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

1 . 1  G e n e r a l

The a t i  l i t y  t o e s t i m a t e  l a t t i c e  e n e r g i e s  f o r  s a l t s  i s  

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

1 1 e n a b l e s  t he  c o m u l e t e  s o l u t i o n  o r t h? r  moch em i c a l c y c l e s  

wh i c h  c o n t a i n  s t e p s  i a . p o s s i a l e  t o  i n v e s t i g a t e  h y

e * p er i m ent  8 l p r o c e e d u r e s .

T he  l a t t i c e  e n e r g y  s t e o  i n  a t h e r  mo c h e mi c a t  c y c l e  was 

f o r m u l a t e !  hy  O o r n  and Haber  i n  1 9 1 9 .  T he f i r s t  

a p p l i c a t i o n  of such a c y c l e  was t he i n v e s t i g a t i o n  o f  t i e  

e l e c t r o n  a f f i n i t i e s  o f  h a l o g e n  a t o ms .  I n  f a c t  t he  mi j or 

p a r t  of  t h i s  c e n t u r y  has t e e n  t a k e n  uo w i t h  i n v e s t i g a t i e r s  

of  s i m p l e  s y s t e ms  s u c h  as t h i s ,  a n o t h e r  exampl e of  wh i c h  

i s  t h e  p r e d i c t i o n  o f  t h e  s t a b i l i t y  of  h y p o t h e t i c a l  

c o mp o u n d s  i n v o l v i n g  j n u s u a l  o x i d a t i o n  s t a t e s  of e l e m e n t s .  

T h e s e  s t u d i e s  h a v e  b e e n  p e r f o r m e d  w i t h  such s u c c e s s  t h a t  

f u r t h e r  c a l c u l a t i o n  a l o n g  s i m i t a r  l i n e s  wo ul d  seem t o  t e 

of  I i t t l e  p u r p o s e .  H a d d i n g t o n  ( , 9 5 9 )  has p r e s e n t e e  a 

r e v i e w  of  such c a l c u l a t i o n s .
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The f u t u r e  o f  t he use of l a t t i c e  e n e r g i e s i s  t h e

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

r a t h e r  t h a n  mo n a t o m i c .  i o n s .  T h e  t h e r mo c h e mi c a l  d a t a  

d e r i v e d  î y  such s t u d i e s  can t e  u s e d  b y  i n o r g a n i c  c h e m i s t s  

f c r  p r e d i c t i o n  of t h e  e n e r g e t i c s  f o r  c o mpounds .  b c t h  

b e f o r e  and a f t o r  p r e ç e r a t i o n  < i *  t h i s  i s  p r o v e !  t o  be  

e n r c e t  i c  i l  l > f a v o u r a b l e ) .  O t h e r  u s e f u l  q u a n t i t i e s  w h i c h  

i t  i s  p o s s i b l e  to o o t a i n  a r e  t h e  s t i b i l i t i e s  ( e n t h a l p i c )  

ot  c o mp l e x  i o n s  w i t h  r e s p e c t  t o  n e u t r a l  m o l e c u l e s !

e x a mp l e s  o e i r . q  t h e  e l e c t o n .  p r o t o n  and h a l i d e  i o n

a f f i n i t i e s  o f  t hes e m o l e c u l e s .

T h i s  r e p o r t  d e s c r i b e s  t h e  d e v e l o p m e n t  of  a r i g o r o u s ,  

c o mp u t e r  b a s é e .  me t h o c  f c r  t h e  c a l c u l a t i o n  of  l a t t i c e  

e n e r o i e s  f o r  s i l t s  c o mp o s e d  of  c o mp l e x  i o n s .  and i t s  

a p p l i c a t i o n  t c  a v a r i e t y  o f  s y s t e ms  as an i l l u s t r a t i o r  of  

t h e  r e s u l t s  t h a t  c m  be o b t a i n e d .  S e c t i o n  1 g i v e s  a b r i e f  

a c c o u n t  o f  t he  c o n c e p t  of  l a t t i c e  e n e r g y ,  i t s  c a l c u l a t i o n  

ar d f l a c e  wi t h i n  c h e m i s t r y .  Sec t  i on 2 d e s c r i b e s  t he  c h o s e n  

p o t e n t i a l ,  i t s  h i s t o r y  of  d e v e l o p m e n t  and q i v e s  d e t a i l s  cf  

t h e  a p p r o a c h  p r o p o s e d  f or  the c a l c u l a t i o n  of  l a t t i c e  

e n e r o i e s .  The t h i r d  shows how c o mp u t e r s  can be u s e d  t o  

g e n e r a l l y  a p p l y  t he  a p p r o a c h  and t h »  f o u r t h  g i v e s  e x a mp l e s  

of  i t s  u s e .  The a e t h o d  is d e s i g n e d  to be e p p l i e d  by  a l l  

c h e m i s t s  as a t o o l  i n  t h e i r  r e s e a r c h ,  w i t h  a v i e w t o t he
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i n t e g r a t i o n  cf  e x t e n d e d  l a t t i c e  e n e r g y  c a l c u l a t i o n s  a r c  

p r a c t i c a l  s t u d i o s  o r  i n o r ; i n i c  s y s t e ms ^  S u b j e c t s  wh i c h  

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

s e e k i n g  s i « i  t ar  o b j e c t i v e s .

1 . 2  T he D e f i n i t i o n  of L a t t i c e  E n e r g y

S i n c e  t he i n t r o d u c t i o n  o f  the c o n c e p t  o f  ' l a t t i c e  

e n e r g y '  a r o u n d  t h e  cec i m i n e  of  t h i s  c e n t u r y  d i f f e r e n t

w o r k e r s  have used d i f f e r e n t  w o r k i n g  d e f i n i t i o r s .

A l t e r n a t i v e s  h a v e  been t o c i t e  a n o t e n t i a l  e n e r g y  n r

e r t h a l p y .  and t o d e f i r e  t he p r o c e s s  as i o n i c  c r y s t a l  g o i n g

t c  g a s e o u s  i cn s ar  v i c e  v e r s a .  T h e  d e f i n i t i o n  u s e d  i r  t h i s  

wer k i s  of  t he p o t e n t i a l  e n e r g y  c h a n q e .  at  a b s o l u t e  

z e r o /  f or  t he p r o c e s s  of  one mol e c f  c r y s t a l  b e i n g

c o n v e r t e d  t c  i t s  c o n s t i t u e n t  i o n s  i n t he ga s p h a s e ,  a t  

i n f i n i t e  s e p a r a t i o n .  F o r  a s i m p l e  c r y s t a l  WX t h e  p r o c e s s  

i s d e p i c t e d  t y :

MX(o)  ------------------- ► MZ+( g )  + Xz " ( g )

wher e t he  p o t e j t i a l  e n e r g y  c h a n g e ,  t h e  l a t t i c e  e ner g y ,  

i s  s y i r b o l i s e e  by and i s  a p o s i t i v e  n umber  « h e r .

as i n  a l l  t he c a s e s  c o n s i d e r e d  i n t h i s  w o r k ,  t h e  c r y s t a l  

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

c o n s t i t u e n t  i o r s .  S u h s e c u e n t l y  any  r e f e r e n c e  t o a ' l a t t i c e
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• me r c y '  s y i b o l i s e s  t h e  p o t e n t i a l  e n e r g y  c h a n g e  f o r  t h e  

a b cvt  p r o c e s s .

1 . 3  L a t t i c e  f n e r g y  in T h e r m o c h e m i s t r y

i n  o r d e r  t o  i n c l u d e  a l a t t i c e  » n e r g y  i n an e n t h a l p i c  

t h emo ch em i c a l c y c l e  i t  f i r s t  must  be c o n v e r t e d  i n t o  a 

l a t t i c e  e n t h a l p y ,  w h i c h  i s  t he  e n t h a l p y  c h a r j e  f o r  t he 

p r o c e s s  of  c r y s t a l  g o i n g  t o  g a s e o u s  i c n s .  as d e f i n e d  i n 

t h e  p r e v i o u s  s e c t i o n .

/» j e n n r  al c r y s t a l car,  be c o n s i der ed to be composée of

i cns (1^ ) ( wh e r e  ii s t he c h a r g e c a r r  i ed by t h e i o n :

whi ch may he m o n i t o m i c or c o m p l e x ) . 30 p6 ar  i ng ^  t i m e s i n

t h e f o r m u l a  u n i t .  T he  i n t e r n a l e n e r o y o f an i on I . i s

j  i v er by  n.  RT / Z  wher e i s t h e nu *» De r of d e g r e e s c f

f r e e d o m t h e  i on p o s s e s s e s .  R i s  t he gas c o n s t a n t  and T t he 

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

an e r t h a l p y .  f o r  a p e r f e c t  g a s .  by t h e  a d d i t i o n  of  an 

e x t r e  RT t e r m .  C o n s e a u e n t l y  t he t o t a l  e n t h a l p y  o f  t he 

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

u n i t  i s  l ni  f d )R T / i  .

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

i n t e r n a l  e n e r g y  b y  t h e  a d d i t i o n  of  a t e r m  p ( wh er  e i s
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t h e  v o l u me  o c c u p i e d  by a cio t e of  t he  c r y s t a l  a t  p r e s s u r e  

p )  w h i c h  i s  g e n e r a l l y  l e s s  t ha n  10 J . mo l  1 ( a t  a t m o s p h e r i c  

p r e s s u r e '  arte so can be n e g l e c t e d  i n  t h e s e  c o r  > i d e r a t  i c r S t  

T h e  i n t e r n a l  e r e r g y  i s  t he sum of  t h e  p o t e n t i a l  a r c  

k i n e t i c  e n e r o y  of t h e  l a t t i c e .  T he  p o t e n t i a l  e n e r g y  i s  

s i m p l y  t he  n e g a t i v e  of  t he l a t t i c e  e n e r g y  C e t i n e d  i n  t he 

p r e v i o u s  s e c t i o n .  T he k i n e t i c  e n e r g y  ( s o m e t i m e s  c a l l e d  t he 

a c c o u s t i c  e n e r q y )  o f  a c r y st 3 1 may be o b t a i n e d  f r o «  a 

k n o w l e d g e  of  s p e c i f i c  h e a t »  as a f u n c t i o n  of  t e m p e r a t u r e »  

a n c  of  t h e  z e r o  p c i r t  e n e r g y  of  t h e  l a t t i c e .  T h i s  z e r o  

p o i n t  e o o r o y  t e r m i s  g i v e n  by e i t h e r  t h e  f i n s t e i n  t h e o r y  

i s 3 ' ©t  o r  t h e  beby e t h e o r y  as 9P©0 ' 4 »  wher e  ^  and © „ a r e  

t h e  f i n s t a i n  and h e o y e  t e a o e r  a t j r e s .  Wher  c o n s i c e r i n g  

t e m p e r a t u r e s  c on si der  a 11 y g r e a t e r  t h a n  t h e  t i n s t e i r  o r  

J e b y e  t e m p e r a t u r e s  n o t h  t h e o r i e s  s u a p o r t  t h e  c l a s s i c a l  

t h e o r y  t n a t  t he  k i n e t i c  e n e r g y  of  a c r y s t a l  i s  3RT per  

i o n .  I n s i m p l e  c i s e s »  s u c h  as t he a l k a l i  h a l i d e s »  t he 

i n f o r m a t i o n  n e c e s s a r y  t o  c c t a i n  t h e  i n t e r n a l  k i n e t i c  

e n e r o y  of  t h e  l a t t i c e  u s i n g  t h e  mor e moder n  t h e o r i e s  i s  

w e l l  e s t a b l  i s h e l »  but  f o r  many mor e c o mp l e x  c r y s t a l s  t h i s  

i n f o r m a t i o n  i s a b s e n t .  T h i s  f a c t  makes t h e  c h o i c e  o f  t he 

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

t e m p e r a t u r e s  c o n s i d e r e d  ( g e n e r a l l y  a r o u n d  2 9 1 K ) »  b e i n g  

r e a s o n a b l y  h i g h »  mane t h e  e r r o r s  i n c u r r e c  by t h e  c h o i c e  of 

t h e  c l a s s i c a l  t r e a t m e n t  s m a l l .  T h i s  has l e d  t o t h e  s i m p l e

I n t r  odu ct io.o



c l a s s i c a l  t h e o r y  b e i n g  a d o p t e d  i n  a l l  c a s e s  for  t h i s  w o r t »  

t h e  e r r o r  i n t r o d u c e d  g e n e r a l l y  hei  ng l e s s  t h a n  t he

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

T he  c o m b i n a t i o n  of the abov e t e r ms  g i v e s  t he

r e l a t i o n s h i p  h e t a e e n  l a t t i c e  e n t h a l n y .  u '  one l a t t i c e  

anerci  y» U pgf f c r  a c r y s t a l  c o n s t i t u t e d  as d e s c r i b e d  abov e»

APr* = + 2W 2 ~ 2 ]  ai 3RT + UP ™
i

■ ”  T ]  ai ( n i  -  4)  + Up™ 1 . 3 ( i i )

wh e r e  t h e  sum i s  o v e r  a l l  t y p e s  of  i o n  i n  t he l a t t i c e  end 

n ^ » t ne number  of  d e g r e e s  o f  f r e e d o m o f  t he i on  I ^ »  i s  d

f o r  a m on a t o mi c  i o n »  5 t o r  3 l i n e a r  p o l y a t o m i c  and 6 f o r  a 

n o n - I  i n e a r  p c i  y a t  or. i c .

The l a t t i c e  e n t h a l p y  can be u s e d  i n a g e n e r a l  

tl or n - f a  j  a.i s -  ha D e r  c y c l e  w n i c h  i n v o l v e s  a l l  p o s s i b l e

c o n v e r s i o n s  b e t we e n  t h e  s t a t e s :

( a )  t he e l e m e n t a l  s t a n c a r d  s t a t e s »

( b )  t he c r y s t a l l i n e  s t a t e »

( c )  t he s e p a r a t e d  g a s e c u s  i o n s »

I n t  r o d t c t  i on
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c l a s s i c a l  t h e o r y  b e i n g  a d o p t e e  i r  a*. I c a s e s  f or  t h i s  w o r t »  

t he  e r r o r  i n t r o d u c e d  j e n » r a l l y  b e i n g  l e s s  t ha n  t he 

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

The c c u hi r i a t  i o n of t he abov e t e r n s  g i v e s  t he

r e l a t i o n s h i p  h e t a e e n  l a t t i c e  e n t h a l n y .  » j s o  l a t t i c e

e n e r g y »  'Jpgp f cr  a c r y s t a l  c o n s t i t u t e d  as d e s c r i b e d  above.

