f l u o r i n e  r e g e n e r a t i v e  c y c l e '  i s  i n  o p e r a t i o n  i n  a t u n g s t e n  

f l u o r i n e  lamp and t h a t , i n  p r i n c i p l e ,  a h e a l i n g  c y c l e  i s  

p o s s i b l e ,  w h ic h  c o u l d  m i n i m i s e  t h e  r a t e  o f  f o r m a t i o n  o f  

' h o t  s p o t s '  and i n c r e a s e  f i l a m e n t  l i f e .

The d i s t r i b u t i o n  o f  t r a n s f e r r e d  t u n g s t e n  w i t h  a f l u o r i d e
■

d o s e  i s  f a r  more e v e n  th a n  i s  o b t a i n e d  w i t h  a brom ide  d o s e .  ' 

H ow ever ,  t h e  amount o f  t r a n s f e r  w i t h  a bromide  d o s e  i s  f a r  

g r e a t e r  th a n  i s  o b t a i n e d  w i t h  a f l u o r i d e  d o s e .

5 • 9 D e v e lo p m e n t  o f  a Commercia l T u n g s t e n  F l u o r i n e  

I n c a n d e s c e n t  Lamp.

A l t h o u g h  i t  h a s  been p r o v e d  t h a t  a h e a l i n g  c y c l e  w i t h  

f l u o r i n e  i s  p o s s i b l e ,  t h e r e  a r e  many p r o b le m s  t o  s o l v e  

b e f o r e  t h e  p r o d u c t i o n  o f  a c o m m e rc ia l  f l u o r i n e  la m p .  The 

two p r i n c i p l e  p r o b le m s  a r e :

( 1 ) E a r l y  Lamp F a i l u r e .

I t  h a s  been shown by l i f e  t e s t  e x p e r i m e n t s  t h a t  t h e  

u s e  o f  a r e l a t i v e l y  l a r g e  f l u o r i n e  d o s e  i n  a lamp l e a d s  t o  

e a r l y  f a i l u r e .  T h is  i s  due t o  t h e  a t t a c k  o f  f l u o r i n e  on t h e  

t u n g s t e n  f i l a m e n t ,  t h e  m a j o r i t y  o f  w h ic h  i s  b e lo w  t h e  

' i n v e r s i o n  t e m p e r a t u r e '  o f  t h e  f l u o r i n e  r e a c t i o n .  T h i s  

a t t a c k  m ig h t  be c o m p e n s a t e d  f o r  by u s i n g  a m ixed  b r o m i d e /  

f l u o r i d e  d o s e .  The 'b ro m in e  c y c l e '  m ig h t  t h e n  c a u s e  t u n g s t e n  

t o  be r e d e p o s i t e d  on p a r t s  o f ' t h e  f i l a m e n t  w h ich  a r e  

a t t a c k e d  by f l u o r i n e .

( 2 )  The ' t r a p p i n g * o f  f l u o r i n e  a s  s i l i c o n  t e t r a ­

f l u o r i d e .

I t  h a s  been shown t h a t ^ i n  a f u s e d  q u a r t z  e n v e l o p e

/
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t u n g s t e n  f l u o r i n e  lam p ,  t h e  f l u o r i n e  a t t a c k s  t h e  q u a r t z  ■ 

e n v e l o p e  and i s  q u i c k l y  ’ t r a p p e d '  a s  s i l i c o n  t e t r a f l u o r i d e .  

When t h i s  o c c u r s  t h e  f l u o r i n e  can  no l o n g e r  t a k e  p a r t  i n  

t h e  f l u o r i n e  r e g e n e r a t i v e  c y c l e .  I n  a co m m e rc ia l  t u n g s t e n  

f l u o r i n e  lanp t h e  a t t a c k  o f  f l u o r i n e  on t h e  f u s e d  q u a r t z  

e n v e l o p e  must  be p r e v e n t e d .  T h i s  can be done i n  two p o s s i b l e  

ways* t h e  i n t e r n a l  f u s e d  q u a r t z  s u r f a c e  can be p r o t e c t e d  » 

w i t h  a l a y e r  o f  a f l u o r i n e  r e s i s t a n t  m a t e r i a l  ; o r  a d i f f e r e n t  

e n v e l o p e  m a t e r i a l  can be u s e d .  In  t h i s  l a t t e r  c a s e  i t  would  

be n e c e s s a r y  e i t h e r  f o r  t h e  e n v e l o p e  m a t e r i a l  t o  be c o m p l e ­

t e l y  f l u o r i n e  r e s i s t a n t  o r  f o r  a n y  f l u o r i d e  p r o d u c e d  t o  be 

n o n - v o l a t i l e  so  t h a t  a. l a y e r  of f l u o r i d e  p r o d u c e d  on t h e  

e n v e l o p e  s u r f a c e  p r o t e c t s  t h a t  s u r f a c e  from further f l u o r i n e  

a t t a c k .

In  a p a t e n t ^ ^ ^ , S c h r o d e r  h a s  s u g g e s t e d  t h e  u s e  o f  

c a l c i u m  f l u o r i d e  o r  magnes ium f l u o r i d e  a s  p r o t e c t i v e  c o a t i n g s  

f o r  t h e  i n t e r n a l  s u r f a c e  o f  t h e  q u a r t z  e n v e l o p e .  H ow ever ,  

t h e s e  c o a t i n g s  do n o t  a p p e a r  t o  h a v e  been  d e v e l o p e d  i n  a . _ 

c o m m e rc ia l  lam p .

The t u n g s t e n  f l u o r i n e  i n c a n d e s c e n t  lamp i s  now b e i n g  

d e v e l o p e d  by t h e  R e s e a r c h  D e p a r t m e n t ,  THORN LIGHTING LIMITED* 

L e i c e s t e r .
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CHAPTER 4 .  HALIDE FLUORIDES OF TUNGSTEN(vr).

4 . 1  I n t r o d u c t i o n  t o  H e x a v a l e n t  T r a n s t i o n  M e t a l  M ixed  H a l i d e s .

B e f o r e  t h e  i d e n t i f i c a t i o n  o f  a h e x a v a l e n t  t r a n s i t i o n  

m e t a l  m i x e d - ^ h a l i d e , l o w e r  o x i d a t i o n  s t a t e  t r a n s i t i o n  m e t a l  

m ixed  h a l i d e s  were  w e l l  c h a r a c t e r i s e d .  E xam p les  o f  t h e s e  

l o w e r  o x i d a t i o n  s t a t e  m ix ed  h a l i d e s  a r e  t i t a n i u m  c h l o r i d e  

t r i f l u o r i d e  ( ¥ i C l F _ ) ^ ^ ^  vanad ium  c h l o r i d e  t r i f l u o r i d e ,  

(VCIF^)^^ n i o b i u m  t e t r a c h l o r i d e  f l u o r i d e  (NbCl^F)^  

t a n t a l u m  t e t r a c h l o r i d e  f l u o r i d e  (TaC l^F)^^?  and osmium  

i o d i d e  t e t r a f l u o r i d e  (O sIF^)^^® .  •

The h e x a v a l e n t  t r a n s i t i o n  m e t a l  m ix ed  h a l i d e ,  t u n g s t e n  

c h l o r i d e  p e n t a f l u o r i d e  (WCIF^),  was p r e p a r e d  by t h e  e x c h a n g e ,  

r e a c t i o n  b e tw e en  t u n g s t e n  h e x a f l u o r i d e  and t i t a n i u m  t e t r a ­

c h l o r i d e . ^ ^

S i n c e  t h a t  t i m e  t h e  c o m p l e t e  r a n g e  o f  t u n g s t e n ( V l )  

c h l o r i d e  f l u o r i d e s  WCl^F^.^, h a v e  b een  p r e p a r e d  o r  i d e n t i -

f i e d ^ ’ ^^^and rhenium  c h l o r i d e  p e n t a f l u o r i d e  h a s  been  .

,142p r e p a r e d  .

A l t h o u g h  t h e  m ixed  c h l o r i d e  f l u o r i d e s  o f  m o ly b d e n u m ( v ) , 

MoClgF^^^^ MoCl^F^44p h a v e  b een  p r e p a r e d ,  no m ixed

c h l o r i d e  f l u o r i d e  o f  m olyb d eu m (V l )  h a s  been r e p o r t e d .  The  

d e c i s i v e  f a c t o r  must be t h e  o x i d i s i n g  s t r e n g t h  o f  t h e  

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

denum h e x a f l u o r i d e  a r e  more numerous  t h a n  t h o s e  o f  t u n g s t e n  

h e x a f l u o r i d e  but r e d u c t i o n  o f  M o(V l)  a l w a y s  o c c u r s ? .  For  

e x a m p l e ,  boron t r i c h l o r i d e  r e a c t s  w i t h  t u n g s t e n  h e x a f l u o r i d e  

t o  form V; W Cl^F^ w h e r ea s  t h e  r e a c t i o n  o f  b oron  t r i c h l o r i d e  

w i t h  molybdenum h e x a f l u o r i d e  p r o d u c e s  MOgCl^F^.
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H e x a v a l e n t  t r a n s i t i o n  m e t a l  bromide  f l u o r i d e s  h a v e  

p r o v e d  more d i f f i c u l t  t o  p r e p a r e  th a n  t h e  c h l o r i d e  f l u o r i d e s .  

T h e r m a l l y  u n s t a b l e  h e x a v a l e n t   ̂ Mo B r ^?2 ( c i s  and T r a n s )  

and o t h e r  m olybdenum (Vl)  bromide  f l u o r i d e s  h a v e  been
1 Qf

r e p o r t e d  i n  lo w  y i e l d s  i n  t h e  p r e p a r a t i o n  o f  t h e  p e n t a -  

v a l e n t  s o l i d  Mo^^rP^ from t h e  r e a c t i o n  b e tw e e n  molybdenum  

h e x a f l u o r i d e  and molybdenum h e x a c a r b o n y l  i n  t h e  p r e s e n c e  

o f  b r o m in e .  T here  have  been no o t h e r  r e p o r t s  o f  h e x a v a l e n t  

t r a n s i t i o n  m e t a l  bromide f l u o r i d e s .

A l t h o u g h  i t  i s  d i f f i c u l t  t o  p r e p a r e  t h e  h e x a v a l e n t  

t r a n s i t i o n  m e t a l  bromide f l u o r i d e s ,  some o f  t h e  c o r r e s p o n d i n g  

Group VI non m e t a l  bromide f l u o r i d e s  a r e  f a i r l y  e a s y  t o  

p r e p a r e .  T e l l u r i u m  bromide p e n t a f l u o r i d e  h a s  been  p r e p a r e d  

by t h e  a c t i o n  o f  f l u o r i n e  on t e l l u r i u m  t e t r a b r o m i d e  a t  

25^ 0^4 5 , S u lp h u r  bromide p e n t a f l u o r i d e  h a s  b een  p r e p a r e d  by 

t h e  b r o m i n a t i o n  o f  d i  s u l p h u r  d e c a f  l u o r i d e  a t  1 5 0 ®C^^^. and  

by t h e  a c t i o n  o f  bromine and brom ine  p e n t a f l u o r i d e  on  

s u l p h u r  t e t r a f l u o r i d e  a t  1 0 0 ^ 0 ^ 4 7 ,

<4.2 S t a b i l i t y  o f  H e x a v a l e n t  T r a n s i t i o n  M et a l  Mixed H a l i d e s .

The h e x a v a l e n t  t r a n s i t i o n  m e t a l  m ix e d  h a l i d e s  a r e  

t h e r m a l l y  u n s t a b l e *  t u n g s t e n  c h l o r i d e  p e n t a f l u o r i d e  " '

d e c o m p o se s  s l o w l y  a t  room t e m p e r a t u r e  ( 24h r )  bu t  i s  s t a b l e  

f o r  s e v e r a l  w eeks  a t  - 1 0 ^ 0^4 0 , and rh en iu m  c h l o r i d e  p e n t a ­

f l u o r i d e  d eco m p o ses  r a p i d l y  a t  room t e m p e r a t u r e  and s l o w l y  

e v e n  a t
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4 . 3 .  M ethods  o f  P r e p a r a t i o n  o f  H e x a v a l e n t  T r a n s i t i o n  M e t a l  

Mixed H a l i d e s .

H e x a v a l e n t  c h l o r i d e  f l u o r i d e s  can be p r e p a r e d  by

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

an a p p r o p r i a t e  f l u o r i d e .  A l l  t h e  known MCIP^ compounds e x c e p t

SeClP^ ha v e  been  p r e p a r e d  by t h e  s l o w  f l u o r i n a t i o n  o f  a

c h l o r i d e :  SCIP^ from s u l p h u r  d i c h l o r i d e  a t  - 1 0 ® Te Cl P^

from TeC1^^45^ WCIP^ from WCl^^^O and ReClP^ from ReCl^^^^.

S e le n iu m  c h l o r i d e  p e n t a f l u o r i d e  h a s  b een  p r e p a r e d  by c h l o r i n -
149a t i o n  o f  t h e  s a l t  CsSeP^ w i t h  CISO^P . T u n g s t e n  c h l o r i d e  

f l u o r i d e s  h a v e  been p r e p a r e d  from t h e  h e x a f l u o r i d e  by h a l o g e n  

e x c h a n g e  w i t h  t i t a n i u m  t e t r a c h l o r i d ^ ^ * ,  b oron  t r i c h l o r i d e ^  

o r  t r i m e t h y l  c h l o r o s i l a n e  ( i n  t h e  p r e s e n c e  o f  a n h y d r o u s
6 0 , 1 4 1

h y d r o g e n  c h l o r i d e  ) .

T u n g s t e n  c h l o r i d e  f l u o r i d e s  h a v e  now b een  p r e p a r e d  by 

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

S e c t i o n  4 . 5 ) .  i

Some a t t e m p t s  have  b een  made t o  p r e p a r e  t h e  bromide  

f l u o r i d e s  o f  t u n g s t e n  (V T) ,  ( S e c t i o n  4 * 6 ) .  T u n g s t e n  brom ide  

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

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

h e x a c a r b o n y l .

4 . 4 . I d e n t i f i c a t i o n  o f  H e x a v a l e n t  T r a n s i t i o n  M e t a l  Mixed  

H a l i d e s  by N. M. R.  S p e c t r o s c o p y .

In  t h i s  work on m ix ed  h a l i d e s  o f  t h e  h e x a v a l e n t  

t r a n s i t i o n  m e t a l s ,  t h e  t e c h n i q u e  o f  ^^P n u c l e a r  m a g n e t i c  

r e s o n a n c e  s p e c t r o s c o p y  ( N . M. R. )  h a s  p r o v e d  u s e f u l  f o r  t h e

/
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i d e n t i f i c a t i o n  o f  r e a c t i o n  p r o d u c t s  w i t h o u t  t h e  n e e d  f o r  

s e p a r a t i o n ,  The book o f  Emsley, F e e n e y  and S u t c l i f f e ^ ^ ^  h a s  

been u s e d  i n  t h e  i d e n t i f i c a t i o n  o f  c h e m i c a l  s h i f t s  and  

c o u p l i n g  c o n s t a n t s .  ■

E x p e r i m e n t a l  d e t a i l s  o f  t h e  N. M. R.  S p e d t r o s c o p y  a r e  

g i v e n  i n  S e c t i o n  5 . 3 , 9 ,

4 . 5 * P r e p a r a t i o n  o f  T u n g s t e n ( V l )  C h l o r i d e  F l u o r i d e s  by 

t h e  C h l o r i n a t i o n  o f  T u n g s te n  P e n t a f l u o r i d e .

T u n g s t e n  p e n t a f l u o r i d e  was p r e p a r e d  a s  d e s c r i b e d  i n  

S e c t i o n  5 . 2 . 3 .