A « . j  = » ¿ ( n j  + 2)W /2 -  a^3RT + U p ^  1 . 3 ( 0
i  i

= f  Y j  + ^  1« 3 ( i O

wher e t h e  s u  i s  o v e r  a l l  t y p e s  of  i o n  i n  t h e  l a t t i c e  and 

n,  » t ne n u e b e r  of d e g r e e s  o f  f r e e d o *  o f  t he i o n  I ^ »  i s  3 

f o r  p. mo n a t o t r i c  i o n »  5 f or  a l i n e a r  p o l y a t c n i c  and 6 f o r  a 

ncn*l  i n e a r  p c l y a t o r i c .

The l a t t i c e  e n t h a l p y  can be u s e d  i n  

B o r n - f a j a n s - H a b e r  c y c l e  w h i c h  i n v o l v e s  a l l  

c o n v e r s i o n s  bet ween t h e  s t a t e s :

( a )  t he  e l e m e n t a l  s t a n c a r d  s t a t e s ;

( b )  t h e  c r y s t a l l i n e  s t a t e »

( c )  t h e  s e p a r a t e d  g a s » c u s  i o n s »

g e n e r a l  

po s s i 11 e

Int  rode  ct  i on
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( c ) t he  ' ¡ i p a r a t  jil  h y d r a t e d  i o n s ;

- a l l  j n d e r  s t a n d a r d  c o n d i t i o n s .  T h i s  c y c l e  i s  g i v e r  i n 

i t s  t o r e  c o n v e n t i o n a l  ' l e v e l *  f o r a  in F i g u r e  l . J C i )  wh e r e  

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

( e x c e p t  f o r  t he  b o t t c m  l e v e l s ,  c r y s t a l  and h y d r a t e d  i c r s >  

whi ch a r e  o f t e n  r e v e r s e c .  t h e  e n t h a l p y  o f  s o l u t i o n  b e i n g  

e i t h e r  p o s i t i v e  o r  n e g a t i v e ) .  and i n  t h e  t o r e  e a s i l y  

c o n c e i v e d  f o r t  o f  a t e t r a h e d r o n ,  w i t h  t h e  f o u r  s t a t e s  at 

t h e  a p i c e s .  i n  F i i u r e  l . M i i ) .  T n F i n u r e  1 . 3 ( H )  s o l ’ d 

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

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

n o t .  I n  b o t h  f i g u r e s  t he s t a n c a r d  e n t h a l p y  c h a n g e s  ar e 

def  i r eci  s u c h  t hat  ••Ah *(  c r y s t a l )  r e f e r s  ’ o t h e  f o r n t  i o n  of  

t h e  c r y s t a l  f r om e l e m e n t s  ( s t a n d a r d  s t a t e  > ; A H * 0i n ( c r y s t a l  ) 

r e f e r s  t o  t h e  s o l u t i o n  of  t h e  c r y s t a l  i n w a t e r  t o  i n f i n i t e  

d i 11.1 i o n • A ' f  ( ) < g)  r e f e r s  t o t he f o r m a t i o n  o f  a g a s e c u s

i c n  f r o m e l e i r e n t s  ¡ A h * (  i cn ) (  a c ) r e f e r s  t o  t he  f o r m a t i o n  cf  

an a q u e o u s  i o n  f r om e l e m e n t s  ' A  M h y i ' on ) ( o )  r e f e r s  t o  the 

h y o r a t i o n  of  t h e  g a s o u s  i o n .  The sum o v e r  i o n s  i s  o v e r  a l l  

t h e  i o n s  whi c h  a r e  p r e s e n t  i n  t h e  c r y s t a l .

Cn i n s p e c t i o n  of  t he  t e t r a h e d r o n .  and n o t i n g  t h a t  

each f a c e  f or ms a c l o s e d  c y c l e .  *t c a r  be seen t h a t  cne 

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

I nt  r oduc t  i on
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t h e  o t h e r  t n r e e  c o n t a i n  o n e  ' k n o w n '  and t wo ' u n k n o w n '

e r t h a l p y  c h a n g e s .  I t  i s  e v i d e n t  t ha *  a det  e r i  i n . j t i  on of

o n l y  one o f  t he t h r e e  ' un k r  o wn ' e n t h a l p y  c h a n g e s  g i v e s  a 

c o mp l e t e  s c l u t  i on f o r  t t e  c y c l e  { f r o m  t h e  o b s e r v a t i o n  t h a t  

e c g e r  a r e  s h a r e d  oy t wo ' t r i a n g u l a r '  c y c l e s ) .  T he  l a t t i c e  

e n t h a l p y  i s  one af  t h e s e  ' u n k n o w n s * .

I t  seems w o r t h w n i l e  t o  p o i n t  o u t  h e r e  t h a t  i n  many 

cases t h a  s o - c a l l e d  e x p e r i m e n t a l l y  ' known* e n t h a l p y  

c h a n c e s  i r e  not  a l w a y s  d e t e r m i n e d  ( i n  f a c t  in some c a s e s  

t h e y  ar e  not  e v e n  o b t a i n a b l e  cy p r e s e n t  t echn i cues ) • I f  

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

c r y s t a l  i s  k no w'n a k n o w l e d g e  of  t h e  l a t t i c e  e n t h a l p y

e n a b l e s  t h e  s o l u t i o n  o f  one»  and o n l y  o n e »  f a c e  of  t he  

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

In a f ew s i a p l e  c a s e s  ( p r i m a r i l y  t h e  e l k a l '  h a l i d e s )  

e x p e r i m e n t a l  v a l u e s  e x i s t  f o r  t h e  two ' u n k n o w n '  

t e t r a h e d r o n  edges ( o t h e r  t h a n  t h e  l a t t i c e  e n t h a l p y )  and «0 

e x p e r i m e n t a l  ( o r  d o r n - H a b e r )  l a t t i c e  e n t h a l p i e s  may he 

o b t a i n e d  t o  c o mpar e  w i t h  c a l c u l a t e d  v a l u e s .

Many e x t e n s i o n s  and r e f i n e m e n t s  c a r  be made t o t he 

b a s i c  c y c l e  to i i c l u d e  o t h e r  t h e r m o c h e m i c a l  q u a n t i t i e s »  

such as e l e c t r o n  a f f i n i t y .  T h e s e  s u h - c y c l e s  w i l l  he

I n t r o u u c t  i on



i n c l u d e d  i r  t he l e c t i o n s  wher e  t h e y  ar e t o  be u s e d .

1 . 4  T r u e  v e r s u s  C a l c u l a t e d  L a t t i c e  E n e r g y

A l l  c u r r e n t  me t h o d s  of c a l c u l a t i n g  t he l a t t i c e  c n e r o y  

of  a c r y s t a l  assume a p u r e l y  i o n i c  " o d e l  f c r  t h a t  c r y s t a l .  

T h i s  r e a r s  t h a t  t h e  assumed d e c o m p o s i t i o n  of  t h e  c r y s t a l  

i n v o l v e s  t h e  b r e a k i n g  of  no d i r e c t i o n a l  b o n d s  b e t we e n  t he  

c o n s t i t u e n t  i ons  ( n o t e  t h a t  t h i s  a l l o w s  us t o  keep at  c*s 

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

f c r  c o mp l e x  i cns and n e u t r a l  m o l e c u l e s ) .  T h e y  a l s o  assume 

t h a t  t he  at oms of t h e  c r y s t a l  - o s s e s s  a s p h e r i c a l l y  

s y m m e t r i c a l  e l e c t r o n  c l o u d  ( r e c e n t  wo r k  by l i l a k e  ( 1 9 7 7 )  

has c o n e  some way t o  r e m o v i n g  t he  n e c e s s i t y  of  t t i s  

a s s u m p t i o n ) .  T hos e r e s t r i c t i o n s  mean t h a t  ev en i f  t he  

me t hod  was p e r f e c t ,  i . e .  i t  c a u l  c c a l c u l a t e  a t r u e  i o r l c  

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

s e c t i o n )  wo u l d  n o t  be c o m p l e t e l y  d e t e r  mi r e c  f c r  any r e a l  

c a s e .  T h i s  a r i s e s  b e c a u s e  of  t he n e c e s s a r y  d e p a r t u r e  of  

r e a l  c r y s t a l s  f r om t h e  a b s o l u t e  i o n i c .  s p h e r i c a l  st em 

i c ea I .

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

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

w i l l  b e  s e p a r a t e d  f r o m t h e  r e a l  c r y s t a l  ( a  s t a t e  d e f i r e d
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1 -

b y  i t s  e n t h a l p y  o f  f o r m a t i o n »  s ee  F i g u r e  ! . 3 ( i i ) )  by an 

er  er a y A ,  -  see F i g u r e  1 .4 ( i ) . T he e n e r g y ^ )  c o m p r i s e s  of 

t e r m?  w h i c h  i n c l u d e :

( g )  any d i r e c t i o n a l  b o n d i n g  ( c o v a l e n c y »  h y d r o g e n - o o n d i r g  ) 

i n  t h e  r e a l  c r y s t a l  n e t  p r e s e n t  i n  the g a s e o u s  i o n s »

( b )  any 1 ep ar t ur  e f r em s p h e r i c a l  e l e c t r o n  d e n s i t y  a r o u r d  

a t o n i c  c e n t r e s  ( o c v i c u s l y  p r e s e n t  ; n t r a n s i t i o n  me t a l  end 

c c «, p i e *  i o r. s ) :

( c )  at  t e m p e r a t u r e s  g r e a t e r  t ha n  at  s o l u t e  z e r o

( c o n s i d e r e d  t y t h e  l a t t i c e  e n t h a l p y  but  not  t he c a l c u l a t e d  

l a t t i c e  e n e r g y )  a r e a l  c r y s t a l  w i l l  have a c e j r e s  of 

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

The f i ra l s t a t e  f o r  t he l a t t i c e  e n e r g y  p r o c e s s

c o n s i d e r e d  in t h i s  wer k i s  g a s e o u s  i o n s  i d e n t i c a l  i n  

g e o me t r y  and c h a r g e  d i s t r i b u t i o n  w i t h  t h e s e  p r e s e n t  i n  t he 

c r y s t a l .  F o r  mo n a t o mi c  i ons  t h i s  is o b v i o u s l y  e q u i v a l e n t  

t o  t h e  ' t r u e '  s t a t e  but  f o r  c o mo l e x  i ons t h e r e  w i l l

i n v a r i a b l y  be some c h a n g e  i r  g e o me t r y  of t he i o n  ana 

r e d i s t r i b u t i o n  o f  c h a r g e  o v e r  t he i on  n e c e s s a r y  t o  b r i n g  

i t  t o i t s  e q u i l i b r i u m  o a s e o u s  c o n f i g u r a t i o n »  d e f i n e d  hy 

i t s  g a s e o u s  e n t h a l p y  of  f o r m a t i o n  ( F i g u r e  1 . 3 ( i i ) ) .  I n  

F i g u r e  K i l l  )  t h i s  e n e r g y  i s  g i v e n  as A „ .

4s can te soen i n  F i g u r e  1 . 4 ( i )  t he  e f f e c t s  of anc

I n t r o d u  ct  i on



gaseous io n s

F ig u re  1 .4  ( l )  Comparison o f  t r u e and c a lc u la te d  l a t t i c e  e n e rg ie s



(i n t he  l a t t i c e  e n e r g y  t e n d  t o  c a n c e l »  howev » r  n o r , t a l l y

v: i l l oe s ma l l  ( o r  z e r o  when o n l y  monat omi c  i o n s  ar e

i n v o l v e d )  and so t h e r e  w i l l  i n e v i t a b l y

d i f f e r e n c e  bet ween r e a l  and c a l c u l a t e d  l a t t i c e  e n e r g i e s »

of  at nr  a»  i na te t v  A y  I f A 2 í s  I » k 1 / t o  he l a r g e ,  

c o mp l e x  i o n s  g r e a t l y  d i s t c r t e c  I n t h e  s o l i c  s t a t e

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

t h o u r i i  no suc h c a l c u l a t i o n s  have been p e r f o r i e d  or  d e e i e d

n e c e s s a r y  as y e t

e s t i m a t e s  have been nade ( f o r  e x a mp l e

P a u l i n g  ( i  960 ) and f a r d e r s o n  ( 1 97 6 ) )  c o n c e r n i n g  t he

( f a j c r )  p a r t i a l  c o v a l e n c y  c o n t r i b u t i o n  t o

t hese have not  mat  w i t h  much s u c c e s s .  T h e  d i s t o r t i o n

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

a t o m i c  c e n t r e  c a n  be a c c o mo d a t e d  i n e l e c t r o s t a t i c  e n e r g y

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

e x p a n s i o n  t e c h n i q u e s  ( f o r  e x i m p l e  N e c k e l ,  V i n e k  a r d

8 1 ak e ( 197 7 ) )R e d l a c k  and G r i n d l a y  ( 1 9 7 5 )Ncwot  ny ( i 9 6 7 )

i f  t h e  d i s t o r t i o n  i s  w e l l  u n d e r s t o o d ,  as f o r  e x a mp l e  i n

t r a n s i t i o n  me t a l  i o n s .  Put  d i f f i c u l t i e s  o b v i o u s l y  a r i * e

when any q u a n t i f i c a t i o n  of  t h i s  d i s t o r t i o n  i s  d i f f i c u l t .

such as t h e  pe r ma n en t  d i s t o r t i o n  of  a p o l a r i s a b l e  i o n  by

U s e  i n  t h i s  c a s e  ' mo d e l  i n d e p e r d e r ts u r r o u n d i  ng i ons

c o n s  i cermet hods  h a v e  t o  be a d o p t e d  i r

nt rodu et i on
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c o n t r i b u t i o n s  f r  on r e p u l s i o n  b e t we e n  t h e  no n - s p h  er  i cs l 

i or . s .  ¿ 0  i t  c a r  be  seen t h a t  i t  i s  g e n e r a l l y  e x t r e m e l y  

d i f f i c u l t  t o  i a k i  an e s t i m a t e  of f o r  a c r y s t a l .

The ma j o r  wo r k s  t h a t  have a t t e m p t e d  t o  e s t i m a t e  

v a l o r s  f o r  ha v e  don e  so by c o n s i d e r i n g  d i f f e r e n c e s  

b e t w e e n  t < o r n - H a b u r  ( 1 e* p e r i  e e a t a  l ' )  and c a l c u l a t e d  l a t t i c e

e r  er q i e  s . A I t  h o  j  gh t h i s  ap p r o  ach w i l l o b v i o u s l y  y i e 1 c

e s t i m a t e s of  A .  i t  wi l l  not  g i v e »  as i s  o f t e n  c l a i m e d » t he

m a g n i  t i l d e o f  c o v  j l e n t c o n t r  i out  i o n s t o fc o n c i n g i n t h e

c r  yst  at ( f o r  a f u l l e r  d i s c u s s i o n o f t h i s  p o i n  t see

P h i l l i p s  and W i l l i a m s  ( 1 9 6 5 ) ) .  T h e  o n l y  me t h o d  t h a t  c o u l d  

be u s e d  t o o b t a i n  t h i s  q u a n t i t y  i s t c  p e r f o r m  an i o r i c  

l a t t i c e  e n e r g y  c a l c u l a t i o n  on a p u r e l y  i o n i c  c r y s t a l  

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

i n a l l  wo r k  h a r e  a n c  e l s e w h e r e  i s  t h e  e q u i l i b r i u m  

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

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

n u mb e r s  i nd a t o n i c  c h a r g e s .  T h i s  means t he  c c v a l e n c y  has 

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

( t h e  e x t r a  e n e r g y  o f  t he ' b o n d '  i r d u c e d  t y  t h e  c o v a l e r c y  

i s  c o mp e n s a t e d  f o r  i n  t h e  c a l c u l a t i o n s  hy a s s u mi n g  p u r e  

i o n i c  c h a r g e s  st  p a r t i a l  c o v a l e n t  d i s t a n c e s »  wh i c h  ar e 

s h o r t e r  t h a n  f o r  t h e  p u r e  i o n i c  s i t u a t i o n ) »  and so ’ s

net  an a b s o l u t e  me a s u r e  o f  c c v a l e n c v  i n  t he  c r y s t a l  o n l y  a
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me a s u r e  o f  t h »  i n s t a b i l i t y  o f  t he p u r e  i o n i c  s t a t e ,  i n  

t h e  r e a l  l a t t i c e  e n v i r o a e n t .  wi t h  r e s p e c t  to t he r e a l  

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

t c  b o n d i n g  i r  c r y s t a l s  woul d r e q u i r e  t h e  p r e d i c t i o n  c f  t he 

c r y s t a l  s t r u c t u r e s  t h 3 t  wo u l d  be shown b y  compounds i f  t he 

b e n d i n g  was p u r e l y  i o n i c .  and t he c o mp a r i s o n  of  a 

l e r n - H a b e r  l a t t i c e  e n e r g y  wi t h  t h e  l a t t i c e  e n e m y  

c a l c u l a t e )  f r o m t h i s  s t r u c t u r e .

The c o n v e r s e  o f  t he  abov e a r g u me n t  wo u l d  e x p l a i n  t he 

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

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

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

s t a b i l i t y  of  t ha  s o d i u m c h l o r i d e  a n d  c e s i u m c h l o r i d e  

l a t t i c e s .  T o s i  ( 1 9 6 4 ) ) .  The s t r u c t u r e s  p r e c i c t e d  ar e t h e s e  

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

The wor k as d e s c r i b e d  h e r e  c o n t a i n s  no met hod cf  

e s t i r  at i n i A ,  or  A .  > t h e y  a r e  assumed t o  bf  s ma l l  i n ne s t  

c a s e s ,  and a r? n e g l e c t e c .  I n  f a m i l i e s  of  s a l t s  wher e A ,  i s 

l i a b l e  n o t  t c  be n e g l i g i b l e ,  such a s  the a l k a l i n e  e a r t h  

c h a I c ogeri  i de s.  t h e  t r e n c  in ma g n i t u d e  c a n  be c o n f i r m e d  and 

t her  it od y n a m i c p a r a m e t e r s  o b t a i n e c  f r o m ccn s i d er  a t i c n c f  

t h e  most  n i g h l y  i o n i c  member s of t h e  f a m i l y .
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1 . 5  E m p i r i c a l  a n d  N o n - E a p  i r  i c a l  C a l c u l a t i o n

The t e r m s  e m p i r i c a l  and n o n - e m p i r i c a l  ar e used 

I c o s f l y  h e r e  a s  i ny c u r r e n t  l a t t i c e  e r  er  g y c a l c u l a t i o n  

must  be e m p i r i c a l  i n  t h e  t r u e  sense of  t h e  wo r d  be c ai . s e  

t h e  f o r c e s  e x i s t i n g  b e t  keen t h e  i o n s  i n  t h e  l a t t i c e  ar e 

not  c o m p l e t e l y  u n d e r s t o o d  ( a p a r t  f r om t h e  e l e c t r o s t a t i c  

f o r c e s  b e t w e e n  s p h e r i c a l l y  s y m m e t r i c a l  mo n a t o mi c  i o r s ) .  

I  am c l a s s i f y i n g  ' n o r - e m p i r  i c a l • c a l c u l a t i o n s  as t h e s e  

whi ch r e c u i r e  a p r e c i s e  k n o w l e d g e  of  t he f u l l  c r y s t a l  

s t r u c t u r e  3 r d  ' e m p i r i c a l '  c a l c u l a t i o n s  as t h o s e  t h a t  

i n v o l v e  t h e  a p p l i c a t i o n  o f  an  e q u a t i o n  wh i c h  o r l y

n e c e s s i t a t e s  a k n o w l e c j e  o f  some p r o p e r t i e s  of  t h e  i e n s

whi ch c o n s t i t u t e  t he  l a t t i c e »  not  o f  t he r e l a t i v e

a r r a n g e m e n t  cf  t h o s e  i o n s .

The u s e  of  e m p i r i c a l  c a l c u * a t  i o n s »  a l t h o u g h  q u i t e  

w i d e s p r e a d  i n  c h e m i s t r y »  i s m a i n l y  the r e a l m  cf  i n o r g a n i c  

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

by  p r a c t i c a l  me t h o d s  ( m o s t l y  as a c o n n e c t i n g  l i n k  b e t w e e n  

t h e  p r e p e r a t i o n  and t h e r m o c h e m i s t r y  o f  z c o m p o u n d ) .  The 

s i m p l e  ' b a c k  - o l - t h e - e n v e l o p e '  e m p i r i c a l  a p p r o a c h  i s t a k e r »  

g e n e r a l l y  b e c a u s e  o f  i t s  c o n v e n i e n c e »  when not  much 

e mp h a s i s  i s  b e i n g  p l a c e d  on the me t h o d  of  c a l c u l a t i o n .

A l t e r n a t i v e l y  r  o n - e  mp i r  i c al  met hods  t e n d  t o be u s e d  i n
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s t u d i e s  i r  w h i c h  t h e  m a j o r  o b j e c t i v e  i s  to o b t a i n  t he 

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

t h e i r  i n o r g a n i c  i m p l i c a t i o n s  is c o n s i d é r é e .  T he e m p i r i c a l  

a p p r o a c h  when u s e d  becat . se o f  t h e  a h s c e n c e  of  f u l l  c r y s t a l  

s t r u c t u r e  d a t a  i s  i n v a l u a b l e ,  b u t  i t s  u s e  when suc h d a t a  

i s  a v a i l a b l e  does n o t  make f u l l  u s e  cf  t he  a t t e n d a n t

p r a c t i c a l  wor k a n d  t he r e s u l t s  c o u l d  be ( u n n e c e s s a r i l y )  

m i s l e a d i n g .

It  a p p e a r s  t h a t  what  i s  n e e d e d  i s a •n e n - e m p i r i ca I • 

a p p r o a c n  wh i c h  i s  as c o r v e n i e n t  to use as t he e m p i r i c a l  

e a u a t i o n s .  One of t h e  a i ms  o f  t h i s  wo r k  i s  to p r o v i d e  an 

e a s y  to use c o mp u t e r  p a c k a g e  f o r  c a l c u l a t i n g  l a t t i c e  

e n e r g i e s  ( u s i n g  t h e  l a t e s t  • n o n - emp i r i  ca l '  m e t h o d ) ,  h o p i n g  

t h i s  w i l l  gc  some way t o b r i a g e  t h e  gap b e t we e n  i n o r g a r i c  

a n d  ' l a t t i c e  e n e r g y '  c h e m i s t s .  A m e r g e r  c f  t h e s e  t wo t y p e s  

c f  c h e m i s t s  wo ul d  g i v e  mor e i n o r g a n i c  i n s i g h t  i n t o  t h e  

r e s u l t s  o b t a i n e d  f r om l a t t i c e  e n e r g i e s ,  s o me t h i n g  wh i c h  i s  

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

( i n c l u d i n g  t h o s e  i n t h i s  s t u d y ) .

T h i s  s e c t i o n  i s  n o t  i n t e n d e d  as a c o m p r e h e n s i v e  

r e v i e w  of  met hods t c  c a l c u l a t e  l a t t i c e  e n e r g i e s ,  b u t  t he  

i n c l u s i o n  of  t h e  most  c c mmo n l y  u s ed e m p i r i c a l  e q u a t i o r s .  

f e r  c o m p i r i s o n  w i t h  t h e  e q u a t i o n s  g i v e n  i n t h e  met hod
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s e c t i o n .  and an out  l i  r e  of  t he a p p r o a c h  t a k e n  b y  t he  

n c n * f  *p i r  i c a l i r et hods i s  f e l t  t o be of v a l u e .

The ma in e up i r ii c al e a u at i on s i n use t o d a y ,  and f o r

t h e  l a s t t h i r t  y v>r so y e a r s » ar e t hos e dev el  opee i r t h e

1 9 3«. ' s •and 19 U  • s by i f a o u s t i n s k i ( 1 9 3 3 .  1 9 4 3 a , t  ) .

r( e c e r  11 y w o r k . *»i j  í n l y b a s ed i n I n d i a . has beep c a r r i e d cut

e « p e r  i men t i n g  wi t  h o t h e r f o r it s o f  e nua t i c n s .  how eve r t he

work has n o t  as y et  p r o v e d  t o  be of  s u f f i c i e n t  g e n e r a l i t y .  

T he ma j o r  c r i t e r i o n  f o r  an e m p i r i c s *  a p p r o a c h  t o  be u s e f u l  

i s  g e n e r a l  a p p l i c a b i l i t y  and t h ’ S has o n l y  r e a l l y  been 

shown by  t h e  K a p j s t i n s k i i  m e t h o d .

The K a p u s t i n s k i i  e o u a t i o n  c a n  hav e two f o r m s  ( wh c s e  

o r i g i n  w i l l  become c l e a r  i n  t he met hod s e c t i o n ) »  of  wh i c h  

t h e  s e c o n d  i s  much mor e c o mmonl y  used t o d a y .

POT

0POT

1080Y z j  z_| 

( r ;  + r O

1214y K 1 M  ¿

( r + + r l )  V

0.345

( r + + r l )

1.5(1)

1.5(11)

wh e r e  |2+J » J z _ | a r e  t h e  mo d u l i  of  t h e  c h a r g e s  on t he 

c a t i c n  and a n i o n . V  i s  t he number  of i o n s  i n  t h e  f o r m u l a  

u n i t  and r ^  » r ^  i r e  t h e  t he r  mo ch em i c al r a d i i  of  t h e  c a t i o n
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and f n i o n  ( i f  t h a s e  a r e  i n  A n g s t r o m 1; t h e  l a t t i c e  e n e r g y  i s  

l i v e n  i n  k J . i r o f 1) .  e q u a t i o n  1 . 5 ( i )  i s  o b t a i n e d  a s s u mi n g  an 

i n v e r s e  p o w e r  f or m f o r  t he  r e p u l s i v e  p o t e n t i a l  f w i t h  n = V.  

see s e c t i o n  on r e p u l s i o n  e n e r g y )  w h i l e  F q u a t i o n  1 . 5 ( i i )  

a ss umes t n e  e x p o n e n t i a l  f or t i  ( w i t h  ^ = 0 . 3 4  5° » s e e  s e c t i o r  on 

r e p u l s i o n  e n e r g y ) .  T he a s s u m p t i o n  t h a t  i s  b a s i c  t o  t h e  

above e q u a t i o n s  i s  t h a t  e v e r y  i o n i c  c o m p o u r d .  no m a t t e r  

what  i t s  r e a l  c r y s t a l  s t r u c t u r e ,  wo ul d  h a v e  an i d e n t i c a l  

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

c h l o r i d e  t y p e  l a t t i c e ,  a l t h o u g h  t h i s  i s  o b v i o u s l y  not  a 

f u l l y  j u s t i f i e d  a s s u m p t i o n  t h e  a g r e e me n t  f ound w i t h  

n e n - e m p i r i c a l  c a l c u l a t i o n s  i n  most  c a s e s  shows i t  t o  be 

r e a s e  n a Dl a  .

The t h er it oc he mi c a l r a d i i  a r e  so c a l l e c  b e c a u s e  f o r  

c o mp l e x  i a r s  t h ° y  a r e  d e r i v e d  f r om t h e r m o c h e m i c a l  d a t a )  

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

w i t h  a c o t  non c o m p l e x  i o n  may be e q u a t e d  t o  knewn 

t h e r n o c h e o i c a l  d a t a  t o  o b t a i n  t h e  ' t h e r m o c h e m i c a l '  r a c i u s  

of  t t e  c o mp l e x  i o n .  F o r  s i m p l e  mo n a t o mi c  i o n s ,  such as t h e  

a l k a l i  me t a l  c a t i o n s ,  t he  G o l d s c h m i d t  i o n i c  r a d i u s  i s  u s e d  

f e r  t he  t he rm oc'a em ic a l r a d i u s ,  t h i s  f o l l o w s  as t h e  sum of  

c a t i o n  and a n i o n  t h e r m o c b e m i c a l  r a d i i  s h o u l d  he t h e  

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

l a t t i c e .  T he  wor k o f  K a p u s t i n s k i i  and Y a t s i m i r s k i i  has
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p r o d u c e d  f a i r t /  e x t e n s i v e  t a b u l a t i o n s  of  t he r  m och e m i ca l 

r a d i i  f o r  c o mpl ex  i o n s  i Y a t s i m i r s k i i  ( i  9**7)»(l0 lf-\; 

K a p u s t i n s k i i  and Ya t s  i m i r  sk i i ( 1 9 4 ^ ) .