The p r e v i o u s l y  d r i e d  a p p a r a t u s  ( F i g u r e  4 . 5 . I )  was  

a s s e m b l e d ,  e v a c u a t e d  and f l a m e d  o u t .  A f t e r  b r e a k i n g  t h e  

b rea k  s e a l  ( a ) , an e x c e s s  o f  dry  c h l o r i n e  was d i s t i l l e d  

on t o  t h e  t u n g s t e n  p e n t a f l u o r i d e  i n  t r a p  B ( a t  -1 9 6 ® C ) .

A r c t o n  (CFCl^) from t r a p  C was added  t o  a c t  a s  a 

s o l v e n t .  The r e a c t i o n  m i x t u r e  i n  t r a p B  was h e l d  a t  -40®C 

f o r  7 h o u r s  and th e n  at -7^0 o v e r n i g h t .  D u r in g  t h i s  t i m e  a 

s l o w  c o l o u r  change  o c c u r r e d  from y e l l o w  t h r o u g h  d eep  r e d  

t o  brown. C h l o r i n e  was d i s t i l l e d  from t h e  r e a c t i o n  m i x t u r e  

. a t  - 9 6 ®C.

Some o f  t h e  v o l a t i l e  p r o d u c t s  were  d i s t i l l e d  from

t r a p  B ( a t  -50®C) i n t o  N. M. R.  t u b e  D ( a t  -1 9 6 ® C ) .  The
IQN. M. R.  tu b e  was s e a l e d  o f f  a t  X. The ^F N. M. R.  s p e c t r u m  ,

( a t  - 30®c)  o f  t h i s  more v o l a t i l e  f r a c t i o n  ( a  p a l e  y e l l o w  

s o l u t i o n )  showed s i g n a l s  w h ic h  were  a t t r i b u t a b l e  t o  t u n g s t e n  

h e x a f l u o r i d e ,  t u n g s t e n  c h l o r i d e  p e n t a f l u o r i d e  and a r c t o n .

Trap B, c o n t a i n i n g  t h e  l e s s  v o l a t i l e  p r o d u c t s ,  was / 

s e a l e d  a t  Y.  T h e , l i q u i d  from t h i s  f r a c t i o n  was d e c a n t e d  i n t o
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N. M. R.  t u b e  E w h ic h  was s e a l e d  o f f  a t  Z. At -50  C t h i s ,  l e s s  

v o l a t i l e  f r a c t i o n  was an o r a n g e  s o l u t i o n  ( c o n t a i n i n g  some 

o r a n g e / y e l l o w  s o l i d )  which  g a v e  a N. M. R.  sp e c t r u m  

( F i g u r e  4 . 5 . 2 ) s h o w in g  s i g n a l s  a t t r i b u t a b l e  t o  t u n g s t e n  

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

and a v e r y  weak s i g n a l  a t t r i b u t a b l e  t o  t r a n s  t u n g s t e n  

d i c h l o r i d e  t e t r a f l u o r i d e .

FIGURE 4 . 5 . 1 . -  A p p a ra tu s  f o r  t h e  R e a c t i o n  B etw een  C h l o r i n e

and T u n g s t e n  P e n t a f l u o r i d e .
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d r i e r

1 r
t o  d i f f u s i o n  
& r o t a r y  
vacuum pumps

s u l p h u r i c
a c i d

b u b b l e r
NMR t u b e  D

b r e a k  s e a l  A

t r a p  b ( c o n t a i n i n g
NMR tu"b

t r a p  C 
( c o n t a i n i n g  CPCl 
d r i e d  o v e r  PpOc)c h l o r i n e

c y l i n d e r



CJ

Mce!
g,
£T

159

•P

C\J

rH

m

CI

< r p

CO

!
i 1rs

I I
i i

rO
(â

-p
0

rO
•H
A

■p
-pd

B
oA

«H
i'd

I—I 0) 
•H 
«H

g
• «

CM
I—IO

p 1
d)

rH
A rO

C - d
p

urS d
iH ,0

•H
-P ■ ÎH
d P

P
•» d

m
A
0 A

rf\
C -

G
0

-p n
rt «H
d

-p Tl
CQ iH
Ih (D
0 . *H
ü «H

kÙ
d 0

•H 'd
rH
A G

A
0 A
ü

•P CM
•H

P
d

P p
<D 0)

rH rH
rO W]

Pî
0 •H

'd d

d d

•ft- *



160.

4- .6 . A t t e m p t e d  P r e p a r a t i o n s  o f  Tung3ten(vr)  Bromide F l u o r i d e s  •

4 . 6 . 1 .  By t h e  R e a c t i o n  b e tw e e n  Bromine and T u n g s t e n  

P e n t a f l u o r i d e .

T u n g s t e n  p e n t a f l u o r i d e  was p r e p a r e d  a s  d e s c r i b e d  i n  

S e c t i o n  5 * 2 . 5 .  In  t h i s  r e a c t i o n  i t  was u s e d  i n  a f a i r l y  

impure form ( c o n t a m i n a t e d  w i t h  t u n g s t e n  t e t r a f l u o r i d e ) .

Bromine was p u r i f i e d  by s e v e r a l  d i s t i l l a t i o n s  and d r i e d  

by s t a n d i n g  o v e r  p h o sp h o r u s  p e n t o x i d e  f o r  one  d a y .

The p r e v i o u s l y  d r i e d  a p p a r a t u s  ( F i g u r e  4 . 6 . 1 ( a ) )  was 

a s s e m b l e d ,  e v a c u a t e d  and f l a m e d  o u t .  A f t e r  b r e a k i n g  break  

s e a l  A, a s m a l l  q u a n t i t y  o f  bromine  was d i s t i l l e d  on t o  t h e  

t u n g s t e n  p e n t a f l u o r i d e  i n  t r a p  B ( a t  - 1 $ 6 ° C ) .  A r c t o n  was  

d i s t i l l e d  i n t o  t r a p  B t o  a c t  a s  a s o l v e n t .  The r e a c t i o n  .. 

m i x t u r e  was h e l d  a t  - 40°C f o r  1 2 h r .

Some o f  t h e  most v o l a t i l e  f r a c t i o n  was d i s t i l l e d  from

t r a p  B ( a t  - 7 8 ° c )  t o  t h e  N. M. R.  t u b e  C ( a t  -1 9 6 ® C ) .  The
19N. M. R.  tu b e  was s e a l e d  o f f  a t  X. The P N. M. R.  sp e c t r u m  

( a t  - 2 0 ° C )  o f  t h i s  v o l a t i l e  f r a c t i o n  ( a  p a l e  y e l l o w  s o l u t i o n )  

showed s i g n a l s  w h ic h  were  a t t r i b u t a b l e  o n l y  t o  t u n g s t e n  

h e x a f l u o r i d e  and a r c t o n .

Trap B was s e a l e d  o f f  a t  Y, t h e  l i q u i d  d e c a n t e d  i n t o  

N. M. R.  t u b e  D, and t h i s  N. M. R.  t u b e  s e a l e d  o f f  a t  Z. At  

- 2 0 ^ 0  t h i s  l e s s  v o l a t i l e  f r a c t i o n  was a r e d /b r o w n  s o l u t i o n  

c o n t a i n i n g  a b r o w n / b l a c k  s o l i d .  The ^^F N. M. R.  s p e c t r u m  o f  

t h i s  f r a c t i o n  was r e c o r d e d  a t  - 2 0 ° C  ( F i g u r e  4 * 6 . 1 ( b ) )  and  

showed s i g n a l s  due t o  t u n g s t e n  h e x a f l u o r i d e  and a r c t o n  and  

a v e r y  weak d o u b l e t  w h ic h  m ig h t  be a t t r i b u t a b l e  t o  t h e  

e q u a t o r i a l  f l u o r i n e  a to m s  i n  t u n g s t e n  brom ide  p e n t a f l u o r i d e .

/
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T h i s  d o u b l e t  o c c u r r e d  a t ^ l 8 p p r a  d o w n f i e l d  from t u n g s t e n  

h e x a f l u o r i d e  and had a c o u p l i n g  c o n s t a n t  o f i / 6 7 o p s .

FIGURE 4 . 6 ^ 1 ( a ) . A p p a r a tu s  f o r  t h e  R e a c t i o n  b e tw e e n  Bromine

and T u n g s t e n  P e n t a f l u o r i d e .
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4 . 6 * 2  • By t h e  B r o m o f l u o r i n a t i o n  o f  T u n g s t e n  H e x a c a r b o n y l .

Bromine was p u r i f i e d  by s e v e r a l  d i s t i l l a t i o n s ,  d r i e d  

by s t a n d i n g  o v e r  p h o s p h o r u s  p e n t o x i d e ,  and d i s t i l l e d  i n t o  

t r a p  A. T u n g s t e n  h e x a c a r b o n y l  ( 5 g )  w&s p u r i f i e d  by s u b l i m ­

a t i o n  b e f o r e  b e i n g  i n t r o d u c e d  i n t o  t h e  n i c k e l  r e a c t o r .

The p r e v i o u s l y  d r i e d  a p p a r a t u s  ( F i g u r e  4 . 6 . 2 ( a ) )  was  

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

( S e c t i o n  5 . 1 . 5 ) .  Dry n i t r o g e n  was p a s s e d  o v e r n i g h t  ( t h r o u g h  

t a p  T i ) .  With t a p  T^ c l o s e d  and t a p s  T2 and T^ o p e n ,  

f l u o r i n e  ( d i l u t e d  w i t h  n i t r o g e n )  was p a s s e d  t h r o u g h  t h e  

a p p a r a t u s  a t  a r a t e  o f  ? g / h r  ( t h e  f l u o r i n e -  g e n e r a t o r  was  

s e t  a t  IOA) f o r  two h o u r s .  The f l u o r i n e  p a s s i n g  t h r o u g h  t h e  

brom ine  c a u s e d  a m i x t u r e  o f  t h e  b r o m o f l u o r i d e s  ( i n c l u d i n g  

bromine  and f l u o r i n e )  t o  be p a s s e d  o v e r  t h e  t u n g s t e n  h e x a ­

c a r b o n y l .  The t u n g s t e n  h e x a c a r b o n y l  was h e a t e d  a t  r e g u l a r  

i n t e r v a l s  w i t h  a g a s  t o r c h .  Non v o l a t i l e  p r o d u c t s  were  

c o l l e c t e d  i n  t r a p  B ( a t  room, t e m p e r a t u r e )  and v o l a t i l e  

p r o d u c t s  were  c o l l e c t e d  i n  t r a p  C ( a t  -1 85^ C )

With t a p  T i  o p e n ,  n i t r o g e n  was p a s s e d  t h r o u g h  t h e  

a p p a r a t u s  f o r  s e v e r a l  h o u r s  t o  e x p e l  f l u o r i n e  from t h e  

s y s t e m .  The a p p a r a t u s  was c o n n e c t e d  t o  a vacuum s y s t e m  

( a t  J )  and e v a c u a t e d  back t o  t a p  T5 . T rap s  B and C were  - 

s e a l e d  o f f  a t  X,Y and Z.

The v o l a t i l e  p r o d u c t s  i n  t r a p  C were  f r a c t i o n a l l y  

vacuum d i s t i l l e d  t h r o u g h  t r a p s  a t  - 5 0 ° C ,  &78°C and - l o 6°C 

( F i g u r e  4 . 6 . 2 ( b ) ) .  S p e c im e n s  from e a c h  t r a p  were  p o u re d  

i n t o  t h e  N.M.R* t u b e s  and t h e  ^^F N. M. R.  s p e c t r a  were  

r e c o r d e d .

/
/



1 6 4 .

The N. M. R.  sp e c t ru m  o f  t h e  s p e c im e n  from t h e  -^50°C

t r a p ( D )  o n l y  showed a s ig n a . l  a t t r i b u t a b l e  t o  BrP^. The

N. M. R.  s p e c t r u m  ( a t  -15®C) o f  t h e  s p e c im en  from t h e

-196®C t r a p  ( P )  showed s i g n a l s  a t t r i b u t a b l e  t o  WP, ando
BrP^ ( a  d o u b l e t  28ppm u p f i e l d  from 7fP  ̂ and a q u i n t e t  

112ppm d o w n f i e l d  from WP^) -  s e e  F i g u r e  4 . 6 . 2 ( c ) .  H o w e v e r , ,  

t h e  ^^P N. M. R.  s p e c t r u m " ( a t  0®C) o f  t h e  s p e c im e n  from t h e  

“78®C t r a p  ( e )  ( s e e  F i g u r e  4 . 6 . 2 ( d ) )  showed s i g n a l s  due t o  

BrP^ ( a s  a b o v e )  and BrP^ ( a  broad  s i g n a l  168ppm u p f i e l d  i 

from t h e  Br"F  ̂ d o u b l e t )  and an u n i d e n t i f i e d  d o u b l e t  ( 6 ppm 

d o w n f i e l d  from t h e  BrP^ d o u b l e t  o r  2 2 ppm u p f i e l d  from WP^) 

w h ich  m ig h t  be a t t r i b u t a b l e  t o  t h e  f o u r  e q u i v a l e n t  f l u o r i n e  

atom s  i n  WP^BU. (This d o u b l e t ,  w i t h  a c o u p l i n g  c o n s t a n t ,  , 

( J p _ p ) ,  o f  8 6 c p s  showed f u r t h e r  s p l i t t i n g  w h ic h  c o u l d  be 

due t o  c o u p l i n g .
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FIGURE 4 . 6 . 2 ( a )  -  A p p a r a tu s  f o r  t h e  B r o m o f l u o r i n a t i o n  o f

T u n g s t e n  H e x a c a r h o n y l .

■18 5°C \ u

t r a p  A 
( c o n t a i n i n g

dry  Br2 )

t u n g s t e n  
h e x a c a r h o n y l  
i n  a n i c k e l  

b o a t
t r a p  B

t r a p  C
s u l p h u r i c

a c i d
b u b b l e r

f i g u r e  a . 6 . 2 ( b )  -  Vacuum D i s t i l l a t i o n  A p p a r a t u s .

t r a p  C

t o  ^ a cuum 
pumps
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FIGURE 4.6.2(c) - ^F N.M.R. Spectrum from Trap P.

_A
BrP^

(-112ppm  from WPg)

FIGURE 4 « 6 e 2 ( d )  -  N. M. R.  Spectrum  from Trap E#

H

BrP^
(+I68ppm from  
BrPc d o u b l e t )

\

( -6ppm from
BrP^ d o u b l e t )
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4 . 6 . $ .  U n s u c c e s s f u l  A t t e m p t e d  P r e p a r a t i o n s  o f  Brom ide  

F l u o r i d e s  o f  T u n g s t e n ( V I ) •

S e v e r a l  o t h e r  p o s s i b l e  m e th o d s  o f  p r e p a r a t i o n  o f  

t u n g s t e n ( v r )  bromide f l u o r i d e s  were  a t t e m p t e d  but a l l  

p r o v e d  t o  be c o m p l e t e l y  u n s u c c e s s f u l .  The r e a c t i o n  b e tw e en  

t u n g s t e n  h e x a f l u o r i d e  and boron t r i b r o m i d e  ( b o t h  i n  t h e  

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

s o l i d  t u n g s t e n  brom id es  e v en  i n  t h e  p r e s e n c e  o f  e x c e s s  

t u n g s t e n  h e x a f l u o r i d e .  The r e a c t i o n  b e tw e e n  t u n g s t e n  

h e x a f l u o r i d e ,  t u n g s t e n  h e x a c a r h o n y l  and brom ine  was a l s o  

n o t  s u c c e s s f u l  i n  t h e  p r o d u c t i o n  o f  t u n g s t e n ( V l )  brom ide  

f l u o r i d e s .