I f e e t  i t  i s  wo r t h  e m p h a s i s i n g  t h a t  t he use of  an 

e x p e r i m e n t a l  i n t e r i o n i c  d i s t a n c e  in p l a c e  of  t h e  s un of  

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

u n d e s i r a b l e *  u n l e s s  of  c o u r s e  t he i n t e r i o r i c  d i s t a r c e  

comes f r  o r  a s o d i u m c h l o r i d e  t y p e  s t r u c t u r e »  as i t

n e g l e c t s  an

n e c e s s a r y  fo

s c o i l a  c h i  or

Ì -

• Non- em pi  r  i c at • l a t t i c e  e n e r g y  c a l c u l a t i o n s  ar e b a s e d  

on a t e r m~t y “ t e re a p p r o a c h .  T h i s  c o n s i d e r s  t h e  l a t t i c e  

e n e r g y  t o  l e  made up  as f o l l o w s :

UPOT = UBL2C UR + UD
1 , 5 ( i i i )

where u ELEC '  " r  and , r  * t h e  e l e c t r o s t a t i c »

r e p u l s i o n  ano d i s p e r s i o n  e n e r g i e s  r e s p e c t i v e l y .  T h i s  

a p p r o a c h  i s  the ane u s ed t h r o u g h o u t  t h i s  wo r k »  p a r t i c u l a r  

f or ms b e i n g  t a k e n  f o r  e a c h  e ner gy  t e r m i n  E q u a t i o n

l . b ( i i i ) »  t he r e s u l t  o f t e n  b s i n  o c o mp a r e d  t o  t h e s e
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o b t a i n e d  t y  t h e  K a p u s t i n s k i i  e q u a t i o n .  Each t e r n  w i l l  be 

d e a l t  w i t h  i n  d e t a i l  i n  t he  naxt  s e c t i o n .  A k n o w l e d g e  cf  

t h e  c o mp l e t e  c r y s t a l  s t r u c t u r e  i s  g e n e r a l l y  r e q u i r e d  t o r  

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

T he c a l c u l a t i o n  c f  l a t t i c e  e n e r g i e s  b y  quant um 

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

c u r r e n t l y » i t i s  n o t  p r a c t i c a l l y »  a r e v e n t h e o r e t i c a l l y »

a p p l i  c a b l e to any o u t  v e r y  s i m p l e sa l t s ( i t  h as m a i r l y

been a ppl i e <2 t o  l i t h i u m  f l u o r i d e and e t h e r s a l t s

pos se ss i n g t te s a d i u m c h l o r i d e  s t r u c t u r e )  a nd so i t i s  r e t

c o n s i d e r e  i t o be of a g e n e r a l  e n ough n a t u r e •

1*6 L a t t i c e  E n e r g i e s  f r e e  o t h e r  Me t h o d s

¡Jn c o n s u l t i n g  F i g u r e  1 .  3( i i ) »  a s  was p o i n t e d  out  i n 

S e c t i o n  1 . 3 »  i t  i s  c l e a r  t h a t  e s t i m a t i n g  t h e  l a t t i c e  

e r t h a l p y  i s  o n l y  o r e  of t h r e e  p o s s i b l e  a p p r o a c h e s  t h a t  

c c u l e  be t a k e n  t o  s o l v e  t h e  n h o t s  '  *et r a h e c r a l '  c y c l e .  The 

k n o w l e d g e  of t h e  e n t h a l p y  o f  t or  « a t  ' on  o r  h y d r a t i o n  of  t he 

g a s e o u s  i o n s  i s  a l s o  s u f f i c i e n t  f or  s o l u t i o n »  and h e r c e  

f o r  p r e d i c t i o n  of  a v a l u e  f o r  t h e  l a t t i c e  e n t h a l p y .

I n  some c a s e 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  of  g a s e c u s  

i o n s  a r e  known e x p e r i m e n t a l l y .  T h e  v a l u e s  f o r  m o n a t o f i c
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c a t i r n s  a r e  g e n e r a l l y  a v a i l a b l e  ( c o m b i n i n g  e n t h a l p i e s  r f  

sut  l i  n a t i o n  and i o n i s a t i o n  p o t e n t i a l s )  and t h e  v a l u e s  f or  

h a l i d e  i o n s  a r e  now v i r t u a l l y  a j r e e d  u o o r  ( a n y  r e m a i n i n g  

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

a t o m s ) .  Few v a l u e s  h o we v e r  have been me a s u r e d  f o r  c o mp l e x  

i cr . s# a l t h o u g h  t h e  c y a n i d e  i c n  h a s  r e c i e v e d  seme a t t e n t i o n  

( s e e  f o r  axai r ol e H e r r o n  and D i b l e r  ( 1 9 6 C ) 5  B e r k o w i t r #  

Ohu p k a  a n d  H a l t e r  ( 1 9 6 v ) > .  V e r y  r e c e n t  wor k by Ref aey  

( F e f a e y  (1 976) 5 p e f a e y  and F r a n k l i r  ( 1 9 7 6 ) )  r n 

i c n - r o l e c u l e  c o l l i s i o n s  has l eel to v a l u e s  f o r  t h e  n i t r i t e  

and n i t r i t e  i on and has g i v e n  hope t h a t  i n  f u t u r e  

e x p e r i m e n t a l  v a l u e s  f o r  many mor e i o r s  w i l t  become 

a v a i l a b l e .

The ma j o r  met hod of e s t i m a t i n g  e n t h a l p i e s  cf

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

c a l c u l a t i o n s #  i s  by  quant um m e c h a n i c a l  me t h o d s .  T h e s e  

c a l c u l a t i o n s  a r e  c a r r i e d  c u t  by t a k i n g  i d e a l  g e o m e t r i e s  

f o r  t h e  g i s e o u s  i o n s  anc c a l c u l a t i n g  t h e i r  t c t a l  e n e r g y .  

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

Ho we v e r  i t  i s  o f t e n  f ound t h a t  c a l c u l a t i o n s  l e a d i r g  t o 

•good* t h e r t o e  h e mi c a l  o a t a  do n o t  a l s o  g i v e  ' good * c h a r g e  

d i s t r i b u t i o n s ,  and v i c e  v e r s a .  T h i s  i s a c o n s e q u e n c e  of  

t h e  a p p r o x i m a t i o n s  mace i n  t h e  v a r i o u s  me t h o d s  and c a s t s  

some doubt  on v a l u e s  wh i c h  c a r n o t  he c c m r a r e d  t o o t h e r
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i r d e c e n d e n t t y  p r o d u c e d  v a l u e s .  G e n e r a l l y  wcr k t h a t  uses 

t h e s e  c a l c u l a t i o n s  does  riot a o p l y  t h e  r e s u l t s  o b t a i n e d  t o  

t h e  c y c l e s  c o n s i d e r e d  h e r e  and so l a t t i c e  e n e r g i e s  a r e  r e t  

p r e d i c t e d *  a l t h o u g h  c o m p a r i s o n s  ar e  o f t e n  made w i t h  

e s t i m a t e s  o f  t h e  t h er iro c h ami c a l d a t a  ( a n d  c h a r g e

d i s t r i b u t i o n s )  p r o d u c e d  by  l a t t i c e  e n e r g y  wo r k .

The sum o f  t h e  h y d r a t i o n  e n t h a l p i e s  of  t h e  i ons  wh i c h  

c o n s t i t u t e  t he e l e c t r o n e u t r a l  l a t t i c e  c a n  b e  g e n e r a l l y  

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

i s  known.  s i mp l y  by t h e  u s e  of  t h e  e n t h a l p y  o f  f o r m a t i o n  

of  t h e  aqu e oL S i o n s  ( i . e .  c cn si  der  at i  on of  o n e  o f  t h e  

' u n k r o w n '  f a c e s  o f  t he  t e t r a h e d r a l  c y c l e  ( F i g u r e  1 . 3 ' i i ) ) .  

T h e  e n t h a l p y  of  f o r m a t i o n  of most common a q u e o u s  i ens 

( i n c l u d i n g  c o mp l e x )  i s  e x p e r i m e n t a l l y  k n own,  a l t h o u g h  o n l y  

r e l a t i v e  t o  t he h y d r o g e n  i on  whose v a l u e  i s  f i x e d  at z e r o .  

T h i s  means a v a l i e  f o r  t he s u  o f  hy  dr a t i  or  e n t h a l p i e s  i s  

o n l y  a v a i l  a t i e  i n t h e  f ew c a s e s  wh e r e  e n t h a l p i e s  c f  

f o r m a t i o n  of  t h e  g a s e o u s  i o n s  a r e  a l l  knewn* m o s t l y  o n l y  

s i m p l e  met al  h a l i d e s .

The s p l i t t i n g  c f  t h e s e  sums of  h y d r a t i o n  e n t h a l p i e s  

i n t o  v a l u e s  f or  i n d i v i d u a l  i o n s  i s  a s u b j e c t  t h a t  has 

r e c e i v e d  much a t t e n t i o n .  T he  d i f f i c u l t y  c f  a s s i g r i n g  

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

n e t  i n v o l v e  a co i n t e r  i o n .  The e a s i e s t  me t h o d  i s  t o  d e f i n e  

t h e  h y d r a t i o n  e n t h a l p y  cf  t h e  h y d r o g e n  i o n  as z e r o .  t he 

i c n i t  h y d r a t i o n  e n t h a l p i e s  so o b t a i n e d  a r e  c a l l e d  

c o n v e n t i o n a l  h y d r a t i o n  e n t h a l p i e s  a r d  a r e  most  c o mmon l y  

q u o t e d .  d a n y  v o r k e r s *  p r i n c i p a l l y  Noyes ( 1 9 6 2 ) »  H a l l i w e l l  

ano N y b u r j  ( 1963)  and M o r r i s  ( 1 968 ' »  ha v e  a t t e m p t e d  t o  

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

( i . e .  a s s i g n  a v a l u e  f o r  t he p r o t o n ) »  m a i n l y  by t he  use of  

e m p i r i c a l  a p p r o a c h e s  t o  t h e  sums of  h y d r a t i o n  e n t h a l p i e s  

f e r  t h e  a l k a l i  h a l i d e s .  T h e s e  a p p r o a c h e s  ha v e  b e e n  a p p l i e d  

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

( J e n k i n s  and M o r r i s  ( 1 9 7 6 ) ) )  i n n s  a h e r e  ar  i o n i c  r a d i u s  

c a n  t e  a s s i g n e e .

T he c a l c u l a t i o n »  o r  e s t i m a t i o n *  o f  l a t t i c e  e n e r g i e s  

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

a t t e m p t e d  by  t h r e e  e m p i r i c a l  a p p r o a c h e s .  A l l  me t h o d s  

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

v e r s u s  a p r o p e r t y  of  an i on  o r  i o n s *  f o r  t h e  a l k a l i  

h a l i d e s .  T hese p l o t s  a r e  f o u n d  t o b«  l i r e a r  a l o n g  t he  

a l k a l i  h a l d e s  a i t h common i o n s *  i . e .  f i v e  l i n e s  ar e  

o b s e r v e d  f o r  l i t h i u m »  s o d i u m*  p o t a s s i u m*  r u b i d i u m  and 

c e s i u m .  d y  me a s u r e me n t  of  t h e  p r o n e r t y  f o r  o t h e r  i o n s  or  

i o n  p a i r s  and a s s u mi n g  t h a t *  f or  t h e  same c o u n t e r  i on* t he
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s a B'e s t r a i g h t  t i n e  w i l l  h o l d  i t  i s  p o s s i b l e

sum of  t h e  i o n i c  h y c r a t i o n  e n t h a l p i e s and hence t he

f o r  t h a t  i o n - p a i r  ( i . e i o n i c  c omp c u r e )

T he  p r o p e r t i e s  t h a t  hav e  c u r r e n t l y  her n used a r e  t he i o r i c

r a d i u s )  ( M o r r i s  ( 1 9 6 g ) »  J enk î n s andr a d i u s  ( o r

t h e  l y c t r o p i c  number  of  t h e  a n i o n  ( s e e

f e r  e x a mp l e  Bu c h n e r  ( 1 9 ? 6 * 1 9 5 J )  and ' f i d d i n o t o r  ( 1955 ) )  a r d

t h e  v i s c o s i t y  t c o e f f i c i e n t  of  t he J o n e s - O o l e  e q u a t i o n

( s e e  J e n k i n s  and M o r r i s  ( 1 9 / 7 o ) ) .  The s i m i l a r i t i e s  b e t w e e n

p r o d u c e d  by t h e  t h r e e  me t h o d s  i n d i c a t e  a

d e f i n i t e  c o n n e c t i o n  bet we e n  t h e  p r o p e r t i e s

The i o n i c  r a d i u s  met hod r e q u i r e s  s o h e r i c a l  i o n s *  t he

ac cur  a cy i nrumu er

mea s u r e me n t  w h i l s t  t he o t h e r  met hod s u f f e r s  f r om a l a c k  of

ssume t h e  s t r a i g h t  l i n e  r e l a t i o n s h i p  ( s h e wn

c o n c l u s i v e l y  f o r  t h e  h a l i d e  i o n s )  wit  l h o l d  f o r  a l l  i o r s *

nc m e t t e r  t h e i r  c o m p l e x i t y  ( or  s h a o e ) .  A n  a s s u m p t i c r *

a l t h o u g h  f o r c e d  b y  l a c k  c f  dat a* w h i c h  one can h a r c l y

e x p e c t  t o  t e  c o m p l e t e l y  v a l i c *  and t h i s  must  be r e me mb e r e d

when l a t t i c e  e n e r g i e s  and t h  e r mo c h e mi c a l  d a t a  o b t a i r e d

u s i n o  t h e s e  met hods  ar e c o mp a r e d  to c a l c u l a t e c  v a l u e s

A common t r a p  i n  t he t y p e  o f wo r k  a b o v e  i s  t o  t a k e

c o n s i s t e n c y  in pr  e d i c t c c  i n d i v i d u a l  i o n  o a r a m e t e r s *  or  i n
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o t h e r  v a l u e s  c e r i v e d  f r om t h e s e  p a r  am et er  s » e v e r  a f a m i l y  

of  s e t t s  ( l i t h i u m  t o  c e s i u m )  t o be  e v i d e n c e  o f  t he 

v a l i d i t y  of  t h e  me t h o d .  T n i s  a g r e e me n t  i s  f o r c e d  as on 

a n a l y s i s  of  a l t  me t h o d s  i t  c a n  be  s een t h a t  t h e y  s i m p l y  

p r e d i c t  one i o n  p a r a m e t e r  f r om a n o t h e r  ( r . b .  v i s c o s i t y  8 

v a l u e s  a r e  s a i  I t o be a d d i t i v e  o v e r  i o n s »  an i on

c o n t r i b u t i n ' )  a f i x e c  amo u n t  i r r e s p e c t i v e  o f  t he

c o u n t  e r - i u n )  h e n c e  g u a r a n t e e i n g  a c o n s i s t e n t  r e s u l t  o v e r

t h e  f a m i l y  i f  i l l  t h e  d a t a  us ee i s  c o n s i s t e n t .  T h i s  i s  a

common f i u l t  and e x o l a i n s  t h e  a p o a r e n t  ’ a s t o n i s h i n g

c o n s i s t e n c y *  t h a t  i s  s o m e t i m e s  o b t a i n e d  i n  t h e  s t u d y  of

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

1 . 7  A i m s  of  t h e  R e s e a r c h

1 r t  r odu ct a ona JO I

The aor  X» as d e s c r i b e d  h e r e »  c o n c e n t r a t e s  on c e r t a i n  

p a r t s  of  t h e  l a r g e  a r e a  c o v e r e d  i n  t h i s  i n t  r  odu ct  i c r .  