4 . 7  . A D i s c u s s i o n  on t h e  F o r m a t io n  o f  T u n r s t e n ( V l )  Bromide
C

P e n t a f l u o r i d e .

4 . 7 *1 . The C o n f l i c t i n g  E v i d e n c e .

The e x p e r i m e n t s  ( S e c t i o n  4 *6 ) h a v e  shown two p o s s i b l e

m e th o d s  o f  p r e p a r a t i o n  o f  t u n g s t e n  brom ide  p e n t a f l u o r i d e .
19In  b o t h  c a s e s  F K.M.R.  e v i d e n c e  was u s e d  t o  s u g g e s t  t h e  

p r e s e n c e  o f  WF^Br i n  t h e  p r o d u c t *  H o w ever ,  t h e  ^^F N. M. R.  

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

o f  t h e  r e a c t i o n  b e tw een  bromine  and t u n g s t e n  p e n t a f l u o r i d e  

show a v e r y  weak ^^F N. M. R.  d o u b l e t  a t  ISppm d o w n f i e l d  from  

t u n g s t e n  h e x a f l u o r i d e ,  w h e r e a s ,  t h e  p r o d u c t s  o f  t h e  bromo-  

f l u o r i n a t i o n  o f  t u n g s t e n  h e x a c a r h o n y l  show a ^^F N. M. R.  

d o u b l e t  a t  22ppm u p f i e l d  from t u n g s t e n  h e x a f l u o r i d e .  Each  

d o u b l e t  was o r i g i n a l l y  a s s i g n e d  t o  t h e  f o u r  e q u i v a l e n t  

f l u o r i n e  atom s i n  WF B r .  C l e a r l y  b o t h  d o u b l e t s  c a n n o t  be
5

a s s i g n e d  t o  t h e s e  a t o m s .

//
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4 * 7 ' 2 .  P o s s i b l e  P r e d i c t i o n  o f  Chemical  S h i f t s  i n

T u n g s t e n ( V l )  bromide  p e n t a f l u o r i d e .
19 'P N. M. R.  c h e m i c a l  s h i f t s  a r e ,  l i k e  a l l  N. M. R.  

c h e m i c a l  s h i f t s ,  d e p e n d en t  on t h e  s h i e l d i n g  o f  t h e  n u c l e u s  

by t h e  s u r r o u n d i n g  e l e c t r o n s  i . e .  on t h e  e l e c t r o n  d e n s i t y  

a r o u n d  t h e  n u c l e u s .

In  a s i m p l e  t r e a t m e n t  o f  a mono s u b s t i t u t e d  t u n g s t e n ( V l )  

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

n e g a t i v i t y  o f  t h e  s u b s t i t u t e d  grou p  ( x ) .  D e c r e a s i n g  t h e  

e l e c t r o n e g a t i v i t y  o f  t h i s  group  c a u s e s  an i n c r e a s e  i n  t h e  

e l e c t r o n  d e n s i t y  a round  t h e  f l u o r i n e  a tom s (an  i n c r e a s e  i n  

s h i e l d i n g )  a n d ,  t h e r e f o r e ,  an u p f i e l d  c h e m i c a l  s h i f t  ( F i g u r e  

4 . 7 . 2 ) . . .

FIGURE 4 * 7 * 2 .  -  S h i e l d i n g  M echan ism s

e l e c t r o n  push ( d o n o r )

F , , ' ' — "W "T—' <  I— *X

h i g h e r  s u b s t i t u e n t  l e s s

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

d e n s i t y .  t h a n  f l u o r i n e .

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

compound MeOWF  ̂ whose ^^F c h e m i c a l  s h i f t s  a r e  4 t  7^ppm
151u p f i e l d  w i t h  r e s p e c t  t o  t u n g s t e n  h e x a f l u o r i d e  .

U s i n g  t h i s  argum ent t h e  c h e m i c a l  s h i f t s  i n  WF^Br 

w ou ld  be u p f i e l d  w i t h  r e s p e c t  t o  WF  ̂ s i n c e  bromine  i s  l e s s  

e l e c t r o n e g a t i v e  th a n  f l u o r i n e .  H ow ever ,  t h e  ^^F N. M. R.
1 4 0 , 1 4 1

s p e c t r u m  o f  WF^Cl, w h ich  c o n t a i n s  a d o u b l e t  a t  l6ppm

d o w n f i e l d  from WF  ̂ due t o  t h e  f o u r  e q u i v a l e n t  f l u o r i n e  atoms,  

and a q u i n t e t  ab )9ppm u p f i e l d  from WFg due t o  t h e  r e m a i n i n g

/
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f l u o r i n e  atom , ca n n o t  be e x p l a i n e d  i n  t e r m s  o f  t h e  e l e c t r o ­

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

t o  c h e m i c a l  s h i f t s  a r e  complex, so .  t h a t  a p r e d i c t i o n  ■

o f  t h e  c h e m i c a l  s h i f t s  i n  t u n g s t e n  brom ide  p e n t a f l u o r i d e

i s  n o t  p o s s i b l e .  '

4 . 7 .3*  A s s ig n m e n t  o f  t h e  C o n f l i c t i n g  N. M. R.  D a t a .

I t  i s  now s u g g e s t e d  t h a t  t h e  ^^F N. M. R.  d o u b l e t  

o b s e r v e d  a t  22ppm u p f i e l d  from t u n g s t e n  h e x a f l u o r i d e  

s h o u l d  be a s s i g n e d  t o  t h e  f o u r  e q u i v a l e n t  f l u o r i n e  atom s  

i n  WF^Br. The r e a s o n s  f o r  t h i s  a re*

( 1 ) T h i s  s i g n a l  i s  a w e l l  c h a r a c t e r i s e d  d o u b l e t  s h o w in g  

f u r t h e r  c o u p l i n g  c o u p l i n g )  w h e r e a s  t h e

s i g n a l  a t  18 ppm d o w n f i e l d  from WF  ̂ i s  v e r y  weak

( h a r d l y  more th a n  n o i s e )  and no f i n e  s t r u c t u r e  can  

be o b s e r v e d .

• ( 2 ) The r e a c t i o n  b e tw e en  bromine  and t u n g s t e n  p e n t a -  

« f l u o r i d e  was c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f  a r c t o n

( CF Cl j )  and i t  i s  p o s s i b l e  t h a t  an e x c h a n g e  r e a c t i o n  

m ig h t  h a v e  l e d  t o  t h e  f o r m a t i o n  o f  WP^Cl. T h i s  

would  e x p l a i n  a weak d o u b l e t  a t  ^  18ppm d o w n f i e l d  

from WFg ( WFrCl p r o d u c e s  a d o u b l e t  a t  16 ll 5PP®
^ 1 4 1

d o w n f i e l d  from WF  ̂ ) .

The s u g g e s t i o n s  im p ly  t h a t  t h e  b r o m o f l u o r i n a t i o n  o f  

t u n g s t e n  h e x a c a r h o n y l  ( S e c t i o n  4 * 6 . 2 )  p r o d u c e s  some t u n g s t e n  

brom ide  p e n t a f l u o r i d e ,  w h e r e a s  t h e  r e a c t i o n  b e tw e e n  brom ine  

and t u n g s t e n  p e n t a f l u o r i d e  ( S e c t i o n  4 . 6 . I )  d o e s  n o t .
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4 . 8  C o n c l u s i o n s ''and S u g g e s t i o n s  f o r  F u tu r e  Work.

The e v id en ce  s u g g e s t s  th a t  tu n g s te n  bromide p e n t a ­

f l u o r i d e  i s  produced; t o g e t h e r  with t u n g s te n  h e x a f l u o r id e  

and some non v o l a t i l e  tu n g s te n  bromides, in  the  bromoflu-  

o r i n a t i o n  o f  tu n g s te n  h e x a ca rh o n y l .  T h e r e fo r e ,  t h i s  

p re l im in a ry  p r e p a r a t iv e  work shows the  p o s s i b i l i t y  o f  

product ion  o f  th e  s e r i e s  o f  t u n g s t e n ( V l )  bromide f l u o r i d e s .  

Further work i s  n e c e s s a r y .  A f u r t h e r  study  o f  the  bromo- 

f l u o r i n a t i o n  o f  tu n g s te n  hexacarhonyl  might prove f r u i t f u l .

A comparison o f  the r e a c t i o n s  o f  tu n g s te n  p e n t a f l u o r i d e  

with  c h lo r in e  ( g i v i n g  WF ,̂ WF^Cl and WF^Clg) and with  

bromine ( g i v i n g  WFg with no o th e r  d e f i n i t e  product)  

s u g g e s t s  that  the  bromide f l u o r i d e s  o f  t u n g s t e n ( V l )  are  

even l e s s  s t a b l e  than the  correspond ing  c h l o r i d e  f l u o r i d e s .  

T h er e fo r e ,  s p e c i a l  care must be"taken in  f u tu r e  p r e p a r a t iv e  

work to  ensure th a t  any tungsten,  bromide f l u o r i d e s  are  not  

i n a d v e r t e n t l y  decomposed.

/;
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CHAPTER 5 . -  EXPERIMENTAL METHODS.

5 .1  R eact ion  Procedures

5 . 1 . 1  I n t r o d u c t i o n .

The h a l i d e s  which have been c o n s id er ed  in  t h i s  work

a r e  e x t r e m e ly  m o is tu r e  s e n s i t i v e  and have r e q u i r e d  s p e c i a l

oare  in prep a ra t io n  and hajidlihg..

F lu o r id e s  ( t h e  most r e a c t i v e  h a l i d e s )  a t t a c k  g l ^ s s

by r e a c t i o n s  o f  the type

SiOg +  2MF^ —»  SiF^ +  2M0F^^2

In the presen ce  o f  t r a c e s  o f  m o is t u r e ,  the  h y d r o l y s i s

l e a d s  to a chain decom posit ion  r e a c t i o n  thus

’ 2MF_- +  2H_0 - ^ » 4HF +  2M0 F .n .-I . n —t

8iOg 4* 4HF — *  8iF^ +  gE^O  

which has chain t e r m in a t in g  s t e p s  thus  

SiF^ + 2HF ^HPHgSiF^

3SiF^ + SHgO — >HgSiO^ + 2HgSiF^
However, i t  has been p o s s i b l e  to  use pyrex g l a s s  apparatus  

f o r  handliiTg;the f l u o r i d e s  a t  tem peratures  below 200°C 

provided th a t  the  g l a s s  was ad e q u a te ly  d r i e d .

5 . 1 . 2  General Handling Technique.

The h a l i d e s  have been handled in  vacuum, dry gas f low  

and dry box sy s te m s .

(a )  Vacuum systems  

Glass vacuum systems have been w id e ly  u sed .  The vacuum^

Footnote

* Pyrex* i s  a tradename. A t y p i c a l  com posit ion  o f  pyrex  

g l a s s  i s  7 5 . 5#  SiOg, 17# BgOj, 2#  Al^O^, 4#  & 1 . 5#  KgO

/
/

/
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“3 •with p r e s s u r e s  down to 10 t o r r ,  was ob ta in ed  by the use o f  

a 'Genevac ' r o t a r y  pump and a mercury d i f f u s i o n  pump.

Where p o s s i b l e  on the  g l a s s  vacuum system , j o i n i n g

was a c h iev e d  by g l a s s  b lowing .  'Q u ick f i t*  type  ta p s  and

j o i n t s  were used but were kept to  a minimum, p a r t i c u l a r l y

in  the v i c i n i t y  o f  the  r e a c t i o n .  The 'Q u ick f i t*  ta p s  and

j o i n t s  were g r ea se d  w ith  Edwardshigh vacuum g rea se  or

Apiezon L g r ea se  except in  the  v i c i n i t y  o f  the r e a c t i o n  where 
*

Kel F 90 g rea se  was u sed .

Before u s e ,  a l l  g l a s s  vacuum systems were d r ied  by • 

f lam ing  under h igh  vacuum. The d e s ig n  o f  a r e a c t i o n  system  

was v a r ie d  to  s u i t  the  p a r t i c u l a r  p r e p a r a t io n  but the

pumping arrangement was not  a l t e r e d  (F ig u re  5 . 1 . 2 ( a ) ) .
’ ■ ' (

FIGURE 5 . 1 .2 ( a ) . Vacuum Pumping Arrangement f o r  Vacuum

R ea ct ion  System s.

to  
system

two way 
tap

mercury
manometer

l i q u i d  
n i t r o g e n  

c o ld  trap

mercury  
d i f f u s i o n  pump r o ta r y  

vacuum pump
F o o t n o t e . ^  .

Tradename. A polymeriCj g r ea se  ( Cl ( GFg-OFCl ) Clglwhich . i s

u n r e a c t i v e .
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( b )  Gas Flow Systems*

The major gas f lo w  system which has been used i s  the  

f l u o r i n e / n i t r o g e n  gas f lo w  system p a r t i c u l a r l y  f o r  the  

f l u o r i n a t i o n  o f  m e t a l s .

A mixture o f  pure dry f l u o r i n e  ( s e e  S e c t i o n  5 . 1 . 3 ) and 

n i t r o g e n  was passed  over  the u s u a l l y  h ea ted  m e t a l .  A t y p i c a l  

r e a c t i o n  apparatus i s  shown in  F igure  5 . 1 . 2 ( b ) .  S ince  the  

r e a c t i o n  temperature o f t e n  exceeded  200®C ( e i t h e r  by e x t e r ­

nal  h e a t i n g  or because  the  r e a c t i o n  was ex o th er m ic )  i t  was 

n e c esd a ry  to  use a n i c k e l  r e a c t o r  ( A) .  The remainder o f  the  

apparatus was u s u a l l y  *pyrex* g l a s s .  Air t i g h t  s e a l s  were 

o b ta in e d  between the r e a c t o r  and the g l a s s  by means o f  

compression un ions  and neoprene r i n g s  ( b ) .  For e a se  o f  

i n s t a l l a t i o n ,  a n i c k e l  boat (C) was used to  c o n ta in  the  

r e a c t a n t  m e ta l .  I t  was usua l  to  f u r t h e r  dry the gas mixture  

b efore  r e a c t i o n  by p a s s in g  through a l i q u i d  oxygen c o ld  

t r a p  (d )  ( a t  - 185° C) .  Liquid  n i t r o g e n  ( B . P t .  - 196°C)

cannot be used because i t  would condense out l i q u i d  f l u o r i n e
J)

( B . P t . ^-187^0 ).  The su lp h u r ic  a c i d  bubbler ( e )  a t  the  end 

o f  the f lo w  apparatus preven ted  m ois ture  e n t e r i n g  the  

a p p a ra tu s .

The products  o f  f l u o r i n a t i o n  were condensed in  co ld  

t r a p s  ( f ),  the nature  o f  which was dependent on the  p a r t i c ­

u l a r  f l u o r i n a t i o n .

I
i
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( c )  Dry Box S y s te m s#

I n v o l a t i l e  h a l i d e s  were  h a n d l e d  i n  an a u t o m a t i c a l l y

r e c i r c u l a t i n g  d r y ,  o x y g e n  f r e e . L i n t o t t  Mark 11 g l o v e  b o x ,

u s i n g  s t a n d a r d  d ry  box p r o c e d u r e #  The m o i s t u r e  and o x y g e n

were  c o n t i n u o u s l y  rem oved  from t h e  g l o v e  box by m o l e c u l a r

s i e v e  ( t y p e  L in d é  No# 5 )  and h e a t e d  (250®C-) manganous o x i d e

r e s p e c t i v e l y #  The r e g e n e r a t i o n  o f  b o th  a g e n t s  c o u l d  be

c a r r i e d  o u t  r e g u l a r l y  i n  s i t u #  The e n t r y / e x i t  chamber was

c o n n e c t e d  t o  a vacuum pump and t h e  r e c i r c u l a t i n g  g a s  s u p p l y

so  t h a t  m o i s t u r e  c o u l d  be e x c l u d e d  when i n t r o d u c i n g  a p p a r a t u s
•»

i n t o  t h e  d ry  box# In  a d d i t i o n  a l l  a p p a r a t u s  was d r i e d  b e f o r e  

i n t r o d u c t i o n  i n t o  t h e  dry  box and  ̂ o p e r a t i o n s  i n  t h e  dry   ̂

box were  c a r r i e d  o u t  a s  q u i c k l y  a s  p o s s i b l e #

5#1 # 5  Nse  o f  t h e  F l u o r i n e  G e n e r a t i n g  C e l l#

R e a c t i o n s  i n v o l v i n g  f l u o r i n e  g a s  were  c a r r i e d  o u t  u s i n g  

a s t a n d a r d  medium t e m p e r a t u r e  f l u o r i n e  g e n e r a t o r  ( F i g u r e  

5 . 1 # 3 ( a ) )  s u p p l i e d '  by I m p e r i a l  Chem ica l  I n d u s t r i e s  L t d ,

Mond D i v i s i o n .  The s t a n d a r d  o p e r a t i n g  and s e r v i c i n g  

i n s t r u c t i o n s  were  f o l l o w e d #

The f l u o r i n e  p r o d u c e d  was f r e e d  from h y d r o g e n  f l u o r i d e  

by p a s s a g e  th r o u g h  a c o p p e r  t r a p  c o n t a i n i n g  a n h y d r o u s  

sodium  f l u o r i d e #  The l a s t  t r a c e s  o f  h y d r o g e n  f l u o r i d e  were  

rem oved  i n  a l i q u i d  o x y g e n  t r a p  i n c o r p o r a t e d  i n  t h e  r e a c t i o n  

a p p a r a t u s #

The perm anent  s y s t e m  ( F i g u r e  5 * 1 . 5 ( l ))- was c o n s t r u c t e d  

o f  c o p p er#  The l e a d s  o f  c o p p e r  t u b i n g  were c o n n e c t e d  t o  

t h e  g l a s s  r e a c t i o n  a p p a r a t u s  u s i n ^ ' . c o m p r e s s i o n  u n i o n s  and  

n e o p r e n e  r i n g s #

The w h o le  a p p a r a t u s  was e n c l o s e d  i n  a fume cupboard#

/
/
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FIGURE 5‘. 1 . 3 ( a )  F l u o r i n e  G e n e r a t i n g  E l e c t r o l y t i c  C e l l

( d i a g r a n m t i c  )

e x i t e x i t

neo  p r e n e  
i n s u l a t  i o n

, s k i r t

h e a t e r

.j

: l i q u i d  —J-----
e l e c t r o l y t e

p o r o u s  c a r b o n  
a no d e

s o l i d  e l e c t r o l y t e

mi ld '  s t e e l  c o n t a i n e r  ( c a t h o d e )
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nCÜRE 5 .1 .3 (b) Fluorine Generating and Purification System.
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5 . 2 .  P r e p a r a t i o n s •

5 .2 ,1 ,  Preparation of  V o la t i l e  Transition Metal H exafluorides•

The v o l a t i l e  t r a n s i t i o n  m e t a l  h e x a f l u o r i d e s  WPg, MoP^,

■ ReP^ and OsP^ were a l l  p r e p a r e d  by t h e  same g e n e r a l  method
Q

o f  f l u o r i n a t i n g  t h e  m e t a l ^ .

I m m e d i a t e l y  b e f o r e  e a c h  p r e p a r a t i o n  a n y  o x i d e  i m p u r i -  

t i e s  were  rem oved  from t h e  m e t a l ^ ^ e a t i n g  t h e  m e t a l  t o  d u l l  

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

i t  t o  c o o l  i n  t h e  h y d r o g e n  s t r e a m .  ( s e e P i g u r e  5 . 2 . 1 ( a ) . )

The p r e v i o u s l y  d r i e d  a p p a r a t u s  ( P i g u r e  5 * 2 . 1 ( b ) . )  was  

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

( S e c t i o n  5 » 1 * 5 ) .  Trap B c o n t a i n e d  a n h y d r o u s  sodium f l u o r i d e  

o v e r  w h ich  t h e  h e x a f l u o r i d e s  a r e  g e n e r a l l y  s t o r e d .  Trap A 

was c o o l e d  i n  l i q u i d  o x y g e n  ( - 1 8 5 ° C )  and d ry  o x y g e n  f r e e  

n i t r o g e n  was p a s s e d  th r o u g h  t h o  a p p a r a t u s  o v e r n i g h t .

The f l u o r i n e  g e n e r a t o r  was s w i t c h e d  on and t h e  c u r r e n t  

s l o w l y  i n c r e a s e d  t o  20A ( g i v i n g  1 5g f l u o r i n e  p e r  h o u r  % A 

m i x t u r e  o f  f l u o r i n e  and n i t r o g e n ^  was p a s s e d  s l o w l y  th r o u g h  

t h e  s y s t e m .  Trap B was c o o l e d  w i t h  l i q u i d  o x y g e n .  The 

r e a c t i o n  was i n i t i a t e d  and m a i n t a i n e d  a t  v a r i o u s  t i m e s  

t h r o u g h  t h e  r e a c t i o n  by e x t e r n a l l y  h e a t i n g  t h e  n i c k e l  r e a c t o r .  

The v o l a t i l e  h e x a f l u o r i d e  c o n d e n s e d  i n  Trap B. When t h e  

r e a c t i o n  was c o m p l e t e  ( i . e .  a f t e r  a l l o w i n g  s u f f i c i e n t  t im e  

f o r  t h e  p a s s a g e  o f  i j  t i m e s  t h e  r e q u i r e d  amount o f  f l u o r i n e  

. p l u s  one  e x t r a  h o u r )  t h e  f l u o r i n e  g e n e r a t o r  was t u r n e d  o f f .

The a p p a r a t u s  was t h e n  p u rg e d  w i t h  d r y  n i t r o g e n  f o r  1 t o  2 

h o u r s .  With t h e  n i t r o g e n  o f f  and t a p  T c l o s e d  t h e  a p p a r a t u s

’ ! /
/
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FIGURE 5 . 2 . 1 ( a )  -  R e d u c t i o n  o f  O x id e  I m p u r i t i e s  i n  M e t a l

R e a c t a n t s .

H- i n l e t
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r e a c t a n t

% b u r n i n g  o f f

m e t a l

FIGURE 5 . 2 . 1 ( b )  -  A p p a r a t u s  f o r  t h e  P r e p a r a t i o n  o f

V o l a t i l e  H e x a f l u o r i d e s .
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FIGURE 5 . 2 . 1 ( c ) A p p a r a tu s  f o r  t h e  r e d i s t l l l a t l o n  o f

t h e  V o l a t i l e  H e x a f l u o r i d e s *

i n t e r i m
d i s t i l l a t i o n

t r a p
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Trap B



1 8 1 .

was s e a l e d  o f f  a t  X ,  J o i n t  Y was c o n n e c t e d  t o  a  vacuum

s y s t e m  and t h e  a p p a r a t u s  s e a l e d  a t  Z.

U s i n g  a s t a n d a r d , p r e v i o u s l y  d r ied ^ vacu u m  a p p a r a t u s  

( P i g u r e  5 »2 . 1 ( c ) . )  t h e  h e x a f l u o r i d e  was p u r i f i e d  by d i s t i ­

l l a t i o n  i n t o  b reak  s e a l  t r a p s  (A) c o n t a i n i n g  a n h y d r o u s  : 

sod iu m  f l u o r i d e .  Each t r a p  was pumped a t  - 7 8 ®C f o r  a f e w  

m i n u t e s  ( t o  remove a n y  s i l i c o n  t e t r a f l u o r i d e ) b e f o r e  b e i n g  

s e a l e d  a t  X .a n d  s t o r e d  ( a t  - ) 0 ° C )  r e a d y  f o r  u s e .

5 . 2 . 2  F u r t h e r  P u r i f i c a t i o n  o f  Rhenium H e x a f l u o r i d e .

Rhenium h e x a f l u o r i d e  p r e p a r e d  by t h i s  method ( p r e v i o u s  

s e c t i o n )  was c o n t a m i n a t e d  w i t h  rhen ium  h e p t a f l u o r i d e ^ ® .

The impure h e x a f l u o r i d e  was p u r i f i e d  by p a s s i n g  o v e r  h e a t e d  

rh en iu m  m e t a l  ( f r o m  w h ic h  o x i d e  i m p u r i t i e s  had j u s t  been  

rem o v ed )  i n  a s t r e a m  o f  dry  n i t r o g e n .

I ' The R e P ^ / R e F j  m i x t u r e  was d i s t i l l e d  i n t o  a s p e c i a l  two 

b r e a k  s e a l  t r a p ( A ) ,  w h ich  was t h a i b u i l t  i n t o  t h e  p u r i f i c a ­

t i o n  a p p a r a t u s .  ( F i g u r e  5 * 2 . 2 ) .  Dry n i t r o g e n  was p a s s e d  

th r o u g h  t h e  a p p a r a t u s  o v e r n i g h t .  A f t e r  f l a m i n g  o u t  t h e  v  ' 

a p p a r a t u s ,  the'  b reak  s e a l s  ( B ) were  b r o k e n ,  t a p  T^ was

c l o s e d  and t h e  ReF^/ReFy was s w e p t  o v e r  t h e  h e a t e d  r h e n iu m ,

w i t h  a s l o w  s t r e a m  o f  dry  n i t r o g e n ,  i n t o  t r a p  C w h ic h  was 

c o o l e d  w i t h  l i q u i d  o x y g e n .  On c o m p l e t i o n  o f  t h e  p u r i f i c a t i o n ,  

t r a p  C was s e a l e d  a t  X, c o n n e c t e d  t o  a vacuum l i n e  ( a t  

j o i n t  J ) ,  pumped o u t  f o r  a f e w  m i n u t e s  a t  -78®C and s e a l e d  

o f f  a t  Y. The h e x a f l u o r i d e  i n  t r a p  C v/as t h e n  r e a d y  f o r  

p u r i f i c a t i o n  by vacuum d i s t i l l a t i o n  ( s e e  p r e v i o u s  S e c t i o n )  

and s t o r a g e  o v e r  a n h y d r o u s  sod ium  f l u o r i d e  i n  p y r e x  b reak  

s e a l  v e s s e l s  a t  - 5 0 ° C .

/
/
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As w e l l  a s  r e d u c i n g  ReP^ t o  ReP^, t h i s  p u r i f i c a t i o n  

p r o c e d u r e  a l s o  r e d u c e s  any  v o l a t i l e  ReOP^ i m p u r i t y  t o  the  

l e s s  v o l a t i l e  ReOP^, The ReOP^ was t h e n  s e p a r a t e d  i n  t h e  

s u b s e q u e n t  d i s t i l l a t i o n .

PIGURE 5 . 2 . 2 .  -  A p p a r a tu s  f o r  t h e  P u r i f i c a t i o n  o f  Rhenium

H e x a f l u o r i d e .

t o  fume 
cupboard

dry  N i n l e t

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

t a p  T
JSSr

Trap Crhen ium  m e t a l

i n  n i c k e l

boat

two b reak  
s e a l  t r a p b reak  s e a l

s u l p h u r i c  

a c i d  b u b b l e r
d r y i n g  t r a p
c o o l e d  t o  

-1 8 5 ° C
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^ . 2 . 5  P r e p a r a t i o n  and P u r i f i c a t i o n  o f  T u n g s te n

P e n t a f l u o r i d e .

T u n g s t e n  p e n t a f l u o r i d e  was p r e p a r e d  from t u n g s t e n  

h e x a f l u o r i d e  and h e a t e d , t u n g s t e n  w i r e s  u s i n g  t h e  method
j. 6o f  S c h r o d e r  and Grewe .

The s p e c i a l  q u a r t z  a p p a r a t u s  ( s u p p l i e d  by Dr S c h r o d e r )  

was s e t  up a s  shown i n  F i g u r e s  5 * 2 . 3 ( a ) a r d  ( b ) ,  e v a c u a t e d ,  

f l a m e d  o u t  and t h e  t u n g s t e n  w i r e s  b r i e f l y  b r o u g h t  t o  r e d  

h e a t .  The a p p a r a t u s  was f i l l e d  w i t h  b e tw e en  250 and 4 0 0 t o r r  

o f  t u n g s t e n  h e x a f l u o r i d e  and t a p  T c l o s e d .  A l a r g e  Dewar 

v e s s e l  c o n t a i n i n g  c o d l i n g  l i q u i d  ( a t  -60®C) was b r o u g h t  up 

t o  t h e  e l e c t r o d e s .  The w i r e s  ( A ) were  h e a t e d  by p a s s i n g  an  

AC c u r r e n t  o f 1 5 - 1?A a t  2 . 6  V o l t ,  The w i r e s  were  o n l y  

a l l o w e d  t o  r e a c h  a d u l l  r e d  g l o w .  As t h e  r e a c t i o n  p r o c e e d e d  

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

The c o o l i n g  b a t h  was m a i n t a i n e d  a t  -5 5  t o  -6 5 ° C  t h r o u g h o u t  

t h e  r e a c t i o n .  T u n g s t e n  p e n t a f l u o r i d e  was c o n d e n s e d  on  t h e  

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

The end o f  t h e  s y n t h e s i s  ( u s u a l l y  a f t e r  a b o u t  7 h o u r )  

was d e t e r m i n e d  e i t h e r  by t h e  c o n s u m p t io n  o f  t h e  h e x a f l u o r i d e  

o r  by t h e  b u r n i n g  t h r o u g h  o f  t h e  w i r e s .

A f t e r  s w i t c h i n g  o f f  t h e  h e a t e r  c u r r e n t  and r e m o v in g  t h e  
v e s s e l

l a r g e  D e w a ^ ^ , th e  s i d e  arm ( b )  o f  t h e  a p p a r a t u s  was c o o l e d  

t o  - 1 9 6 ^ 0 . The t u n g s t e n  p e n t a f l u o r i d e  was t h @ i s u b l i m e d  i n t o  

t h e  s i d e  arm. T h i s  p u r i f i e d  t u n g s t e n  p e n t a f l u o r i d e  was s c r ­

a p e d  i n t o  t h e  a m p o u le (C )  w i t h  t h e  m a g n e t ( D ) ,  t h e  e x c e s s  o f

/
/
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t u n g s t e n  h e x a f l u o r i d e  was pumped away and t h e  ampoule  was  

s e a l e d  o f f  ( a f t e r  c l e a n i n g  t h e  s e a l i n g  o f f .  p o i n t )  a t  X.

FIGURE 5 . 2 . 5 ( a )  -  A p p a r a tu s  f o r  t h e  P r e p a r a t i o n  o f

T u n g s t e n  P e n t a f l u o r i d e

s t o p p e r ( w i t h  
r e t a i n i n g  s p r i n g s )

Tap T .

s p r i n g

h e a t i n g  s u p p l yc e n t r a l
t u n g s t e n
s u p p o r t

e l e c t r o d e s
s p r i n g s

c o p p e r
h o ld e r ,

Cap. s l e e v e

t a u t  t u n g s t e n  
w i r e s  ( a ) ’*'

( d i a  0 . 4mm) : s i d e  arm (B)

ampoule  ( C)

co p p e r  
cro s s

magnet  ( D)
4.