S p e c i f i c  r e s t r i c t i o n s  t c  n o t e  a r e !

( a )  t he s o l u t i o n  o f  t h e  * te t r  a h e d r a  l • t  he r  m och e m i ca l 

c y c l e  ( F i qu r e l . S ( i i ) )  i s v i a  c a l c u l a t i o n  of  t h e  l a t t i c e  

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

t h i s  a p p r o a c h ;

Cb)  t h e  d i f f e r e n c e  b e t w e e n  t h e  l a t t i c e  e n e r g i e s  

c a l c u l a t e d  and ’ t r u e '  v a l u e s  w i l l »  i n  most  c a s e s »  he 

n e g l e c t e d »  a n d  t o  m i n i m i s e  e r r o r s  i n c u r r e d  by t h i s
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a p p r o  x i m a t i o r  g e n e r a l l y  o n l y  a t k a l '  met al  and ammoni um 

s a l t s  a r e  c o n s i d e r e d  ( m o s t l y  i n  co mp ou n d s  wi t h  a n i c r s  

h a v i n g  t e r m i r a l  h a l o g e n  a t o ms )  -  t h e s e  c o i r p c u r c s  s h e i l a  

a p p r o x i m a t e  to t h e  p u r e  i o n i c  s t a t e ?

( c )  a ' ro r - 5 mp i r  i c a l ' a p p r o a c h  i s  u s e d  f o r  t he 

c a l c u l a t i o n  of t he  l a t t i c e  e n e r g y .  a l t h o u g h  o f t e n  t he 

r e s u l t s  o b t a i r e i  a r e  c o mp a r e d  t o  t h e s e  g i v e n  by t he 

' e m p i r i c a l '  e q u a t i o n s .

w i t h i n  t h e  f r j a e v o r k  o u t l i n e d  abov e t h e  mest  

e x t e n s i v e  g e n e r a l  met hod f o r  c a l c u l a t i n g  l a t t i c e  e n e r g i e s  

was e d o p t e o  ( s e a  n e x t  s e c t i o n ) .  T h i s  met hod i n v o l v e d  

s e v e r a l  e x t r e m e l y  ' u n c e r t a i n '  p a r a m e t e r s  wh i c h  p r e v i o u s l y  

had t o  be e s t i m a t e d  and a l s o  s u f f e r e d  f r om b e i n g  d i f f i c u l t  

t o  a p p l y  t o  a l l  o u t  t n e  s i m p l e s t  s y s t e m s .  T h e  ai ms wer e 

m a i n l y  t w o f o l d .  F i r s t l y  to r e mo v e  c o m p l e t e l y ,  or  at l e a s t  

m i n i m i s e  t h e  e f f e c t  o f .  any ' u n c e r t a i n '  p a r a m e t e r s .  

S e c o n d l y  to d e v e l o p  g e n e r a l  t e c h n i q u e s  wh i c h  c o u l d  be 

f i n a l l y  embodi ed i n t o  a c o m p u t e r  p a c k a g e  c a p a b l e  of 

p e r t o r m i n j  a l a t t i c e  e n e r g y  c a l c u l a t i o n  f o r  any i o n i c  

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

a p p l i c a b i l i t y  w h i l s t  p o s s e s s i n g  ease of  use and a mi ni mum 

of  i n p u t  d a t a .  T h u s  e n a b l i n g  i t s  u s e  by c h e m i s t s  

u r f a m i l i a r  w i t h  t h e  f u l l  d e t a i l s  of  t h e  n e c e s s a r y  

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

I n t  r  o d u c t  i on
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D u c i n q  the c o u r s e  of  t n e  de ve l opm en t of  t h e  met hod 

used i n  t h i s  c o m p u t e r  p a c k a g e  c a l c u l a t i o n s  on v a r i o u s  

f a m i l i e s  of  s a l t s  h a v e  t e e n  c a r r i e d  ou t »  ar d p u b l i s h e d  as 

s e p e r a t e  p i e c e s  of  r e s e a r c h .  T he s e  c a l c u l a t i o n s  g e n e r a l l y  

r e p r e s e n t  s t a g e s  of  t h e  d e v e l o p m e n t  of  t h e  met hod wher e  a 

p a r t i c u l a r  f a m i l y  o f  s a l t s  has been c h o s e n »  f o r  v a r i o u s  

r e a s o n s »  as a t e s t  t o i l l u s t r a t e  t h e  u s e  of  t he me t hod  a t  

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

c a l c u l a t i o n s  c a r r i e d  o u t  on he xah a lo me t al  l at e  ( I V > s a l t s  

( J e n k i n s  and rar a t t  ( 1 * 7 8 )  an C a l k a l i  me t a l  c y a n i c e s  

( J e n k i n s  i nd P r a t t  ( 1 9 7 7 b ) )  at  a s t age when t he  me t hod  had 

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

c a l c u l a t i o n s  hav e  b e e r  p e r f o r m e d  as t h e y  wer e n e c e s s a r y  t o  

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

t h e  m e t h o d »  such as t h e  3 1 k a l l  h a l i d e s  ( J e n k i n s  and P r a t t

( 19 77 a)  )



2 .  T h e o r y

2 . 1  T e r a - b y - T e r a  A p p r o a c h

The l a tt ie e e n e r g y  o f  an i on i c compound can he

v i s u a l i s e d  as t h j sum of  t he  e n e r g i es ne c es s ar y t o r e* eve

each of  t h e  i o r s  i n t h e  f o r  u l a  u n i t  f r o «  w i t h i n  a p e r f e c t  

i n f i n i t e  c r y s t i l  o f  t he  c ompound t c  i n f i n i t y .  T h i s  

c e s c r i p t i o r  is t h e  e a s i e s t  t o  use when a t t e m p t i n g  t o 

q u a n t i t y  a l l  t h e  n e c e s s a r y  i n t e r a c t i o n s .

I n t h i s  r e s e a r c h  a l l  i n t e r a c t i o n s  ar e assumed to he 

p a i r w i s e  a d d i t i v e ,  i . e .  t h e  e n e r g y  of  3 s y s t em i s  t he 

sum of  t h e  e n e r g i e s  o f  i n t e r a c t i o n  of  a l l  t h e  p a i r s .  

J a n s r n »  i n  a s s o c i a t i o n  wi t h  f * c 6 i n n i e s  and L o mb a r d i  ( J a r s e n  

and ‘ c G i n n i e s  ( 1 9 5 6 a .  b ) )  J a n s e n  and L o mb a r d i  (1 ° 6 4 . 1 9 6 8  ) )> 

has c o n s i i e r e d  t he  i n c l u s i o n  o f  « 3 0 *  b o d y  f o r c e s  not  c r l y  

i n  l a t t i c e  e n e r g y  wo r k  bu t  a l s o  sor e g e n e r a l l y .  T h e r e  i s  

l i t t l e  d o u b t  t h a t  t h e i r  i n c l u s i o n  makes t he t h e o r y  mere 

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

t i t t l e  b e t t e r  or  wo r s e  t han t h o s e  o b t a i n e d  u s i n g  p u r e l y  

t wo f ody f o r c e s  ( e.  g.  see J a r s e n  and L o mb a r d i  ( 1 9 5 4 )  wher e 

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

T h e o r y



t r a n s i t i o n  bet ween t h e  s o d i u m and ces i um c h l o r i d e

s t r u c t u r e s  f or  t he  a l k a l i  h a l i d e s ' ' .  So at  t h i s  s t a g e  t he 

a d d e d  c o m p l e x i t y »  w h i c h  seems c o n s i d e r a b l e ,  a p p e a r s  t o  

have no j u s t i f i c a t i o n  and many body f o r c e s  a r e  r e t  

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

The d e s c r i p t i o n  • t er  m- b  y -  t e r  if * a p p l i e s  t o t h e  f a c t  

t h a t  t he i n t e r a c t i o n  B e t we e n  t wo c h a r g e d  b o d i e s  i s  a s s u r e d  

t c  I e made up af  d i f f e r e n t  k i n d s  of  f o r c e s  whose e f f e c t s  

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

i n t e r a c t i o n  e r e r g y  ( (  i j I )  of  two b o d i e s  ( i  and j )  i s

a s s u r e d  t o be  composed cf  t h e  e l e c t r o s t a t i c  ^ 1 ) J

r e p u l s i o n  ( t ^ l i j ) )  and d i s o e n s i o n  f U j j ( i j ) )  e n e r g i e s ,  such 

t h a t :

The l a t t i c e  e n e r g y  of  an i o n i c  c ompound C 'Jpgp 1» i n  

t h e  t e r « * f  y t e m  f r a m e w o r k ,  is t h e  sum of  a l l  t h e s e  p a i r  

i n t e r a c t i o n s  c o n t r i h u t e c  to by a g r o u p  of  i o n s  wh i c h  

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

UDTT( i j )  = T W i j )  -  UR( i j )  + UD( i j )  2. 1( 1)

u. —POT
2 .1 (1 1 )
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I n an i o n i c  c r y s t a l  t h e  e l e c t r o s t a t i c  e n e r g y  i s  b y  

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

ano i t  p r o v i d e s  t h e  l e n g - r a n g e  o r d e r  f o r  t he c r y s t a l .  T t  

i s  w e l l  known t h a t  t he  e l e c t r o s t a t i c  e n e r g y  o f  i n t e r a c t i o n



and q> s e p a r a t e d  byC 0 e l e c * i j * ) bet ween t wo  c h a r g e s  q^ 

d i s t a n c e  i s  j t v e n  r y :

- K V . 1 2.2(i)

wher e

a p p r o p i a t e  e n e r g y  u n i t s  ( t  3 k « n  as h e r e  t o  c o n v e r t

i c n i c  c r y s t a l  can be r e p r e s e n t e d  as ( n o t  i nn t h e  p r o v i s i o n s  

ot  t c u a t i o n s  2 . ? ( v i i i )  and 2 . 2 ( i x ) ) :

wh e r e  N i s  t he n e a t e r  o f  n o l e c u l e s  p e r  u n i t  c e l l »  H 

i s  t h e  n u a b e r  of  t y p e s  of  i n n  in t h e  u n i t  c e l l  and i s

t h e  number  o f  t h e  i t h  t y p e  of  i o n  i n  t he u n i t  c e l l .  The 

l a s t  s u . . i a i t i o n  i s o v e r  a l l  i o n s  of  t y p e  j i n  t h e  i n f i n i t e  

l a t t i c e »  e x c l u d i n g  t h e  t e r t s  wher e i = i  and ^ = 0 .  

f a c t o r  of  one h a l f  i s  i n c l u d e d  as e a c h  i n t e r a c t i o n  i s  

c c n s  i c e r e d  t w i c e .

E q u a t i o n  2 . 2 ( H )  i s  mor e o f t e n  e x p r e s s e d  a s :

t c  fcj •mol“ '* ) .  C o n s e q u e n t l y  t he  e l e c t r o s t a t i c  e n e r g y  of  an

U,
K M i

2. 2( i i i )
ELEC = 1

Theory



« h e r e  i s  c a l l e d  t he  M a d e l u n g  c o n s t a n t  b a s e d  on t h e  

c h a r a c t e r i s t i c  l e n g t h  1.  I t  i s so c a l l e d  a f t e r  t he f i r s t  

p e r s o n  t o  e v a l u a t e  s u c h  a s u m ma t i o n  f o r  an i o n i c  c r y s t a l  -  

M a C e l u n j  ( ] M £ ) .  I t  i s  r e f e r r e d  to as a c o r s t a n t  f o r  uhen 

i t  i s  b a s é e  01  p a r t i c u l a r  d i s t a n c e s  ( c u b i c  c e l l  s i d e  c r  

s h o r t e s t  i n t e r a t o m i c  d i s t a n c e )  i n  s i i r n l e  l a t t i c e s  i t  can 

be m e r e l y  a p r o p e r t y  c f  t h e  t y p e  of  s t r u c t u r e .  T h i s  i s  t he 

c a s e  when a l l  fij .  i n  E q u a t i o n  2 « 2 ( i i )  c a n  be e x p r e s s e d  a s :

Rk ' l '  = ^ k ' l '  1 2 .2 ( i v )

wher e  ' s i n d e p e n d e n t  of  l  ( t h e  i n c i c e s  k a r c  l

have h e r e  t e e n  c h a n g e d  to k* an c l * ) .  F o r  e x a mp l e  t he

H a d e l u n j  c o n s t a n t ,  b a s e d  on t h e  c u b i c  c e l l  l e r g t h .  f o r  t he 

s o d i u m c h l o r i d e  s t r u c t u r e  i s  3 . 4 9 5 1 3 »  and t he  

e l e c t r o s t a t i c  e n e r g y  c f  any s a l t  s h o w i n q  t h i s  s t r u c t u r e  

may be c o m p u t e !  d i r e c t l y  f r om *hi  5 v a l u e  u s i n g  t he