F o o t n o t e  ^

For  m o d i f i c a t i o n  i n  S e c t i o n  2 . 5 . 4 ( b ) : t h e s e  a r e  r e p l a c e d  by
I

molybdenum w i r e s  in  t h e , p r e p a r a t i o n  o f  molybdenum p e n t a f l u
I r  ^

o r i d e .  ' . ^
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FIGURE 5 . 2 . 5 ( b )  -  Vacuum S y s tem  f o r  t h e  P r e p a r a t i o n  o f

T ungsten  P e n t a f l u o r i d e .

to  vacuum 
pump
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-, 5 * 2 . 4  P r e p a r a t i o n  and P u r i f i c a t i o n  o f  Molybdenum

P e n t a f l u o r i d e .

Molybdenum p e n t a f l u o r i d e  was f i r s t  p r e p a r e d  by t h e

r e a c t i o n  o f  e l e m e n t a r y  f l u o r i n e  w i t h  molybdenum h e x a c a r h o n y l  
X 52

a t  -75°C . I t  h a s  s i n c e  b een  p r e p a r e d  by t h e  r e d u c t i o n

o f  t h e  h e x a f l u o r i d e  w i t h  môlybdenum c a r b o n y l  o r  t u n g s t e n  

c a r b o n y l  a t  2 5 ^C^^^, by t h e  r e d u c t i o n  o f  t h e  h e x a f l u o r i d e  

w i t h  molybdenum powder a t  5 0 0 - 4 0 0 ®C^^^, and by t h e  r e a c t i o n  

o f  d i l u t e  f l u o r i n e  w i t h  molybdenum powder a t  400®G^^^. The 

d e d u c t i o n  o f  t h e  h e x a f l u o r i d e  w i t h  molybdenum powder h a s  

been u s e d  a s  t h e  s t a n d a r d  m eth od  o f  p r e p a r a t i o n  o f  m o l y b ­

denum p e n t a f l u o r i d e  i n  t h i s  t h e s i s .  A n o t h e r  m ethod  o f  

p r e p a r a t i o n  o f  molybdenum p e n t a f l u o r i d e ,  i n v o l v i n g  t h e  

r e d u c t i o n  o f  molybdenum h e x a f l u o r i d e  by h e a t e d  molybdenum  

w i r e s ,  h a s  b een  d e v e l o p e d .

( a )  S t a n d a r d  Method o f  P r e p a r a t i o n  o f  Molybdenum 

P e n t a f l u o r i d e .

Molybdenum p e n t a f l u o r i d e  .was p r e p a r e d  by t h e  r e d u c t i o n  

o f  t h e  h e x a f l u o r i d e  w i t h  moüjbdenum powder a t  5 0 0 - 4 0 0 ^ 0 .

I m m e d i a t e l y  b e f o r e  t h e  p r e p a r a t i o n ,  any  o x i d e  i m p u r i ­

t i e s  were  rem oved  from t h e  molybdenum powder by h e a t i n g  

t h e  m e t a l  a t  d u l l  r e d  h e a t  i n  a s t r e a m  o f  h y d r o g e n  f o r  i j h r  

and a l l o w i n g  t o  c o o l  i n  t h e  h y d r o g e n  s t r e a m  ( s e e  S e c t i o n  

5 . 2 . 1 ) .  U s i n g  t h e  molybdenum h e x a f l u o r i d e  i n  a s p e c i a l

’ two b r e a k - s e a l '  t r a p  ( A ) ,  t h e  a p p a r a t u s ( P i g u r e  5 * 2 . 4 )  was
#

made u p ,  d r i e d  and a s s e m b l e d .  W ith  t a p  T  ̂ o p en ^ d ry  o x y g e n -  

f r e e  n i t r o g e n  was p a s s e d  th r o u g h  t h e  a p p a r a t u s  o v e r n i g h t .

The f u r n a c e  was s e t  a t  5 0 0 - 4 0 0 ° C .  The b reak  s e a l s  ( B ) were
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bro ke n ,  t a p  c l o s e d  and t h e  molybdenum p e n t a f l u o r i d e  swept

s l o w l y  o v e r  t h e  h e a t e d  molybdenum i n  a s lo w  s tr ea m  o f  dry

n i t r o g e n .  Molybdenum p e n t a f l u o r i d e  ran down th e  s l o p i n g

n i c k e l  tu b e  i n t o  t r a p  C ( a t  - 7 8 ° C ) .

On c o m p l e t i o n  o f  th e  r e a c t i o n ,  t h e  n i t r o g e n  s u p p l y  was 
and

.tu rn ed  o f f ^  t r a p  C was s e a l e d  a t  X, c o n n e c t e d  t o  a vacuum 

system(at  j o i n t  j ) ,  pumped o u t  a t  room t e m p e r a t u r e  and s e a l e d  

o f f  a t  Y.

The p e n t a f l u o r i d e  i n  t r a p  C was p u r i f i e d  by vacuum 

s u b l i m a t i o n .

FIGURE 5 . 2 . 4  -  A p p a ra tu s  f o r  t h e  P r e p a r a t i o n  o f  Molybdenum 

P e n t a f l u o r i d e  by t h e  S ta n d a rd  Method.

break s e a l  ( B)

f u r n a c e

t o  fume 
cupboarddry Ng 

(Ĉ  fr e e )

t r a p  D a t
n i c k e l
r e a c t o r

t r a p  C

n i c k e l  boat  

c o n t a i n i n g  
molybdenum 

powder

t  ra

s u l p h u r i c
a c i d  b u b b l e r
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( b )  New P r e p a r a t i o n  o f  Molybdenum P e n t a f l u o r i d e .

The method o f  Schroder and Grewe^,for the  p rep a r a t io n  

o f  tu n g s te n  p e n t a f l u o r i d e , h a s  been s l i g h t l y  m o d i f ied  to  

enable  molybdenum p e n t a f l u o r i d e  to  be prepared .

The new method d i f f e r e d  o n ly  in  d e t a i l  from th a t  used  

in  the  p r e p a r a t io n  o f  t u n g s te n  p e n t a f l u o r i d e  ( S e c t i o n  2 . 5 *5 ) 

Using  the  standard apparatus  (F ig u r e s  2 . 5 *5( a )  and (b )  )

^  400 t o r r  o f  molybdenum h e x a f l u o r id e  was reduced by 

molybdenum w ir es  (d iam eter  0 . 0 2 ” ) h ea ted  at  d u l l  red h e a t .

The c o o l i n g  bath around the apparatus was m ainta ined  at  -4O 

to  -50 0 . The; s y n t h e s i s  was u s u a l l y  complete a f t e r  6

h o u rs .  P u r i f i c a t i o n  was e f f e c t e d  by su b l im a t io n  o f  the  

molybdenum p e n t a f l u o r i d e  (h e a te d  a t  40 to  ^O^C)  in t o  the  

s id e  arm ( a t  - 196° c ) .

Molybdenum p e n t a f l u o r i d e  has a l s o  been prepared by the  

r e d u c t io n  o f  A. 4OO t o r r  o f  molybdenum h e x a f l u o r id e  with  

h e a ted  tu n g s te n  w ir es  under the  same c o n d i t i o n s .  A n a ly s i s  

o f  the  products  o f  t h i s  l a t t e r  r e a c t i o n  fo r  tu n g s te n  in  

the  presen ce  o f  molybdenum (by the  method o f  Yagoda and 

P a le s ^ 5 4 ) showed th a t  tu n g s te n  was not  p r e s e n t .

5 . 2 . 5  P rep a r a t io n  and P u r i f i c a t i o n  o f  O x y t e t r a f l u o r i d e s .

Tungsten and molybdenum o x y t e t r a f l u o r i d e s  were prepared  

by the  o x y f l u o r i n a t i o n  o f  t h e i r  r e s p e c t i v e  powdered m eta ls^ ? .  

Sin ce  the  :o x y t e t r a f l u o r i d e s  can a l s o  be prepared by f l u o r - ,  

i n â t i o n  o f  the  metal  ox ides^^^,  i t  was unnecessa ry  to  

remove any o x id e  i m p u r i t i e s  from th e  powdered m eta l s  b e fo re  

the  s y n t h e s i s .

The previously dr ied  apparatus (F igu re  5 *2 . 5 ) was
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a s s e m b l e d  on t h e  s t a n d a r d  f l u o r i n e  g e n e r a t i n g  s y s t e m  

( S e c t i o n  5 * 1 . 5 ) ,  Trap D, w h ich  was f o r  t h e  f i n a l  c o l l e c t i o n  

o f  any h e x a f l u o r i d e  form ed i n  t h e  s y n t h e s i s ,  c o n t a i n e d  

some a n h y d r o u s  sod ium  f l u o r i d e .  U s u a l l y ,  2 0 - 3 0 g  o f  powdered  

m e t a l  were  u s e d  i n  th e  s y n t h e s i s .  With t r a p  A a t  -  1 8 5 ° C ,  

dry n i t r o g e n  was p a s s e d  t h r o u g h  t h e  a p p a r a t u s  o v e r n i g h t .  

A f t e r  s t a r t i n g  t o  p a s s  a s l o w  s t r e a m  o f  o x y g e n  t h r o u g h  

t a p  T^, t h e  f l u o r i n e  g e n e r a t o r  was s l o w l y  t u r n e d  up t o  20A 

( g i v i n g  I 5 g  o f  f l u o r i n e  p e r  h o u r )  A f t e r  a l l o w i n g  s u f f i c i e n t  

t im e  f o r  t h e  f l u o r i n e  t o  p a s s  th r o u g h  t o  t h e  r e a c t o r ,  i t  

( t h e  r e a c t o r )  was h e a t e d  w i t h  a l o w  g a s / o x y g e n  f l a m e  i n  

o r d e r  t o  i n i t i a t e  t h e  r e a c t i o n .

The o x y t e t r a f l u o r i d e  p ro d u ce d  r a n  down t h e  s l o p i n g  

r e a c t o r  and was c o l l e c t e d  i n  t r a p s  B and C( t h e  l a t t e r  b e i n g  

c o o l e d  a t  - 1 8 5 ° C).  Any h e x a f l u o r i d e  p r o d u c e d  was a l s o  

c o l l e c t e d  i n  t r a p  C. I t  was s o m e t im e s  n e c e s s a r y  to  c l e a r  £ 

b l o c k a g e s  i n  t r a p  B w i t h  an i n d u s t r i a l  h o t  a i r  b l o w e r .  

S u f f i c i e n t  t im e  f o r  r e a c t i o n  was e s t i m a t e d  by a l l o w i n g  t i m e  

f o r  t h e  p a s s a g e  o f  1^ t i m e s  excess  f l u o r i n e  p l u s  1 h o u r .

A f t e r  t h i s  t im e  t h e  f l u o r i n e  g e n e r a t o r  and t h e  o x y g e n  s u p p l y  

were t u r n e d  o f f  and t h e  s y s t e m  was p u rged  w i t h  a s l o w  

s t r e a m  o f  d r y  n i t r o g e n  f o r  1 t o  2 h o u r s .

W ith t h e  n i t r o g e n  o f f  and t a p  Tg c l o s e d ,  t h e  a p p a r a t u s  

was s e a l e d  a t  V.. J o i n t  J was c o n n e c t e d  t o  a vacuum l i n e  and  

t h e  a p p a r a t u s  e v a c u a t e d .  With t r a p  C a t  room t e m p e r a t u r e  

and t r a p  J) a t  - 1 8 5 ° C ,  a n y  h e x a f l u o r i d e  was d i s t i l l e d  i n t o  

t r a p  D . ’ The a p p a r a t u s  was t h e n  s e a l e d  a t  W,X,Y and Z.

T rap s  B and C c o n t a i n e d  impure o x y t e t r a f l u o r i d e  w h ic h  

was s t o r e d  a t  room t e m p e r a t u r e  u n t i l  r e q u i r e d  • P u r i f i c a t i o n  

was c a r r i e d  o u t  'as r e q u i r e d  by vacuum s u b l i m a t i o n  a t  

a p p r o x i m a t e l y  1 0 0 ° C.
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5 * 2 . 6  P r e p a r a t i o n  o f  P o t a s s i u m  H e x a f l u o r o t u n g s t a t e ( V ) and  

P o t a s s i u m  H e x a f l u o r o m o l y b d a t e ( V ) .

The s a l t s  KWP  ̂ and KM0 P5 were  p r e p a r e d  by t h e  r e d u c t i o n  

o f  t h e  h e x a f l u o r i d e  w i t h  p o t a s s i u m  i o d i d e  i n  l i q u i d  s u l p h u r  

d i o x i d e  ( s o l v e n t  t h u s  KI +  MP  ̂ — ^  KMP  ̂ «4- ^%2 T •

A nalaS  p o t a s s i u m  i o d i d e  was d r i e d  a t  100°C u n d e r  

vacuum and known m a s s e s  were  l o a d e d  i n t o  p r e v i o u s l y  d r i e d  

b u l b s  ( F i g u r e  5 * 2 . 6 ( a )  ) i n  t h e  dry  box ( S e c t i o n  5 . 1 . 2 ) .  

T h e se  b u l b s  (A and b )  were  s to p p e r e d ^ r e m o v e d  from t h e  dry  

box and b u i l t  i n t o  th e  p r e v i o u s l y  d r i e d  a p p a r a t u s  ( F i g u r e  

5 . 2 . 6 ( b )  ) Ampoule C c o n t a i n e d  a known mass  ( two t o  t h r e e  

t i m e s  e x c e s s  ) o f  t h e  h e x a f l u o r i d e .  The a p p a r a t u s  ( i n c l u d i n g  

b u l b s  A and -B) was e v a c u a t e d  and f l a m e d  o u t .  The b u l b s  

A and B were s e a l e d  o f f  a t  Q.

Break s e a l  D was broken  and t h e  h e x a f l u o r i d e  d i s t i l l e d  

i n t o  b u lb  A ( a t  - 1 9 6 ° C ) .  Dry s u lp h u r  d i o x i d e  ( a b o u t  20m l)  

was a l s o  d i s t i l l e d  i n t o  b u lb  A. The a p p a r a t u s  was s e a l e d  

o f f  a t  X. W ith  t a p  T  ̂ c l o s e d  b u l b  A was s l o w l y  a l l o w e d  t o  

warm up u n t i l  t h e  s u l p h u r  d i o x i d e  m e l t e d  and r e a c t i o n  

o c c u r r e d  ( l i b e r a t i n g  i o d i n e ) .  By a d j u s t i n g  t a p  T^. and  

c o n t r o l l i n g  th e  t e m p e r a t u r e  o f  b u lb  A, t h e  s u l p h u r  d i o x i d e  

and e x c e s s  h e x a f l u o r i d e  were  d i s t i l l e d  i n t o  b u lb  B ( a t  

- 1 9 6 ^ 0 ) .  The r e a c t i o n  p r o c e s s  was r e p e a t e d  w i t h  t h e  s o l v e n t  

and e x c e s s  h e x a f l u o r i d e  b e i n g  d i s t i l l e d  back i n t o  b u lb  A.

The s o l v e n t  and e x c e s s  h e x a f l u o r i d e  were  d i s t i l l e d  b e tw e en  

b u l b s  A and B s e v e r a l  t i m e s  t o  e n s u r e  c o m p l e t e  r e a c t i o n .

/
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FI CURE 5 . 2  .'6 ( a ) B u lb s  f o r  L o a d i n g  w i t h  P o t a s s i u m  I o d i d e

B 14  cone
s t o p p e r

s e a l i n g
' R o t a f l o '

a d j u s t a b l e

t a p

s e a l i n g  o f f  p o i n t  Q

FIGURE 5 . 2 . 6 ( b )  A p p a r a tu s  f o r  t h e  P r e p a r a t i o n  o f  P o t a s s i u m

H e x a f l u o r o t u n g s t a t e ( V ) and P o t a s s i u m  

H e x a f l u o r o m o l y b d a t e ( v ) .

a d j u s t a b l e  
' R o t a f l o ’

t a p

t o  vacuum

pumps

break
s e a l

t r a p

V
am poule  C ^

( h e x a f l u o r i d e )
b u lb  A b u lb  B

L J

so p  c y l i n d e r

/
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The s o l v e n t  e x c e s s  h e x a f l u o r i d e  and some i o d i n e  were  

t h e n  d i s t i l l e d  i n t o  t r a p  lE ( a t  - 1 9 6 ° c )

B u lb s  A and B, c o n t a i n i n g  t h e  p o t a s s i u m  s a l t  and  

i o d i n e ^ w e r e  h e a t e d  t o  lOO^C u n d er  vacuum f o r  o n e  t o  two  

d a y s  t o  c o m p l e t e l y  remove t h e  i o d i n e .  The b u l b s  were  t h e n  

s e a l e d  o f f  a t  Y and Z.

I t  was n o t  p o s s i b l e  t o  p u r i f y  t h e  p o t a s s i u m  h e x a f l u o r o  

m o l y b d a t e  and t u n g s t a t e  but a n a l y s i s  f o r  f l u o r i n e  and  

molybdenum o r  t u n g s t e n  showed them t o  be ' ^  955  ̂ p u r e .

815 . 2 , 7 . P r e p a r a t i o n  o f  P o t a s s i u m  H e x a c h l o r o t u n g s t a t e ( I V  ) . 

F i n e l y  ground  p o t a s s i u m  i o d i d e  ( l - 2 g )  was i n t r o d u c e d

i n t o  a d ry  C a r iu s  t u b e .  The t u b e  was h e a t e d  i n  an o v e n  a t

*

o150  C o v e r n i g h t .  W h i le  s t i l l  h o t ,  t h e  t u b e  was s t o p p e r e d

and t r a n s f e r r e d  i n t o  t h e  d ry  b o x .  T u n g s t e n  h e x a c h l o r i d e  

i n  a s e a l e d  ampoule  was a l s o  i n t r o d u c e d  i n t o  t h e  d ry  b o x .

An e x c e s s  o f  t u n g s t e n  h e x a c h l o r i d e  was i n t r o d u c e d  

i n t o  t h e  C a r iu s  t u b e .  The. C a r iu s  t u b e  was s t o p p e r e d ,  rem oved  

from t h e  dry  b o x ,  e v a c u a t e d ,  s e a l e d  o f f ,  and t h e n  h e a t e d  a t  

150®C f o r  f o u r  d a y s .  A f t e r  t h i s  t i m e ,  t h e  C a r iu s  t u b e  was 

o p e n e d ,  a t t a c h e d  to  a vacuum l i n e  and e v a c u a t e d .  By h e a t i n g  

t h e  Carius^ t u b e  a t  280°C u n der  vacuum t h e  l i b e r a t e d  i o d i n e  

and e x c e s s  t u n g s t e n  h e x a c h l o r i d e  were r em o v ed .  The C a r iu s  

t u b e ,  c o n t a i n i n g  t h e  dark r e d  p o t a s s i u m  h e x a c h l o r o t u n g s t a t e ( ! f 7 2  

was s e a l e d  o f f .  No f u r t h e r  p u r i f i c a t i o n  o f  t h e  p r o d u c t  was

F o o t n o t e  4*

The t u n g s t e n  h e x a c h l o r i d e  was s u p p l i e d  by K o c h - L i g h t  

L a b o r a t o r i e s  L t d .  I t  was r e s u b l i m e d  b e f o r e  u s e .
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p o s s i b l e ;  ' , \

5 . 3 .  A n a l y s e s .

5 . 3 . 1  I n t r o d u c t i o n .

The h e a t s  o f  h y d r o l y s i s  o f  s e v e r a l  compounds h a v e  

b een  d e t e r m i n e d  ( C h a p t e r  2 ) .  I t  h a s  been n e c e s s a r y  t o  

a n a l y s e  t h e s e  compounds a s  a d e m o n s t r a t i o n  o f  t h e i r  p u r i t y .  

The m e th o d s  o f  a n a l y s i s  a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  

s e c t i o n s .  AnalaR c h e m i c a l s  were  u s e d  t h r o u g h o u t .

5*3 » 2  A n a l y s i s  f o r  T u n g s te n ^

T u n g s t e n  was d e t e r m i n e d  by p r e c i p i t a t i o n  o f  t h e  

c i n c h o n i n e - t a n n i n  co m p lex  and i g n i t i o n  t o  t u n g s t i c  o x i d e ,

( a )  P r o c e d u r e .

A known m ass  o f  t h e  compound was d i s s o l v e d  i n  a s m a l l  

amount o f  d i l u t e  sodium h y d r o x i d e  ( l O m l )  -  o r  a 10ml  

a l i q u o t  o f  a l a r g e r  s o l u t i o n  was u s e d .  I f  n e c e s s a r y ,  t h e  

t u n g s t e n  was o x i d i s e d  t o  W(VX) by g e n t l y  warming w i t h  a 

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

o f  t u n g s t i c  o x i d e  was r e - d i s e o l v e d  by a d d i n g  d i l u t e  sodium  

h y d r o x i d e  s o l u t i o n .  The vo lum e  was a d j u s t e d  t o  2 0 0 m l .  4^ 

ammonium h y d r o x i d e  ( 5 m l )  was a d d e d ,  t h e  s o l u t i o n  h e a t e d  

t o  6 0 ° C ,  and t a n n i n  ( i g  d i s s o l v e d  i n  a l i t t l e  w a t e r )  a d d e d .  

1*1 h y d r o c h l o r i c  a c i d  was add ed  d r o p w i s e  u n t i l  t h e  s o l u t i o n  

was j u s t  a c i d  ( i n d i c a t e d  by t h e  c o l o u r  c h a n g e ) .  Powdered  

c e l l u l o s e  and 5^ c i n c h o n i n e  h y d r o c h l o r i d e  s o l u t i o n  ( 5 m l )  

w ere  s t i r r e d  i n .  The p r e c i p i t a t e  was a l l o w e d  t o  s t a n d  

o v e r n i g h t ,  f i l t e r e d  (Whatman No. 4 I  f i l t e r  p a p e r ) ,  w a sh ed
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t h r e e  t i m e s  w i t h  c i n c h o n i n e  wash s o l u t i o n ,  r e t u r n e d  t o  

th e  o r i g i n a l  b e a k e r  w i t h  a e m a i l  amount o f  wash l i q u i d ,  

and r e f i l t e r e d  on t h e  same pap er*  The p r e c i p i t a t e  and f i l t e r  

p a p er  were  d r i e d ,  by t h e  g e n t l e  pumping o f  t h e  f i l t e r  pump, 

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

i t a t e  and f i l t e r  p a p e r  were  c h a r r e d  and t h e  c r u c i b l e  h e a t e d  

a t  800^ 0  u n t i l  c o n s t a n t  mass  was a t t a i n e d .  T u n g s t e n  was 

d e t e r m i n e d  f r o m : t h e  mass  o f  t u n g s t i c  o x i d e  o b t a i n e d .

( b )  P r e p a r a t i o n  o f  R e a g e n t s .

C i n c h o n in e  h y d r o c h l o r i d e  s o l u t i o n  was p r e p a r e d  by 

d i s s o l v i n g  c i n c h o n i n e  ( 5 g )  i n  c o n c e n t r a t e d  h y d r o c h l o r i c  

a c i d  ( 27m l)  and w a t e r  ( 63m l ) .  The wash s o l u t i o n  was  

p r e p a r e d  by d i l u t i n g  t h i s  s o l u t i o n  by t h i r t y .

1 5 7 , 1 5 8 .
5 . 3*3 A n a l y s i s  f o r  Molybdenum.

Molybdenum was d e t e r m i n e d  g r a v i m e t r i c a l l y  a s  t h e  

o x i n e  c o m p le x .

6 0 ^ p e r c h l o r i c  a c i d  ( i m l )  was a dd ed  t o  a known mass  o f  

, t h e  compound ( o r  a 10ml a l i q u o t  o f  s o l u t i o n )  i n  a p l a t i n u m  

d i s h .  Too much p e r c h l o r i c  a c i d  w ould  r u i n  t h e  d e t e r m i n a t i o n .  

The s o l u t i o n  was e v a p o r a t e d  tq> d r y n e s s  un der  an i n f r a - r e d  

lamp and h e a t e d  o v e r  a m i c r o - b u r n e r  t o  e x p e l  t h e  e x c e s s  

p e r c h l o r i c  a c i d  ( w h ic h  rem oved  f l u o r i d e  and o x i d i s e d  t h e  

molybdenum to  M o(Vl)  ) .  The r e s i d u e  was r e d i s s o l v e d  i n  a 

s l i g h t  e x c e s s  o f  d i l u t e  sodium h y d r o x i d e  s o l u t i o n .  The 

s o l u t i o n  ( i n  a 250ml b e a k e r )  was n e u t r a l i s e d  t o  m e t h y l  r e d  

and a c i d i f i e d  w i t h  a f e w  d r o p s  o f  2N s u l p h u r i c  a c i d .  2N 

ammonium a c e t a t e  ( 5 m l )  was a d d e d .  The s o l u t i o n  was d i l u t e d
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t o  1 5 0 ml and h e a t e d  t o  n e a r l y  b o i l i n g .  The molybdenum was 

p r e c i p i t a t e d  by t h e  d r o p w i s e  a d d i t i o n  o f  a yfo s o l u t i o n  o f  

o x i n e ^ i n  d i l u t e  a c e t i c  a c i d .  The m i x t u r e  was b o i l e d  f o r  

5 m i n u t e s ,  a l l o w e d  t o  c o o l  t o  room t e m p e r a t u r e ,  and f i l t e r e d  

t h r o u g h  a t a r e d  s i n t e r e d  g l a s s  c r u c i b l e .  The p r e c i p i t a t e  :

( o f  o x i n e  c o m p l e x )  was w e l l  washed w i t h  h o t  w a t e r  u n t i l
'

f r e e  from t h e  r e a g e n t , a n d v d r i e d  a t  1 30^ 0  t o  c o n s t a n t  m a s s .  

Molybdenum was d e t e r m i n e d  from  t h e  mass  o f  o x i n e  c o m p le x ,  

Mo0 2 (C^HgON^, o b t a i n e d .

5 . 3 . 4  A n a l y s i s  f o r  T u n g s t e n  and Molybdenum i n  t h e  Same 

S a m p le .

The a n a l y s i s  f o r  t u n g s t e n  and molybdenum i n  à sa m p le  

c o n t a i n i n g  b o th  was c a r r i e d  o u t  by t h e  m ethod o f  Yagoda  

and P a l e s ^

The f o l l o w i n g  r e a g e n t s  w ere  p r e p a r e d *  2M f o r m i c  a c i d ,  

30^ W/V t a r t a r i c  a c i d , 50^ W/V ammonium f o r m a t e ,  d i s t i l l e d  

w a t e r  s a t u r a t e d  w i t h  h y d r o g e n  s u l p h i d e  a t  O^C and a 

c i n c h o n i n e  s o l u t i o n  ( 1 2 . 5g o f  c i n c h o n i n e  d i s s o l v e d  i n  50ml" 

o f  1 . 1 9  3 . G .  h y d r o c h l o r i c  a c i d  and 50ml o f  d i s t i l l e d  w a t e r ) .

A: known mass  o f  t h e  s a m p le ,b e in g  a n a l y s e d  was a d d ed  t o
•(

a s o l u t i o n  o f  sodium h y d r o x i d e .  Hydrogen p e r o x i d e  ( 2 0 v o l )  

was added  s l o w l y  u n t i l  t h e  brown p r e c i p i t a t e  w h ic h  had  

been  o b t a i n e d  was., c o m p l e t e l y  d i s s o l v e d  and a y e l l o w  s o l u t i o n  

o f  t h e  m e t a l  p e r o x i d e  was o b t a i n e d .  The s o l u t i o n  was b o i l e d  

t o  d ecom pose  t h e  p e r o x i d e  and a c o l o u t l e s s  s o l u t i o n  was  

o b t a i n e d  w h ich  was made up t o  1 0 0 ml i n  a  v o l u m e t r i c  f l a s k .

F o o t n o t e

O x in e  i s  6 -  h y d r o x y q u i n o l i n e  (C^HyON).

/
/
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To an a l i q u o t  o f  t h e  s o l u t i o n  was a dd ed  50^^ammonium 

f o r m a t e  ( l O m l ) ,  30^ t a r t a r i c  a c i d  ( l O m l ) ,  w a t e r  s a t u r a t e d  

w i t h  h y d r o g e n  s u l p h i d e  a t  0®C ( 1 0 0 m l)  and 2M f o r m i c  a c i d  

( l O m l ) .  The m i x t u r e  was h e a t e d  on a ^ w a t e r  b a t h  a t  6 0 ° C f o r  

1 h o u r ,  a s m a l l  q u a n t i t y  o f  a s h l e s s  f i l t e r  p a p er  p u lp  a d d e d ,  

and t h e  p r e c i p i t a t i o n  o f  molybdenum s u l p h i d e  c o m p l e t e d  

w i t h  c o n c e n t r a t e d  f o r m i c  a c i d  ( l O m l ) .  The m i x t u r e  was h e a t e d  

on a w a t e r  b a t h  f o r  a f u r t h e r  30 m i n u t e s .  When t h e  s o l u t i o n  

had c o o l e d ,  t h e  p r e c i p i t a t e  was f i l t e r e d  t h r o u g h  ah a s h l e s s  

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

( 1 0 m l ' e a c h )  o f  a wash s o l u t i o n  ( p r e p a r e d  from ^ m l  o f  50^ 

ammonium f o r m a t e ,  5ml o f  c o n c e n t r a t e d  f o r m i c  a c i d  and 100ml  

o f  d i s t i l l e d  w a t e r ) .  B o th  t h e  p r e c i p i t a t e  and f i l t r a t e  were'  

r e t a i n e d .

The p r e c i p i t a t e  and f i l t e r  p a p er  were  t r a n s f e r r e d  t o  

a s i l i c a  c r u c i b l e  w h ic h  had p r e v i o u s l y  been h e a t e d  t o  

500° C and c o o l e d  t o  c o n s t a n t  m a s s .  The c o n t e n t s  o f  t h e  

c r u c i b l e  were  d r i e d  i n  a d r y i n g  o v e n ,  t h e  f i l t e r  p a p er  

p a r t i a l l y  a s h e d  o v e r  a v e r y  s m a l l  bu n sen  f la m e  and t h e  

c r u c i b l e  t r a n s f e r r e d  t o  a f u r n a c e  a t  500°C f o r  1 h o u r .

A f t e r  c o o l i n g ,  t h e  mass  o f  t h e  c r u c i b l e  and c o n t e n t ®  (MoO^) 

w ere  d e t e r m i n e d  t o  c o n s t a n t  m a s s .  Molybdenum was d e t e r m i n e d  

from t h e  mass  o f  m o l y b d i c  o x i d e  o b t a i n e d .

The f i l t r a t e  was e v a p o r a t e d  ( t o  ! 1 5 m l ) and a l l o w e d  t o  

c o o l .  C o n c e n t r a t e d  n i t r i c  a c i l  ( 2 5 m l )  was added  to  remove  

ammonium s a l t s .  When g a s e s  c e a s e d  t o  be e v o l v e d ,  t h e  m i x t u r e  

was d i l u t e d  w i t h ù & s t i l l e d  w a t e r  ( lOOml)  and c i n c h o n i n e  

s o l u t i o n  ( 5 m l ) .  The m i x t u r e  was b o i l e d  f o r , t w o  h o u r s  ( t h e  

vo lu m e  was m a i n t a i n e d )  and f i l t e r e d  t h r o u g h  an a s h l e s s  f i l t e r
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p a p e r .  T h f e p r e c i p i t a t e  ( o f  t u n g s t i c  a c i d )  was w a sh e d ,  d r i e d  

and i g n i t e d  a t  750° C i n  a c r u c i b l e  o f  known m a s s .