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

f a c t o r )  i n  E q u a t i o n  2 . 2 ( i i ) .  T h i s  *act  c a r  be of  i n t e r e s t  

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

of  s i m p l e  s y s t e m s  w i t h  h i g h  s y mme t r y  l a t t i c e s .  H o we v e r  i n 

t h e  s t u d y  of  mor e c o mp l e x  c o mp o u n d s .  w i t h  c o m p l i c a t e d  

c r y s t a l  s t r u c t u r e s .  b a s i n g  t h e  M s d e l u r g  c o n s t a n t  on any

Theory
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p a r t i c u l a r  ii i s m c e  h a s  no a d v a n t a g e .  So i n  t he few p l a c e s  

wher e Ma d e l u n g  c o n s t a n t s  ar e  me n t i o n e d  i n  t h i s  r e s e a r c h  

t h e y  w i l l  te b a s e d  or  u n i t  d i s t a n c e  a n d  d e p i c t e d  by 

wher e :

UELS!C = K M 1
2 .2 (v )

The s u mma t i o n  of  f q u a t i o n  2 . 2 ( ’ i )  i s  e v e r  an i n f i n i t e  

s e r i e s  of  1 / r  t e r ms .  I t  i s  a p r o p e r t y  of  suc h s e r i e s  t h a t  

ev en i f  t h e y  do c o n v o r a e »  t h e y  do so v e r y  s l o w l y  i f  summed 

i n an  a r b i t r a r y  f a s h i o n .  T h e r e  are t w o  mai n a p p r o a c h e s  

whi c h  ha v e  t e e n  u s e d  i n  o r d e r  t 0 o b t a i n  v a l u e s  f or  

M a d e l u n j  c o n s t a n t s :

( a )  t he  t e r ms  i n  t he  s e r i e s  are a r r a n g e d  so as t o  f er m 

j r o u (  s wh i c h  a r e  ' e l e c t r i c a l l y  n e u t r a l '  a r d  c e n t e r e d  on 

one p o i n t .  U n d e r  s u c h  c o n d i t i o n s  c o n v e r g e n c e  i s  u s u a l l y  

f a i r l y  r a p i d /

( b )  a m a t h e m a t i c a l  t r a n s f o r m a t i o n  i s  a p p l i e d  t o  t he 

s u mma t i o n s #  u s i n j  t he p r o p e r t y  o f  p e r i o d i c i t y .

R e v i e ws  of  t he  me t h o d s  t h a t  have been e v o l v e d  u s i n g  

t h e s e  a p p r o a c h e s  a r e  g i v e n  by H a d d i n g t o n  ( 1 9 5 9 )  and T c s i  

( 1 9 f a t ) .  T h i s  s e c t i o n  c o n t a i n s  o n l y  a g u i d e  t o  t he maj or  

me t h o d s  c o u p l e c  w i t h  a me n t i o n  o f  any r e c e n t  r e l a t e d  wo r h .

Theory



fhe a p p r o a c h  o f  r e a r r a n g i n g  t h e  t e r ms  of  t he 

s urnes t » on s i s p e r h a p s  b e s t  t y p i f i e d  by t he  wor k of  c v j e n  

( 1 9 i t )  and F r a n k  ( 1 9 5 0 ) .  Ve r y  f a s t  c o n v e r g e n c e  i s  o b t a i n e d  

f c r  s i mp l e  s t r u c t u r e s  t y  t h e s e  me t h o d s »  h o w e v e r  t he 

s e c u r i n g  of  a M a d e l u r g  c o n s t a n t  ‘ or a c o mp l e x  s t r u c t u r e  

r e q u i r e s  much i e t a i l e c  a n a l y s i s »  and i n c o m p l i c a t e d

s y s t e ms  nay n o t  be p o s s i b l e .  A n o t h e r  d i s a d v a n t a g e  i s  t h a t  

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

p a r t i c u l a r  i on and t h i s  o o s s i b i l i t y  i s  r o t  p r e s e n t  her e  

b e c a u s e  of  t he  s t r i c t  a r r a n g è r e n t  o f t h e  s e r i e s  t h a t  i s  

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

t e c h n i q u e  u n d e s i r a b l e  and i t  i s  sel dom u s e d  now f o r  t he 

c a l c u l a t i o n  of M a d e l u r g  c o n s t a n t s .

The me t h o d  o f  Ma d e l u n g  ( 1 9 1 ° ) »  w h i c h  was t h e  f i r s t  

d e v e l o p e d »  i s  o n l y  a p p l i c a b l e  to h i g h l y  s y m m e t r i c  s y s t e ms  

a n d  so has r o t  been much a p p l i e d .  I t  i n v o l v e s  t he 

r e a r r a n g e m e n t  of  t h e  t e r ms  i n t o  f i r s t  e l e c t r i c a l l y  n e u t r a l  

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

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

Ho we v e r  t h e  t e r ms  a r e  n o t  summed d i r e c t l y  as i n t h e  met hod 

of  t v j e n  b u t  t h e  s e r i e s  i s  f i r s t  s u b j e c t e d  t o  F o u r i e r  

t r a n s f o r m a t i o n .  Henc e t h i s  met hod combines t he  two b a s i c  

a ppr o a c h e s .

The or y



■»to #'.«■*

■34-

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

of  I w a l d  ( 1 9 2 1 , 1 9 3 7 ) .  The o n l y  l i m i t a t i o n s  a r e  t h a t  t h e  

at oms have s p h e r i c a l l y  s y m m e t r i c a l  c h a r  je c i s t r i b u t i c n s  

and t h a t  t he  u n i t  c e l l  i s  e l e c t r i c a l l y  n e u t r a l .  T h i s  

s e c o n d  c o n d i t i o n  i s n e c e s s a r y  as e a p h a r r a y  of  one t y p e  cf  

i o n s  i s ass umed t o  be b a l a n c e d  by a ' s e a  o f  e l e c t r o n  

d e n s i t y *  of  a p p r o p i a t e  c h a r g e  and t h e s e  ' s e a s *  mi s t  

b a l a n c e  w i t h  e a c h  o t h e r .  T he  a p p r o a c h  u s e s  a F o u r i e r  

t r a n s f o r m  cf t he  s e r i e s »  bas ed on t he  p r o p e r t y  cf  

p e r i o d i c i t y .  T h e  p o i n t  c h a r g e s  a r e  r e n l a c e d  by s p h e r i c a l l y  

s y mme t r i c  c h a r g e  d i s t r i b u t i o n s  c e n t e r e d  at  t h e  a t o m i c  

p o s i t i o n s ,  t h e s e  c h a r g e  d i s t r i b u t i o n s  we r e  assumed t o  hav e  

a G a u s s i a n  n a t u r e .  T he  r e p l a c e m e n t  i s  p e r f e c t l y  v a l i d  i f  

t h e  at om i s  in a u n i f o r m  f i e l d  a s  i t  i s a l l o w e d  b y  t he 

p r i n c i p l e s  of  e l e c t r o s t a t i c s .  T h e  s u mma t i o n  i s s p l i t  i r t o  

t wo r a p i d l y  c o n v e r g i n g  p a r t s ,  one s u mma t i o n  i s  c a r r i e d  cut  

i n  r e a l  space ind t he  o t h e r  i n r e c i p r o c a l  s p a c e .  A 

p a r a me t e r  i s  p r e s e n t  w t i c h  a l l o w s  v a r y i n g  e mphas i s  on t h e  

t wo s u m m a t i o n s ,  and t h i s  i s  g e n e r a l l y  f i x e d  at  a v a l u e  

whi ch p r o v i d e s  o p t i mu m s o e e d  of  c o n v e r j e r c e  f o r  b c t h  

s e r i e s .

The a p p r o a c h  i n i t i a t e d  t y  B e r t a u t  ( 1 9 5 2 )  a g a i n  uses  

t h e  » e t h a d  of F o u r i e r  t r a n s f o r m a t i o n ,  r e p l a c i n g  t he p o i n t  

c h a r a e s  by a s p h e r i c a l l y  s y m m e t r i c a l  c h a r g e  d e n s i t y .  I n
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t h i s  c a s e  h o we v e r  o n l y  one s u mma t i o n  r e s u l t s »  t h a t  i n  t he 

r e c i p r o c a l  l a t t i c e .  I t  i s  n e c e s s a r y  t o c o r r e c t  t h e  r e s c l t  

f o r  t he  s e l f  i n t e r a c t i o n  e n e r g y  o f  t he  a t o mi c  c h a r g e  

d e n s i t i e s .  9 e r t j u t ' s  met hod c a n  be us ed w i t h  any 

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

b e e n  us ed wi  th n = C » l » Z  and 3 i ns

CT ( r )  = k (R -  r ) n R >

2 .2 ( v i )

a  ( r )  = 0nv ' R <  r

wher e CTn i s  t h e  c h a r g e  d e n s i t y  f u n c t i o n »  k i s  a 

n o r m a l i s i n g  c o r s t a n t  ( f o r  v a l u e s  see « a d d i n g t o n  (195 9 ) > » R 

i s  t h e  c u t  “ o f f  r a d i u s  ( f i r e d  so t h e r e  i s  no o v e r l a p  c f  

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

f r om t h e  a t o mi c  c e n t r e .  4 n o r m a l i s é e  G a u s s i a n  

d i s t r  ib ut  i on :

O ’ ( r )  = Jp e x p (-k 2 r 2)  a l l  r
lx

2 . 2 ( v i i )

( t a k e n  f r om w a d d i n j t o n  ( 1 9 5 9 ) d  c a n  a l s o  b e  e mp l o y e d »  

wher e a c o r r e c t i o n  f o r  t he  s m a l l  amount  c f  o v e r l a p  must  he 

made.  " I n t h i s  c a s e  t h e  d e r t a u t  me t h o d  has be e n  shewn
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( B e r t a u t  (1 952 ) )  t o  r e d u c e  to t h e  w a l d  met hod w i t h  t he  

Somme t i  on t a k e n  p u r e l y  ev er  t h e  r e c i p r o c a l  l a t t i c e .

R e c e n t l y  w eenk and H ar w i g ( 19 t  5)  r e t o r t e d  a H i r e r  

e r r o r  i n  t he l e r i v a t i o n  o f  t he  Be r  t a u t  met hod w h i l e  

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

me t h o d .  f h i s  c r i t i c i s m  has  h o we v e r  been d i s m i s s e d  as 

" h a v i n g  no s e r i o i s  b a s i s "  by  d e r t a u t  ( 1 9 7 3 )  h i m s e l f .

W i l l i a m s  ( 1 9 7 1 )  t a s  r e p o r t e d  a mor e g e n e r a l  

d e r i v a t i o n  of t h e  e q u a t i o n s  o b t a i n e d  by S e r t a u t »  u s i n g  

s u m ma t i o n s  o v e r  t h e  l a t t i c e  o f  r ~ n t e r n s .  T h e  B e r t  set  

r e s u l t s  a r e  o b t a i n e d  when n - l .  T h i s  work has i m p o r t a n c e  i n 

t h e  c a l c u l a t i o n  o f  d i s p e r s i o n  e n e r g i e s  ( w h e r e  n = 6 or  8 ) .

4 p i e c e  of  wor k by H a r r i  3 and Mo n k h u r s t  ( 1 9 & 9 )  may 

w e l l  p r o v i d e  a f j s t e r  met hod t h a n  t h a t  o f  B e r t a u t  or  L u a l d  

f o r  t h e  c a l c u l a t i o n  o f  t h e s e  s u mma t i o n s »  a l t h o u g h  so t a r  

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

F o u r i e r  t r  an sf  or  n at  i o r  i s  i n v o l v e d  but t h e  p o i n t  c h a r g e s  

c a n  he r e t a i r e c  l e a n i n g  t h a t  no d i s t r i b u t e e  c h a r g e  d e n s i t y  

has t o  oe  a s s u me d .  T hey  h a v e  shown t h a t  t h i s  g r e a t l y  

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

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

T h e o r y
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¿11 t h e  met hods  d e s c r i b e d  t h u s  f a r  deaf  o n l y  w i t h  

mo n o p o l e s  or  t h e i r  e q t i v a t e n t .  I f t h e  r e s t r i c t i o n  of  

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

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

d i s t i n c t  c a s e s  can be t r e a t e d  i n  t h i s  wa y .  F i r s t l y  an i on 

whose e l e c t r o n  d e n s i t y  i s  p e r m a n e n t l y  d i s t o r t e d  b y  i t s  

n o n - s  ymme t r i  c e n v i r o n m e n t  o f  s u r r o u n d i n g  i o n s .  S e c o n d l y  a 

c o mp l e x  i o n ?  w h i c h  c o u l c  a l t e r n a t i v e l y  be t r e a t e d  as an 

a r r a y  of  p o i n t  c h a r g e s  and t h e  me t h o d s  p r e v i o u s l y  

d e s c r i b e d  u s e d .  J a n s e n  < 1 7 )  c o n s i d e r e d  t h e  i n t e r a c t i o n

o f  t wo b o d i e s  and e x p r e s s e d  t h e  e n e r g y  i n v o l v e d  as a 

m u l t i p o l e  moment  e x p a n s i o n ,  each t e r m d e p e n c i n g  o n  t he 

m a g n i t u d e  o l  t h e  r e l e v a n t  i r u l t i p o l e  moment s .  N e c k e l  and 

c o - w c r k e r s  ( M e c k e l  and v i r e k  0 9 6 4 . 1 9 6 6 ) ;  N e c V e l .  V i r e k  

and No wo t n y  ( 1 9 6 7 ) ;  M e c k e l .  Kuz many  and V i n e k  ( 1 9 7 1 a ) ;  

M e c k e l  and H e r z i j  ( 1 9 7 7 ) )  h a v e  u s e d  t h e  F w a l c  me t h o d  i n 

c o n j u n c t i o n  w i t h  t he  wor k o f  J a n s e n  to e x t e n d  t h e  a p p r o a c h  

t o  i o n i c  s o l i d s .  I n i t i a l l y  ( u p  t o 19 7 7 )  t he wor k was o r l y  

a p p l i c a b l e  to l a t t i c e s  w i t h  c u b i c  or  r h o m b o h e d r a l  

s y mme t r y .  a l t h o u g h  r e c e n t l y  ( f i e c k e l  and H e r z i g  ( 1 9 7  7 ) )  i t  

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

p r a c t i c a l l y  t o  t e t r a g o n a l  c a s e s .  A p p l i c a t i o n  ( s e e  wcr k 

c i t e d  a b o v e  p l u s  M e c k e l ,  huz many  and V i n e k  ( 1 9 7 1 b )  and 

M e c k e l .  H e r z i g  and J e r k i n s  ( 19 7 6 ) )  has  o n l y  b e e n  made t o 

p o i n t  c h a r g e s  c i s t r i b u t e d  a l o n g  an a x i s .  i . e .  c o m p l e x  i o n s
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w i t h  c y l i n d r i c a l  s y mme t r y  ( o r  composed c f  s u c h  b o d i e s )

wher e t h e  m u l t i p o l e  mo me n t s  a r e  o b t a i n e d  b y  s i m p l e

s u mma t i o n  o v e r  t h e  p o i n t  c h a r g e s .  T h i s  means t h a t  

e f f e c t i v e l y  c n l y  mo n o p o l e s  a r s  b e i n g  c o n s i d e r e d  s t i l l »  and 

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

d e s c r i b e d .  T h i s  i e t h o d »  a l t n o u g h  h a v i n g  t he d i s a d v a n t a o e  

of  r e q u i r i n g  a n a l y s i s  of  t he s t r u c t u r e  p r i o r  t o  t he  

c a l c u l a t i o n s  and some ir an i pu l a t i on a f t e r »  does  hav e t he 

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

a s e r i e s  e x p a n s i o n  i r  t e r m s  of  c e l l  p a r a m e t e r ( s )  a n c  a 

d i s t a n c e  i n s i c e  t h e  • m u l t i p o t e *  i t  can be d i r e c t l y  

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

c r y s t a l  s t r u c t u r a s  ( s e e  t h e  c u b i c  h ex a ha l  o me t a 11 a t e (  I V ) 

s a l t s  f o r  a good e x a m p l e ) *  when p r e v i o u s  me t h o d s »  as 

f o r m u l a t e d »  r e q u i r e  r e - c a l c u  l a t i o n  *or e a c h  new c o mp o u r d .  