T u n g s t e n  was d e t e r m i n e d  from t h e  mass  o f  t u n g s t i c  o x i d e  

o b t a i n e d .
■*

158
5 . 3 . 5  A n a l y s i s  f o r  Rhenium i n  Rhenium H e x a f l u o r i d e .  

Rhenium was a n a l y s e d  g r a v i m e t r i c a l l y  a s  n i t r o n  

p e r r h e n a t e .

A,known mass  o f  t h e  h e x a f l u o r i d e  was added  t o  an e x c e s s  

o f  d i l u t e  sod ium  h y d r o x i d e .  The m i x t u r e  was e v a p o r a t e d  t o
I

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

w i t h  an e x c e s s  o f  sodium c a r b o n a t e  c o n t a i n i n g  a l i t t l e

sod iu m  p e r o x i d e  ( t o  o x i d i s e  t h e  rhenium  t o  t h e  h e p t a v a l e n t

s t a t e ) .  The m e l t  was e x t r a c t e d  w i t h  w a t e r  ( 5 0 m l ) .  The

s o l u t i o n  o b t a i n e d  was t r a n s f e r r e d  to  a b e a k e r ,  n e u t r a l i s e d

w i t h  2N s u l p h u r i c  a c i d  and b u f f e r e d  t o  pH 7 by t h e . a d d i t i o n

o f  sodium a c e t a t e  ( i g ) . The s o l u t i o n  was h e a t e d  t o  b o i l i n g

and t h e  rh en iu m  p r e c i p i t a t e d  by t h e  d r o p w i s e  a d d i t i o n  o f  a

p r e - c a l c u l a t e d  e x c e s s  o f  5^ n i t r o n  a c e t a t e .  The s o l u t i o n  was

s t i r r e d  f r e q u e n t l y  a s  i t  c o o l e d  t o  room t e m p e r a t u r e .  A f t e r
os t a n d i n g  f o r  one  h o u r  t h e  s o l u t i o n  was c o o l e d  to  0 C f o r  a  

f u r t h e r  h ou r  and t h e n  f i l t e r e d  t h r o u g h  a t a r e d  s i n t e r e d  

g l a s s  c r u c i b l e .  The p r e c i p i t a t e  was w ashed  w i t h  s m a l l  p o r t ­

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

c o n t a i n i n g  1^ o f  n i t r o n  a c e t a t e ^  and t h e n  w i t h  i c e  c o l d  

d i s t i l l e d  w a t e r  ( o n l y  a f e w  m l ) .  Thé p r e c i p i t a t e  o f  n i t r o n  

p e r r h e n a t e  was d r i e d  to  c o n s t a n t  mass  a t  110 c* The rhenium

c o n t e n t  o f  t h e  h e x a f l u o r i d e  was d e t e r m i n e d  from t h e  mass  o f  

n i t r o n  p e r r h e n a t e  p r e c i p i t a t e ;

F o o t n o t e  ^

N i t r o n  i s  a s t r o n g  o r g a n i c  b a s e  4 , 5 - d i h y d r o  - 1 , 4  d i p h e n y l  -

3 , 5  p h e n y l i m i n o  -  1 , 2 , 4  t r i a z o l e .  ,
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5 * 5 . 6  A n a l y s i s  f o r  F l u o r i d e .

( a )  D i s t i l l a t i o n  o f  f l u o r o s i l i c i c  a c i d i ^ ^

Heavy m e t a l s  i n t e r f e r e  w i t h  a n a l y s i s  f o r  f l u o r i n e .  

T h e r e f o r e ,  i t  i s  n e c e s s a r y ,  i n  t h e  f l u o r i n e  a n a l y s é s  o f  t h i s  

w ork ,  t o  s e p a r a t e  t h e  f l u o r i n e  from t h e  h e a v y  m e t a l s .  The 

m eth od  u s e d  was t h e  s team  d i s t i l l a t i o n  o f  f l u o r o s i l i c i c

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

o f  l e a d  c h l o r o f l u o r i d e  and t h e  d e t e r m i n a t i o n  o f  t h e  c h l o r i d e

c o n t e n t  o f  t h i s  p r e c i p i t a t e  by V o l h a r d s  m e th o d .

A known m a s ^ o f ^ c o m p o u n d  t o  be a n a l y s e d  was added  t o  

f l a s k  A o f  t h e  d i s t i l l a t i o n  a p p a r a t u s  ( F i g u r e  5*5*6  ) .  8 50 

p h o s p h o r i c  a c i d  ( 2 0 m l )  and a f e w  s o f t  g l a s s  b e a d s  w ere  a l s o  

a d d e d .  F l a s k  A was a t t a c h e d  t o  t h e  d i s t i l l a t i o n  a p p a r a t u s .  

Im m ers ion  h e a t e r  B and h e a t e r  C were s w i t c h e d  o n .  When 

s te a m  r e a c h e d  f l a s k  A, t h e  s te a m  s u p e r  h e a t e r  D was s w i t c h e d  

on ( t h i s  a u t o m a t i c a l l y  r e d u c e d  t h e  o u t p u t  o f  h e a t e r  B) A ?

s o l u t i o n  o f  f l u o r o s i l i c i c  a c i d  was c o l l e c t e d  i n  f l a s k  E.

F ootn ote*^

In  t h i s  work w i t h  m o i s t u r e  s e n s i t i v e  com pounds ,  two - 

m e th o d s  o f  l o a d i n g  t h e  f l a s k  A were  u sed *

1 .  W ith  n o n - v o l a t i l e  s a m p l e s  t h e  s t o p p e r e d  f l a s k  A was  

l o a d e d  i n  a dry  b o x .

2 .  With v o l a t i l e  s a m p l e s  t h e  sa m p le  was c o n t a i n e d  i n  a 

f r a n g i b l e  g l a s s  .b u lb  ( a s  i n  S e c t i o n  2 . 5 . 2 ) .  The f r a n g i b l e  

g l a s s  b u l b ^ a t  t h e  bo t tom  o f  f l a s k  A^was broken  when t h e  f l a s k  

was a t t a c h e d  t o  t h e  d i s t i l l a t i o n  a p p a r a t u s .

/
/
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The d i s t i l l a t i o n  was c o n t i n u e d  u n t i l  t h e  d i s t i l l a t e  was no 

l o n g e r  a c i d i c  ( t o  l i t m u s ) .

FIGURE 5 ' 5 ' 6  -  A p p a r a t u s  f o r  t h e  D i s t i l l a t i o n  o f  P l u o r o a l l l - c i ' C  

A c i d .

s t e a m  r e l e a s e
s t e a m  s u p e r  
h e a t e r  D.

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

\ \ N \  \ \ \ \ \ \ \ \ \ \ W N )

V
s t e a m
g e n e r a t o r

i m m e r s i o n  
h e a t e r  B

c o l l e c t i o nf l a s k  A h e a t e r  C
f l a s k  E

Footnotes -=j=  .

1 .  S t a n d a r d  Normag a p p a r a t u s  a c c o r d i n g  t o  P r o f  S e e l .

2 .  I t  was n e c e s s a r y  t o  w ra p  t h e  s t e a m  g e n e r a t o r ,  s t e a m  

s u p e r  h e a t i n g  s e c t i o n  a nd  f l a s k  A w i t h  h e a t  i n s u l a t i n g

a é o e s t o s  r o p e  i n  o r d e r  t o  r e t a i n  h e a t .
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( b )  A n a l y s i s  o f  D i s t i l l a t e

A f e w  d r o p s  o f  brom op henol  b l u e  i n d i c a t o r  were  added  

t o  t h e  d i s t i l l a t e  f o l l o w e d  by d i l u t e  s p d i u m i h y d r o x i d e  

s o l u t i o n  u n t i l  t h e  c o l o u r  j u s t  t u r n e d  b l u e .  1 : 1  h y d r o c h l o r i c  

a c i d  ( 2 m l )  was add ed  and t h e  s o l u t i o n  h e a t e d  on a  s team  

b a t h  f o r  f i v e  m i n u t e s .  Lead n i t r a t e  ( 5 g )  was add ed  w i t h  

s t i r r i n g .  I m m e d i a t e l y  t h i s  had d i s s o l v e d  c r y s t a l l i s e d  sodium  

a c e t a t e  ( 5 g )  was a d d ed ,  w i t h  v i g o r o u s  s t i r r i n g ,  t o  p r e c i p i ­

t a t e  l e a d  c h l o r o f l u o r i d e . The p r e c i p i t a t e  was d i g e s t e d  on 

a s team  b a t h  f o r  )0  m i n u t e s  and a l l o w e d  t o  s t a n d  o v e r n i g h t .

The p r e c i p i t a t e  o f  l e a d  c h l o r o f l u o r i d e  was f i l t e r e d  

(Whatman No.  42 f i l t e r  p a p e r ) ,  w ash ed  f i v e  t i m e s  w i t h  a c 

s a t u r a t e d  wash s o l u t i o n  o f  l e a d  c h l o r o f l u o r i d e  and f i n a l l y  

w ash ed  o n c e  w i t h  i c e  c o l d  w a t e r .

The p r e c i p i t a t e  and f i l t e r  p a p e r  were t r a n s f e r r e d  back t o  

t h e  b e a k e r  i n  w h ich  t h e  p r e c i p i t a t i o n  had t a k e n  p l a c e  and  

5^ n i t r i c  a c i d  ( 100m l)  was a d d e d .  The m i x t u r e  was h e a t e d  

on a s tea m  b a t h  u n t i l  t h e  p r e c i p i t a t e  had d i s s o l v e d .

S t a n d a r d i s e d  ( c O .IN )  s i l v e r  n i t r a t e  ( e x a c t l y  25ml)
r

was add ed  and t h e  p r e c i p i t a t e  ( s i l v e r  c h l o r i d e )  d i g e s t e d  

on t h e  s te a m  b a t h  f o r  50 m i n u t e s .  A f t e r  c o o l i n g  t o  room 

t e m p e r a t u r e  ( i n  d a r k n e s s ) ,  t h e  p r e c i p i t a t e  was f i l t e r e d  

(Whatman No. 40 f i l t e r  p a p e r )  and washed w i t h  c o l d  w a t e r .

The f i l t r a t e  (a n d  w a s h i n g s )  were  t i t r a t e d  a g a i n s t  s t a n d a r d

O.IN ammonium t h i o c y a n a t e  u s i n g  f e r r i c  alum i n d i c a t o r  ( i m l ) .

T h i s  back  t i t r a t i o n  g a v e  (b y  s u b t r a c t i o n )  t h e  amount  

o f  s i l v e r  n i t r a t e  r e q u i r e d  t o  combine  w i t h  t h e  c h l o r i d e  

from t h e  l e a d  c h l o r o f l u o r i d e  p r e c i p i t a t e  and h e n c e  t h e  

amount o f  f l u o r i d e  i n  t h e  o r i g i n a l  compound ( 1ml AgNO^

« o.019g P).

/
/
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( c )  P r e p a r a t i o n  o f  R e a g e n t s .

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

by a d d i n g  l e a d  n i t r a t e  ( l O g )  i n  w a t e r  ( 2 0 0 m l )  t o  a s o l u t i o n  

(lOOml) c o n t a i n i n g  sodium  f l u o r i d e  ( i g )  and c o n c e n t r a t e d  

h y d r o c h l o r i c  a c i d  ( 2 m l ) .  The m i x t u r e  was t h o r o u g h l y  m ixed  

and t h e  p r e c i p i t a t e  o f  l e a d  c h l o r o f l u o r i d e  a l l o w e d  t o  

s e t t l e .  The s u p e r n a t a n t  l i q u i d  was d e c a n t e d  and d i s c a r d e d .  

The p r e c i p i t a t e  was washed w i t h  w a t e r  ( 5  p o r t i o n s  o f  20 0 m l)  

and t h e n  made up t o  1 l i t r e .  The m i x t u r e  was shaken  a t  

i n t e r v a l s  d u r i n g  one h o u r ,  and t h e  p r e c i p i t a t e  a l l o w e d  to  

s e t t l e .  The l i q u i d  was f i l t e r e d .  The f i l t r a t e  was t h e  wash 

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

u s e d  t o  make f u r t h e r  wash s o l u t i o n s .

The f e r r i c  alum i n d i c a t o r  was a c o l d  s a t u r a t e d  s o l u t i o n  

( a p p r o x i m a t e l y  405 )̂ o f  f e r r i c  ammonium s u l p h a t e  t o  w h ich  

a f e w  d r o p s  o f  6N n i t r i c  a c i d  had been a d d e d .

5 . 5 . 7  A n a l y s i s  f o r  C h l o r i d e  i n  T u n g s t e n  C h l o r i d e s . ^^7

C h l o r i d e s  were  d e t e r m i n e d  by V o l h a r d s  m e th o d .

A known m ass  o f  t h e  compound t o  be a n a l y s e d  was add ed  

t o  a s m a l l  vo lum e  o f  d i l u t e  sodium h y d r o x i d e  s o l u t i o n  i n  a 

b e a k e r .  The b e a k e r  was c o v e r e d  by a w e t t e d  w atch  g l a s s  i n  

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

The m i x t u r e  was made j u s t  a c i d  w i t h  n i t r i c  a c i d  and h e a t e d  

on a s team  b a t h  f o r  one  h o u r  t o  o x i d i s e  t h e  t u n g s t e n  t o  t h e  

i n s o l u b l e  t r i o x i d e .  The c o o l e d  f i l t e r e d  s o l u t i o n  was made 

j u s t  a l k a l i n e  w i t h  sodium h y d r o x i d e  s o l u t i o n  and made up i n  

a v o l u m e t r i c  f l a s k .

6N n i t r i c  a c i d  (5m3)and an e x c e s s  o f  s t a n d a r d  (CLIN) s i l v e r  

n i t r a t e  ( 50m l )  were  a d d ed  t o  an a l i q u o t  o f  t h e  c h l o r i d e
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s o l u t i o n .  The s u s p e n s i o n  was b o i l e d  f o r  a f ew  m i n u t e s  (on  a 

s team  b a t h ) .  The p r e c i p i t a t e  o f  s i l v e r  c h l o r i d e  was f i l t e r e d  

and washed w i t h  v e r y  d i l u t e  ( l : 1 0 0 )  n i t r i c  a c i d .  F e r r i c  alum 

i n d i c a t o r  ( i m l )  was added t o  t h e  f i l t r a t e  and w a s h i n g s .

The r e s i d u a l  s i l v e r  n i t r a t e  was t i t r a t e d  w i t h  s t a n d a r d  

( O .I N )  ammonium t h i o c y a n a t e .  The back t i t r a t i o n  g a v e  (b y  

s u b t r a c t i o n )  t h e  amount o f  s i l v e r  n i t r a t e  w h ich  had r e a c t e d  

w i t h  t h e  c h l o r i d e  from t h e  o r i g i n a l  compound.

5 . 5*8 A n a l y s i s  o f  H y p o c h l o r i t e  S o l u t i o n . ^^7 ^

I t  was n e c e s s a r y  t o  k e e p  a c h eck  on t h e  sodium h y p o ­

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

o f  o x i d a t i v e  h y d r o l y s i s  ( C h a p t e r  2 ) .  T h i s  was c a r r i e d  o u t  

u s i n g  s t a n d a r d  i o d o m e t r i c  t i t r a t i o n s .

( a )  P r o c e d u r e

An a l i q u o t  o f  a d i l u t e d  v o l u m e t r i c  s o l u t i o n  o f  t h e  

sodium h y p o c h l o r i t e  was t r a n s f e r r e d  t o  a c o n i c a l  f l a s k ,  

l o d a t e  f r e e  p o t a s s i u m  i o d i d e  ( 2 g )  and g l a c i a l  a c e t i c  a c i d .  

(1 0 m l )  were  a dd ed  w i t h  s h a k i n g .  The h y p o c h l o r i t e  was d e t e r ­

m ined  by t i t r a t i o n  o f  t h e  l i b e r a t e d  i o d i n e  w i t h  s t a n d a r d  

(O .IN )  sodium  t h i o s u l p h a t e  u s i n g  s t a r c h  s o l u t i o n  a s  t h e  

i n d i c a t o r  when t h e  i o d i n e  c o lo u r -  had a l m o s t  d i s a p p e a r e d .

( b )  P r e p a r a t i o n  o f  R e a g e n t s .

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

s o l u b l e  s t a r c h  ( i g )  i n  water^ s t i r r e d  i n t o  b o i l i n g  w a t e r

F o o t n o t e  \

For t h e  p r e p a r a t i o n  o f  f e r r i c  alum i n d i c a t o r  s o l u t i o n  

s e e  p r e v i o u s  s e c t i o n .
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( lO O m l);  and b o i l e d j  f o r  1 m i n u t e .  A f t e r  c o o l i n g ,  p o t a s s i u m  

i o d i d e  ( 2 - 5 g )  and m e r c u r i c  i o d i d e  (5mg) were  a d d e d .

5 . 5 . 9  The Use  o f  NMR. S p e c t r o s c o p y  f o r  I d e n t i f i c a t i o n

o f  R e a c t i o n  P r o d u c t s .

s p e c t r o s c o p y  h a s  been u s e d  ( S e c t i o n  4 * 4 )  

t h e  i d e n t i f i c a t i o n  o f  t h e  p r o d u c t s  o f  t h e  p r e p a r a t i o n s  and  

a t t e m p t e d  p r e p a r a t i o n s  o f  h a l i d e  f l u o r i d e s  o f  t u n g s t e n ( V X ) .

A V a r i a n  DA60 h i g h  r e s o l u t i o n  n u c l e a r  m a g n e t i c  r e s o n ­

a n c e  s p e c t r o m e t e r  ( o p e r a t e d  a t  5 6 . 4  MHz) was u s e d .  M easurem-
1 SOe n t s  were  by a s t a n d a r d  s i d e  band t e c h n i q u e   ̂ . S p e c t r a

'

w ere  r e c o r d e d  a t  t e m p e r a t u r e s  down t o  - 6 0 ° C .

A l l  s a m p l e s  were  p r e p a r e d  on a vacuum l i n e  and s e a l e d  

i n t o  15cm l o n g ,  t h i c k  w a l l e d  t u b e s  a c c u r a t e l y  m a c h in ed  

t o  4 . 5mm O.D.  and s u p p l i e d  by J e n c o n s  S c i e n t i f i c  Co. A 

l i q u i d  sa m p le  o f  a b o u t  5cm d e p t h  was r e q u i r e d  t o  f i l l  t h e  

p robe  a r e a .  In  c e r t a i n  c a s e s ,  s m a l l  s a m p l e s  were  i n c r e a s e d  

i n  vo lum e  by t h e  a d d i t i o n  o f  a r c t o n  11 (C P C l^ ) .
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APPENDIX 1 .  -  THE 'INVERSION TEMPERATURE» OF THE TUNGSTEN 

FLUORINE REGENERATIVE CYCLE.

U s i n g  known thermo c h e m i c a l  d a t a  ( T a b l e  6 . 1 . 1 ) ,  t h e  

Gibbs f r e e  e n e r g i e s  o f  v a r i o u s  e q u i l i b r i a ,  i n v o l v i n g  

t u n g s t e n ,  f l u o r i n e  and t u n g s t e n  h e x a f l u o r i d e ,  h a v e  been  

c a l c u l a t e d  o v e r  a  l a r g e  r a n g e  o f  t e m p e r a t u r e s .  The r e s u l t s ^  

e x p r e s s e d  i n  t e r m s  o f  t h e  f r e e  e n e r g i e s  o f  d e c o m p o s i t i o n  

o f  t h e  t u n g s t e n  h e x a f l u o r i d e  , a r e  s h o w n . i n  T a b le  6 . 1 . 2  

and Graph 6 . 1 . 1 .

The f r e e  e n e r g i e s  i n d i c a t e  t h a t  t h e  d e c o m p o s i t i o n  o f  

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

( i . e .  t h e  G ibbs  f r e e  e n e r g i e s , A g ^  o f  t h e  d e c o m p o s i t i o n s  

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

become f a v o u r a b l e  ( A G v f o r  t h e  d e c o m p o s i t i o n s  become  

n e g a t i v e ) .  The l o w e s t  t e m p e r a t u r e  a t  w h ich  a d e c o m p o s i t i o n  

r e a c t i o n  becom es  f a v o u r a b l e , c a l l e d  t h e  ' i n v e r s i o n  t e m p e r a ­

t u r e ' ,  i s  ^ 556OK, Above t h i s  t e m p e r a t u r e  t u n g s t e n  h e x a f l u ­

o r i d e  w i l l  decom pose  t o  g i v e  g a s e o u s  f l u o r i n e  a tom s  and  

s o l i d  t u n g s t e n  ( d e p o s i t e d )  -  s e e  a l s o  C h ap ter  5 .
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TABLE 6 . 1 . 1 .  Known Thermo c h e m i c a l  D a ta .

( a )  E n t h a l p i e s  o f  f o r m a t i o n  ( ^ E f )

T em perature  ( k )

E n t h a l p y  o f  f o r m a t i o n ( k c a l  m o l )

o f  F ( g ) o f  F2 ( g ) o f  W(s) o f  W(g) o f  WPgCgj

298 1 8 . 8 6 0 0 2 0 5 . 4 0 - 4 1 1 . 5 0

1000 1 9 . 5 7 2 0 0 2 0 4 . 5 8 6 - 4 0 9 . 4 8 2

2000 20 . 0 4 4 0 0 2 0 6 . 2 2 4 - 4 0 6 . 8 2 5

5000 2 0 . 5 2 7 0 0 2 0 5 . 1 0 9 - 4 0 5 . 9 6 7

A l l  t h e s e  e n t h a l p i e s  o f  f o r m a t i o n  a r e  t a k e n  from t h e  JANAF 

T h e rm o ch em ica l  T a b l e s ^ S .

( b )  A b s d b te  e n t r o p i e s  (S®) '

Tem perature ( K )

E n tr o p y  ( c a l  d e g “^K m o l ”^ )

o f  f ( g ) o f  P 2 ( g ) o f  W (s) o f  W(g) o f  WP^Cg]

298 5 7 . 9 1 7 4 8 . 4 4 7 7 . 8 0 6 4 1 . 5 4 9 8 4 . 2 2

1000 4 4 . 2 7 7 5 2 . 5 5 5 1 5 . 2 5 7 5 0 . 1 0 9 1 2 4 . 9 5 8

2000 4 7 . 7 6 7 5 7 . 2 4 6 2 0 . 1 4 2 5 6 . 4 2 7 1 5 0 . 6 7 4

5000 < 4 9 . 7 9 1 6 0 . 4 2 7 2 5 . 5 4 0 5 4 . 4 0 5 1 6 5 . 8 9 5

A l l  t h e s e  e n t r o p i e s ,  w i t h  t h e  e x c e p t i o n  o f  t h o s e  o f  WF^(g)  

a r e  t a k e n  from t h e  JANAF Thermo c h e m i c a l  T a b le s ^ ^  . The 

i e n t r o p i e s  o f  WF^(g) a r e  t a k e n  from A p p en d ix  2 .
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TABLE 6 . 1 . 2 . F r e e  E n e r g i e s  o f  D e c o m p o s i t i o n  o f  G aseou s

T u n g s t e n  H e x a f l u o r i d e »

( a )  E n t h a l p i e s  o f  d e c o m p o s i t i o n ,  AHj.

T em p era tu re E n t h a l p y  o f  t h e  d e c o m p o s i t i o n  ( k c a l  m o l “^ )

(K) ,

298

10 00

2000

3000

4  5 2 4 . 6 6  

4 5 2 6 . 9 1 4  

+ 5 2 7 .0 8 9

4 5 2 7 . 9 2 9

+ 7 2 8 . 0 6  

+  7 5 1 . 5 0  

4 7 5 5 . 5 1 5  

4 7 5 5 . 0 4

4 4 1 1 . 5

+  4 0 9 . 4 8 2  

4  4 0 6 .8 2 5

+  4 0 5 . 9 6 7

4  6 1 4 . 9

+  6 I 5 . 8 6 8  

4 6 1 3 . 0 4 9  

4 6 1 1 . 0 7 6

( b )  E n t r o p i e s  o f  d e c o m p o s i t i o n .

T em p era tu re E n tr o p y  o f  t h e  d e c o m p o s i t i o n  ( c a l  deg"^ m o l ’

(K) ,

298

1 0 0 0

2000

3000

4 151 .0 8 5

4  1 5 5 . 9 4 1  

4 ,1 5 6 . 0 7 0

4 1 5 6 . 3 9 5

4 1 8 4 . 6 2 8  

4 1 9 0 . 8 I 5 

4 1 9 2 . 5 5 5

+ 192 258

4 68.924 

4 47.958 

4 4 1 . 2 0 6

4 5 8 . 9 2 8

4 102.467 

+  8 2 . 8 1  

4 77.491

4 74.795

( c )  Gibbs  f r e e  e n e r g i e s  o f  d e c o m p o s i t i o n ,

T em p e ra tu r e

(K> .

G ib bs  f r e e e n e r g y  o f  d e c o m p o s i t i o n  ( t e a l  m o l “^)

298 +  4 7 9 . 6 3 8 + 6 7 3 . 0 3 6 +  3 9 0 . 9 5 9 +  5 8 4 . 3 6 5

1000 + 3 7 0 . 9 7 5 + ^ 5 4 0 .4 8 7 +  3 6 1 . 5 4 4 + 5 3 1 .0 7 8

2000 +  2 1 4 . 9 4 9 + 3 4 8 . 6 0 3 ♦  3 2 4 . 4 1 3 +  4 5 8 . 0 6 7

3000 +  56*75 +  1 5 6 . 2 9 6 +' 2 8 9 . 1 8 ) + 3 8 6 . 6 9 7
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APPENDIX 2 .  -  H IGH TEMPERATURE THERMODYNAMIC FUNCTIONS 

OF HEXAFLUORIDES.

In  o r d e r  t o  c a l c u l a t e  t h e  ' i n v e r s i o n  te m p e r a tu r e ^  

( C h a p t e r  5 and A p p en d ix  l )  i t  was n e c e s s a r y  t o  u s e  h i g h  

t e m p e r a t u r e  th erm od ynam ic  p r o p e r t i e s  ( i n  p a r t i c u l a r  t h e  

e n t r o p y )  o f  g a s e o u s  t u n g s t e n  h e x a f l u o r i d e .

Gaunt^ u s e d  s t a t i s t i c a l  m e c h a n i c s  and t h e  t h e n  a v a i l a b l e  

' i n f r a - r e d  s p e c t r o s c o p i c  and bond l e n g t h  d a t a  t o  d e t e r m i n e  

th erm o d y n a m ic  p r o p e r t i e s  (Cp,  S® and - ( ( ^ E o ) / t )  f o r  some 

h e x a f l u o r i d e s  o v e r  t h e  t e m p e r a t u r e  r a n g e  100 t o  5OOK.

U s i n g  s t a n d a r d  s t a t i s t i c a l  th erm od ynam ic  .m ethods  and  

r e c e n t  s p e c t r o s c o p i c  and s t r u c t u r a l  d a t a  t h e  therm od ynam ic  

p r o p e r t i e s  (C * ,  8°  and - ( ( f - E o ) / T )  o f  some h e x a f l u o r i d e s  

ha v e  been co m p u ted .  A r i g i d  r o t a t o r  and ha rm o n ic  o s c i l l a t o r  

model  h a s  b een  a s s u m e d .  The n e c e s s a r y  i n p u t  d a t a  and s o u r c e s  

. o f  t h i s  d a t a  a r e  sum m arised  i n  T a b le  6 . 2 . 1 .  The moments o f  

i n e r t i a  o f  t h e  h e x a f l u o r i d e s  were  c a l c u l a t e d  from t h e  known 

M-P bond l e n g t h s  i n  MF  ̂ and t h e  a t o m i c  weig# o f  f l u o r i n e .

The com puted th erm od yn am ic  p r o p e r t i e s  o f  t h e  h e x a f l u ­

o r i d e s  from 100 t o  3OOOK a r e  g i v e n  i n  T a b le  6 . 3 . 2 .

Nagar%an and B r i n k l e y ^ ^ ^  have  v e r y  r e c e n t l y  p u b l i s h e d  s i m i l a r  

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

200 t o  2000K.

F o o t n o t e s .

^  The com pu ter  program ( A l g o l )  u s e d  i n  t h i s  work was  

k i n d l y  s u p p l i e d  by Dr D.M. Adams.

^  S i n c e . t h e  c o m p l e t i o n ' o f  t h i s . w o r k #



2 1 0.

The r e c e n t  JANAF T h e rm o ch em ica l  T a b l e s ^ ^  a l s o  i n c l u d e  

t h e  t h e r m o c h e m i c a l  p r o p e r t i e s  o f  s u l p h u r ,  molybdenum and 

t u n g s t e n  h e x a f l u o r i d e s t o  3OOOK, A c o m p a r i s o n  o f  t h e  s t a n d a r d  

e n t r o p i e s  a t  2 9 8 K ( T a b l e  6 . 2 . 3 ) shows f a i r l y  c l o s e  a g r e e m e n t .

V -
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F o o tn o tes  to  Table  6 . 2 . 1 .
.  „  ̂ 1621 . Herzberg.

2 . C a lc u la ted  from th e  bond l e n g t h  and atomic weight o f  

f l u o r i n e .

5 . Kim, Souder and Claassenî^^

4 * Weinstock and Malm.^^^
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2 1 6 .

TABLE 6 . 2 . 3 . A Comparison o f  t h e  S t a n d a r d  E n t r o p i e s  o f  t h e  

H e x a f l u o r i d e s  from t h e  T h r ee  R e c e n t  S o u r c e s .

F l u o r i d e

S t a n d a iü  E n t r o p y  a t  2 9 8 . 15K, Sg g g C c a l m o l ”^ d e g ”^K)

T h i s  t h e s i s 1971 JANAP T h e rm o ch em ica l  

T a b l e s ^ S

R a g a r a j a n  & 
161

B r i n k l e y

3^6
6 9 . 6 5 2 6 9 . 7 1 5 6 9 . 7 0 8

SePg . 7 4 . 8 8 7 - . 7 4 . 9 6 4

TePg 8 0 .  509 - 8 0 . 2  58

MoPg 8 5 . 7 5 7 8 5 . 7 6 . 8 5 . 8 6 9

. WPg 8 4 . 2 2 5 8 1 . 5 0 4 84*5 08

ToPg 8 1 . 9 5 9 • - 8 5 . 4 1 4

EePg 8 2 . 5 1 6 - 8 4 . 5 6 7

EuPg 8 1 . 7 6 6 - 8 1 . 9 1 2

OsPg 8 2 . 2 9 8 - 8 2 . 4 0 5

EhPg . 8 2 . 0 1 6 - 8 2 . 0 1 1

'  : 8 2 . 6 7 6 8 2 . 5 2 4

PtPg i 8 5 . 2 1 0 - 8 5 . 1 0 6

UP^ ■ 
6

9 0 . 0 5 8 — 8 9 . 9 5 6

NpPg 8 8 . 5 6 8 - 8 8 . 5 9 7

PuPg, 8 8 . 05.6 - 8 8 . 2 1 0
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