P a r t i c u l a r  f or ms o f  t he e x p a n s i o n  o b t a i n e d  u s i n g  t h i s  

met hod a r e  g i v e n »  wh e r e  aopl  ¡ c a b l e »  i n t h e  r e s u l t s  

s e c t  i on.

i l a k e  ( 1 9 7 7 )  has u s e d  t h e  b a s i c  f j e r t a u t  me t hod  i n  h i s  

work on h o c i e s  n o t  p o s s e s s i n g  s p h e r i c a l l y  s y m m e t r i c a l  

c h a r g e  d i s t r i b u t i o n s .  He made a m o d i f i c a t i o n  u s i n g  c h a r o e  

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

s y s t e ms »  s u c h  as f u n c t i o n s  i m i t a t i n g  p* or  d - o r b i t a l  

s y m me t r y .  T h i s  m o d i f i c a t i o n  r e q u i r e s  a good k n o w l e d g e  of
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t h e  r e a l  s i t ua t  i o n  i n t h e  i o n i c  c r y s t a l »  and sone d e t a i l e d  

a n a l y s i s  i r  o b t a i n i n g  t h e  F a i r i e r  t r a n s f o r m s  of  t he  c h a r o e  

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

A l l  wo r k  d e s c r i b e d  h e r e »  and e l s e w h e r e »  u s e s  t he 

• i n f i n i t e  c r y s t a l '  as s b a s i c  a s s u m p t i o n »  t h e  er e 

e x c e p t i o n  b e i r g  t h e  i n n o v a t i v e  wor k of  f i eel ack and 

G r i n d  l a y  ( 1 9 7 2 . 1 9 7 5 ) .  T h e i r  a p p r o a c h  i s  s i m i l a r  t o  t h e  er e 

t a k e r  by  H a r r i s  and T o n k h u r s t  ( 1 9 6 9 )  f o r  an i n f i n i t e  

c r y s t a l »  o u t  t h e y  p r o a u c e  r e s u l t s  a p p l i c a b l e  t o t h e  f i n i t e  

c r y s t a l  c a s e »  a l t h o u g h  t h e y  ar e  r e s t r i c t e d  t o  c e r t a i n  

shape s.  T h e i r  f i n a l  p o t e n t i a l  i s s p l i t  i n t o  t wo p a r t s »  er e 

i n d e p e n d e n t  o f  t h e  shape o f  t h e  f i n i t e  c r y s t a l  ( t h e  

• i n t r i n s i c *  p o t e n t i a l )  and one not  ( t h e  ' e x t r i n s i c '  

p o t e n t i a l ) »  An i » p o r t  an t  p a r t  of  t h e i r  wer k  (  1 9 7 5 )  i s  t h a t  

i t  i s  a n l e  t o  show t he  e q u a l i t y  o f  a l l  t h e  me t h o d s  

d i s c u s s e d  h e r e  i n t h e  i n f i n i t e  c r y s t a l  l i m i t .  a l ong  w i t h  

t h e i r  a p p l i c a b i l i t y  t o  t he f i n i t e  c a s e .  U r f o r t u n a t e l y  t he 

a p p r o a c h  das n o t  been g e n e r a l l y  q u a n t i f i e d  as y e t .

A n o t h e r  r e s u l t  o f  t he wor k of  S e d l a c k  and G r i n d l a y  

( 1 9 7 5 )  i s  t he p r o o f  t h a t  t he  p o t e n t i a l  t e r m d e p e n d e n t  on 

t h e  s h a p e  of  t h e  f i n i t e  c r y s t a l  o n l y  v e n i s h e s  i r  the 

i n f i n i t e  c a s e  i f  t h e  r e t t  d i p o l e  and q u a d r u p o l e  moment s of  

t h e  u n i t  c e l l  a r e  b o t h  z e r o .  T h i s  e s t a b l i s h e s  a s i t u a t i o n
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p r e v i o u s l y  known t o e x i s t »  t h a t  t h e  p o t e n t i a l  of  p o l a r  

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

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

b y »  f o r  e x a mp l e »  t h e  B e r t a u t  met hod ( t h e  p o l a r i t y  n e a r s  a 

l e s s  of  s p h e r i c a l  c h a r g e  s y mme t r y  on t h e  i o n s )  and i t  i s  

hopec t h a t  t h e  wa r t  o f  F e d l a c x  and S r i n d l a y  can be u s e d  fo 

o v e r c o me  t h i s  d i f f i c u l t y  i n  the f u t u r e .  The wor k of  Weer k 

a n d l a r w i j  ( 1 9 7 5 » 1 9 7 7 a » b )  on f i e l d  s t r e n a t h s  and g r a d i e r t s  

nay  a l s o  be  of some u s e  t o w a r d s  any i m p r o v e m e n t s  i n t h i s  

d i r  ec t i on.

The t r e a t m e n t  o f  c o mp l e x  i o n s  as b e i n g  a r r a y s  of  

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

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

a s s i g n me n t  o f  how t h e  t c t a l  c h a r g e  i s  d i s t r i b u t e d  o v e r  t he 

at oms i n  t h e  t o n s .  F o r  r e a s o n s  d i s c u s s e d  i n S e c t i o n  i t

i s  a d v a n t a g e o u s  n o t  t o  a s s i g n  t h e  c h a r g e  c i s t r i b u t i o n  at  

t h i s  s t a g e .  T h e  m a i n t a i n i n g  o f  t he c h a r g e s  as v a r i a b l e  i n 

S q u a t  i on  2 . 2 ( i i )  r e q u i r e s  t h e  s e l e c t i v e  e v a l u a t i o n  o f  t be 

s u mme t i o n s  f o l l o w i n g  t h e m,  f h i s  c a u s e s  a d d e d  c o m p l i c a t i o n s  

i n  t h e  c a l c u l a t i o n  o l  t he  e l e c t r o s t a t i c  e n e r g y  by t he 

me t h o d s  of  E v j e n »  F r a n k ,  b a d e l u n g  o r  t h o s e  u s i n g  s i m i l a r  

a p p r o a c h e s »  a n d  i n  many cas es  makes t h e  a t t a i n m e n t  o f  a 

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

e x c l u d e d  b y  t he  a b o v e  i s  b e t w e e n  t h o s e  of  E w a l d »  B e r t a u t  

a n d  I e c k e l  e t  a t .  T he met hod o f  Neckel  e t  al  h a s  c e r t a i n  

a d v a n t a g e s  ano has been a d o p t e d  in many s t u d i e s  d u r i n g  

t h i s  r e s e a r c h »  e s p e c i a l l y  i n  t he e a r l y  s t a g e s  when o t h e r  

me t h o d s  w o r e  not  a v a i l a b l e .  Ho we v e r  t h e  d i f f i c u l t i e s  

i n h e r e n t  i n  t he j e n e r a l  a p p l i c a t  i on of  t h e  met hod mal es  

t h e  c h o i c e  o f  i t  u n wi s e  f or  maj or  u s e  a t  t h i s  t i m e  as 

a l t e r n a t i v e  met hods c a r  now he u s e d .  T h e  a p o r o a c h e s  of 

Ewal r i  and B e r t a u t  a r e  bot h  g e n e r a l 1/ a p o l i c a t l e  and o f f e r  

much of  t n e  same a d v a n t a g e s ,  fha me t hod  of  Be r t  aut  h o w e v e r  

r e q u i r e s  t h e  e v a l u a t i o n  of  o n l y  one s e r i e s  w h i l s t  t h a t  of  

Ewal o  r e q u i r e s  t w o »  t h i s  f a c t  c o mb i n e d  w i t h  t h e  e x i s t e r c e  

of  a we l l  w r i t t e n  and e s t a b l i s h e d  c o m p u t e r  p r o g r a m  ( B l a k e  

( 1 9 7 ? ) )  f o r  t he  c a l c u l a t i o n  o f  t h e  e l e c t r o s t a t i c  e n e r g y  

u s i n g  t h e  B e r t a u t  met hod has l e d  t c  i t  b e i n g  us ed 

p r i m a r i l y  t h r o u g h o u t  t h i s  wor k and as a b a s i s  f o r  t he 

c o m p u t a t i o n a l  e x t e n s i o n s  e x e c u t e d .  S e c t i o n  2 . 7  g i v e s  t he 

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

When a c o mp l e x  i on  i s  t r e a t e d  as an a r r a y  of  p o i n t  

c h a r g e s  f o r  the c a l c u l a t i o n  c f  an e l e c t r o s t a t i c  e n e r g y  t he 

v a l u e  r e s u l t i n g  i s  t he e n e r g y  ( e l e c t r o s t a t i c )  n e c e s s a r y  t o 

de c omp os e  t h e  l a t t i c e  i r t o  t h e s e  p o i n t  c h a r g e s .  As was 

p o i n t e d  o u t  i n  S e c t i c n  1 we r e q u i r e  t h e  c o mp l e x  i o n s  t o
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r e i r a i n  i n t a c t  t h r o u g h o u t  t he  j r o c e s i  and so w e ne e d  t o 

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

t h e  M a d e l u n g  e n e r g y )  oy t h e  s e l f  e n e r g y  c f  t h e  c o m p l e x  

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

t h e  l a t t i c e .  F ach c o m p l e x  i o n  in t h e  u n i t  c e l l  has  a s e l f  

e n e m y .  t h e  t o t a l  s e l f  e n e r g y  of  t he i e n s .  UgE » i s  g i v e n  

b y :

' S3

»  n u* m
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2 . 2 ( v i i i )

wher e m. i s  t h e  number  c f  p o i n t  c h a r g e s  i n t h e  i o n  of  

t y p e  i .  I t  s h o u l d  be  n o t e d  t h a t  t he s u mma t i o n s  o v e r  t y p e s  

of  i o n  i n  E q u a t i o n  2 . 2 l i i )  ar e  r e a l l y  o v e r  p a r t i a l  i c e s

and t h e  e n e r g y  g i v e n  i s  r e a l l y  t h e  “ a d e l u n g  e n e r g y .  

T h e  t r u e  e l e c t r o s t a t i c  e n e r g y  is g i v e n  b y !

0 1

ELEC UM + USE
2 .2 ( i x )

The d e s i r e  t o  i mp r o v e  t h e  s p e e d  ( a n d  i n some c a s e s  

t h e  p o s s i b i l i t y )  o f  c o n v e r g e n c e  of  t h e  s u mma t i o n s  i n 

E q u a t i o n  2.  2(  i i ) a r e  t h e  r e a s o n  f or  t h e  i n t r o d u c t i o n  cf  

m a t h e m a t i c a l  me t h o d s .  C o n s e q t e n t l y  c l a i m s .  and c o u n t e r  

c l a i m s .  h a v e  been made a b o u t  t h e  r e l a t i v e  e f f i c i e n c i e s  of

T h e o r y
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t h e  v a r i o u s  met hods p r o p o s e d »  b o t h  hy t h e  p r o p o s e r s  and 

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

i r r e l e v a n t .  The j e n e r a l  a v a i l a b i l i t y  o f  moc er n  h i g h - s p e e d  

c o m p u t e r s  h a s  l e d  t o  c o mp s r  a t i ve l y  cheap c o mp u t e r  t i m e  and 

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

c o n v e r g e n c e  the s o l e  c r i t e r i o n .  A much more i m p o r t a n t  

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

a p p l i c a b i l i t y »  a i t h  l a t t i c e  s y m m e t r y  u s ed t o  maxi mum 

a d v a n t a g e .  I t  i s  h o w e v e r  e s s e n t i a l  t o  be a w a r e  o f  t he 

d e g r e e  of  r o r v e r j e n c e  o b t a i n e d  and wor k has t e e n  p e r f o r m e d  

wh i c h  e s t i m a t e s  t h i s  f o r  t h e  B e r t e u t  met hoc  ( T e m p l e t o n  

( 1 9 5 5  ) !  T e m p l e t o n  and J o n e s  ( 19 5 6 ) ?  J e n k i n s  (1 971 »1 97 J ) ) .  

T h e  t a t t e r  e n a b l e s  r e l a t i o n s h i p s  b e t we e n  e x t e n t  o f  

s u mma t i o n  and t h e  number  o f  d e c i m a 1 p l a c e s  of  c o n v e r g e n c e  

t o  be o b t a i n e d .

I n s ummar y  i t  i s  p o s s i t l e  t o c o mp u t e  e x a c t l y  t h e  

e l e c t r o s t a t i c  e n e r g y  o f  an i d e a l  i o n i c  c r y s t a l  w i t h i n  t he 

f r a me wo r k  c f  t h e  f o l l o w i n g  a s s u mp t i o n s  and p r o v i s i o n s :

( a )  t he c r y s t a l  can oe a s s u me d  i n f i n i t e ?

( b )  t he o o d i e s  j i v i n g  r i s e  t o  t h e  f o r c e s  c a n  b e  a s s u me d  

t o  t e  p u r e  m o n o p o l e s »  w i t h  a l l  h i g h e r  m u l t i p o l e s  z e r o  

( i . e .  a p o i n t  c h a r g e ) »

( c )  t he u n i t  c e l l »  and h e n c e  m a c r o s c o p i c  c r y s t a l »  h a s  no

n e t t e i p o l e  moment ?
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( c )  t he  v a l u e s  of a l l  t he p o i n t  c h a r g e s  i n  ( b T  ar e  kncwn 

or  c a n  be e s t a b l i s h e d  r see S e c t i o n  ’’ . 7 ) .

2 . 3  R e p u l s i o n  E n e r g y

f he e l e c t r o s t a t i c  f o r c e s  d e s c r i b e d  i n t h e  p r e c e c i r j  

s e c t i o n  wo ul d  c a u s e  t he  l a t t i c e  t o  c o l l a r s «  i f t h e y  wer e  

t h e  o n l y  f o r c e s  p r e s e n t .  T o  p r e v e n t  t h i s  c o l l a p s e  t he 

i n t e r a t o m i c  f o r c e s  must  bec ome r e o u l s i v e  a t  d i s t a n c e s  

s h o r t e r  t h a n  t h o s e  f o u n d  at e q u i l i p r i j m .  T h i s  s h o r t  r a r n e  

r e p u l s i o n  can be u n d e r s t o o d  w i t h i n  t h e  f r a me wo r k  of  t h e  

e x c l u s i o n  p r i n c i p l e .  t he c v e n l a p  b e t w e e n  t wo c l o s e d  

e l e c t n o n  s h e l l s  of  a d j a c e n t  at oms i s  u n f a v o u r e d  and l e a d s  

t c  a n e p u l s i v e  f o r c e  t e t w e e n  t h e  a t o » s .  F o r  s i a p l e  

s y s t f  us.  p r i m a r i l y  t w o  h y d r o g e n  at oms w i t h  p a r a l l e l  s p i n s  

or  t v o  h e l i u m a t o ms »  f i r s t - c r o e r  p e r t u r b a t i o n  t h e o r y  can 

be u s e d  to e s t i m a t e  t fe m a g n i t u d e  of  t h e  r e p u l s i v e  f o r c e  

( S l a t e r  ( 1 9 2 0 *  T o s i  ( 1 9 6 4 ) ) .  3 u t  f o r  mor e c o m p l i c a t e d  

c a s e s »  l i k e  t h o s e  c c n s i c e r e d  i n  t h i s  r e s e a r c h *  i t  i s  r o t  

p o s s i b l e  t o make a n y  r e a s o n a b l e  e s t i m a t e  f r om f i r s t  

p r i n c  i p l e s .

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

t o  e s t i m a t e  t he r e p u l s i v e  c o n t r i b u t i o n  t o  t h e  l a t t i c e  

e n e r o y  was t c  ass ume a s i mp l e  f u n c t i o n a l  d e p e n d e n c e  on t h e

Theory
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i n t e r a t o . m i c  d i s t a n c e »  d e t e r n i n i n g  t u e  o a r a » e t e r s  o f  t h i s  

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

f a c t o r s  and c o n d i t i o n s  ( s e e  S e c t i o n s  2 . 5  and 2 . 6 ) .

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

po wer  s

h  -  hV

and was used p r i m a r i l y  by B o r n  and L a n d e  ( 1 9 1 8 )  and

B o r n  ( 1 9 2 6 ) .  I n  E q u a t i o n  2 . 3 ( i )  r  i s  t he  s h o r t e s t  

a n i o r * c a t i o n  d i s t a n c e  i n  t h e  l a t t i c e  and R and n a r e

v a r i a b l e p a r a m e t e r s  ( a l t h o u g h  B o r n  and L a n d e  ( 1 9 1 « )

i n i t i a l l y t r i e d  t o  a s s i g n  n f r om a t o m i c  t h e o r y ) .

I he a d v e r t  of qua n t u m m e c h a n i c s  l e d  t o t h e  n u m e r i c a l

c a l c u l a t i o n  of t h e  r e p u l s i v e  e n e r g y  b e t we e n  s i m p l e  a t oms  

me n t i o n e d  e a r l i e r .  I n  t h e s e  c a s e 3 t h e  r e o u l s i c n  e n e r g y  was 

s e e n  t o  hav e  in e x p o n e n t i a l  d e p e n d e n c e  on i n t e r a t o m i c  

d i s t a n c e  and so j  f u n c t i o n  o f  t h e  f o r m :

= B exp(-r/f>) 2 .3 (H )

T he or y



„ as a d o p t e d  ( B o r n  and May er  C1 0 3 2 ) )  i n p r e f e r e n c e  *o 

t h e  i n v e r s e  power  f o r m .  8 a n d  ^  a r e  r ow t h e  v a r i a b l e  

p a r a m e t e r s .

D e s p i t e  s o n s  r e c e n t  wor k ( T h a k ' j r  ( 1 9 7 6 )  p r o p o s e d  a 

l o g a r i t h m i c  f o r i )  t h e  e x p o n e n t i a l  d a c a v  cf  t he r e p u l s i o n  

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

mos t  a p p r o p i a t e  f o r m .  E q u a t i o n  ? . 3 ( i i )  h o we v e r »  as i t  

c o n t a i n s  o n l y  one e x p o n e n t i a l  t er m»  o n l y  i n d u c e s  

( e x p l i c i t l y )  r e p u l s i o n  b e t we e n  n e a r e s t  n e i g h b o u r s  a t  a 

d i s t a n c e  r .  In » a n y  i o n i c  l a t t i c e s  r e p u l s i o n s  b e t w e e n  

o t h e r  i o n s  a r e  i m p o r t a n t  and sn a b e t t e r  f or m was 

d e v e l o p e d  ( H u g g i n s  and h a v e r  ( 1 9 3 3 ) "  H u g i i r s  ( 1 Q 3 7 ) )  w h i c h  

i n d u c e d  r e p u l s i o n s  b e t w e e n  i o n s  up t o  t he n e x t - n e a r e s t  

n e i g h p o u r s .  T o d a y  t h i s  has be e n  e x t e n d e d  t o  i n c l u d e

c o n t r i b u t i o n s  f r om a l l  p o s s i t l e  i cn p a i r s  i n t he  l a t t i c e .

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

when mo v i n g  f r om t h e  s i m p l e  f or m of  E g u a t i c n  2 • 3 ( i i ) t c  an 

e x p r e s s i o n  w h i c h  wo u l d  i n c l u d e  r e p u l s i o n  b e t we e n  a l l  p a i r s  

o f  i o n s  s t e p s  had t o  be t a k e n  t o  make t h e  v a r i a b l e

p a r a m e t e r s  i r c l u d e d  as u n i v e r s a l  as p o s s i b l e .  I n  most  wc r k

t h e  a s s u m p t i o n  t h a t  ^  i s »  at  l e a s t »  cans t a r t  ov er  a l l  t h e

i n t e r a c t i o n s  i n a p a r t i c u l a r  c r y s t a l  i s  made ( e x c e p t i c r s  

t o  t h i s  c a n  te made wh e r e  e x t e n s i v e  e x p e r i m e n t a l  d a t a  i s

T h e o r y
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a v a i l a o l e »  m a i n l y  f o r  t he  a l k a l i  h a l i d e s »  s e e  B a u g h a n  

( 1 9  5 ? ) »  F a» !  and To si  ( 1 9 f c k a » d )  and G i l b e r t  Cl **63))  •> The 

p 5 r 0i e t e r  B i s  s p l i t  i n t o  a u n i v e r s a l  p r o p o r t i o n a l i t y

f a c t o r  and f a c t o r s d e p e n d i n g on p r o p e r t i e s of  t he

i n t e r a c t i n g i i n s  . T he s e i on pr  e p e r t  i e s a r e  a

c h ar e ct  er  i st ic 1 a no t h ( o r  r a d i u s T o n i c  c h a r g e and t h e

n u mc o r  of  va l e n c s  e l e c t r o n s ;  a l l o f w h i c h  i n t u i t i v e l y  w i l l

e f f e e t  t h e r  a pu 1s i on C e t  we en t h e  t we i o n s .  The

c h a r s e t  e r i s t 1C r a d i  us f i r s t  u s e d ( B nr n a n d  M ay er (  1932 >>

was t h e  i o n i c  r a d i u s  of  G o l d s c h m i d t  ( 1 9 2 6 T »  h o w e v e r  

H u g g i n s  and Mayer  ( 1 9 J 3 )  u s e e  e x p e r i m e n t a l  d a t a  t o  o b t a i n  

a s e t  of  r a d i i  c o n s i s t e n t  wi th t he c h o i c e  o f  t he o t h e r  

p a r a m e t e r s »  t he y  c a l l e d  t h e s e  » basi c*  o r  c o n s t a n t - e n e r q y  

r a d i i .  T h i s  f o r i  o f  r e p u l s i o n  e n e r g y »  t h o u j h  n o t  w i t h  t h e  

o r i g i n a l  ' b a s i c '  r a d i i »  i s  t h e  one a d o p t e d  i n  t h i s  w o r k .

The g e n e r a l  r e p u l s i o n  e n e r g y  b e t w e e n  t wo i o n s  i a r c  j 

(  URt i j ) ) i s  ur i t t  en :

b j exP 2 . 3 ( i ü )

wher  i

1 + 2 .3 (1 t )



e -

where i s  t h e  ' b a s i c '  r a d i u s  of i o n  i ( h e r e a f t e r  

t h e  q u o t e s  a r o j n d  t h e  wo r d  o a s i c  are o m i t t e d ) »  i s  t he

nu mb e r  of  v a t e r . c j  e l e c t r o n s  o f  i o n  « »  i s  t h e  d i s t a n c e

b e t w e e n t h e  i ons and c i 3 t h e u n i v e r s a l  c o n s t a n t  ( t a k e r a s

- 12 , . -1
l\j  e r g # * i o l e c u l e i r at  l wor k h e r e  f o l l o w i n g H ugg i r s

( 1 9 3 ?  ) ) . T he  p a r a m e t e r
c u

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

( I 9 2 f  ) t o  ac c o u n t  f o r t h e c h a r ne d e p e n d e n c e o f t he

r e p u l s i o n  e n e r g y .

U s i n g  the abov e g e n e r a l  a p p r o a c h  t h e  e x p r e s s i o n  us ed 

t o  c a l c u l a t e  t h e  r e p u l s i o n  e n e r g y  c o n t r i b u t i o n  t o  t he 

l a t t i c e  e n e r g y  i s  as f o l l o w s :

2 .3 ( f )

wher e N i s  t h e  number  o f  m o l e c u l e s  p e r  u n i t  c e l l »  M 

i s  t h e  n u mb e r  of  t y p e s  of  i o n  i n t h e  I a t t i c e  and n i s  t he  

number  of  i i ons  i n t h e  u n i t  c e l l .

The f a c t o r  af  one h a l f  i s  i n c l u d e d  i n  E q u a t i o n  2 . 3 ( v )  

t c  p r e v e n t  e ac h  p a i r  i n t e r a c t i o n  b e ' n j  i n c l u d e d  t w i c e .  The 

l a s t  s u mma t i o n  i s  o v e r  a l l  j i o n s  i n  t h e  i n f i r i t e  l a t t i c e ,  

n o t  i n c l u d i n g  t e r ms  i n t e r n a l  t o c o u p l e «  i o n s .  S p e c i f i c

T h e o r y
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e x a n  l es  of  t h i s  e q u a t i o n  ar e  g i v e n  i n  t h e  r e s u l t s  

s ec t i o n .

E q u a t i o n  Z . j ( v )  i s  d e s i g n e d  p r i m a r i l y  t c  d eal  w i t h  

l a t t i c e s  c o mp o s e )  o f  s p h e r i c a l  b o d i e s  wh e r e  a b a s i c  r a d i u s  

c an t e  a s s i g r e d  t o  each i on  o r  a t o m ,  e x t e n s i o n  c a n  b e  made 

t o  i n c l u d e  n c n _ sp he r i  ca l r e p u l s i o n  e n v e l o p e s *  s p e c i f i c a l l y  

G r a y  and H a d d i n g t o n  ( 1 9 5 6 ) *  H a d d i n g t o n  ( 1 9 5 0 ) *  J e r k i r s ,  

D i x o n  and h a d d i n j t o n  ( 1 9 7 1 * 1 9 7 2 )  ha v e  c o n s i d e r e d  t h e  a t i d e  

and h i f l u o r i d e  i o n s  as e l l i p s o i d s .  T h i s  g e n e r a l  a p p r o a c h  

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

n e n - s p h e r  i c a  I b o d y  i n  e v e r y  p o s s i b l e  c i r e c t i o n .  T h i s  

c o m p l e x i t y  maxes i t s  a p p l i c a t i o n  f r a u g h t  w i t h  u n c e r t a i n t y *  

a n d  i s  h e n c e  p r o n e  t o  e r r o r ,  wor k i s  d e s c r i b e e  h e r e  ( a l s o  

J e n k i n s  and P r a t t  ( 1 9 7  7 a ,  b)  ) w h i c h  c i r c u m v e n t s  t he 

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

E q u a t i o n  2 . 3 ( i i )  f o r  t h e  r e p u l s i o n  e n e r g y .

The n i i r e r i c a l  e v a l u a t i o n  of  t h e  r e p u l s i o n  e n e r q y  

u s i n g  E q u a t i o n  2.  3( v )  r e o u i r e s  t h e  k n o w l e d g e  cf  t he f u l l  

c r y s t a l  s t r u c t u r e  o f  t h e  c ompound u n d e r  s t u d y *  t o g e t h e r  

w i t h  some p r o p e r t i e s  o f  t he  c o n s t i t u e n t  a t o ms  and i o r s .  

T h e  number  o f  v a l e n c e  e l e c t r o n s  o f a c o m p l e x  i on  i s  a l s o  

r e q u i r e d  i f  the i o n  i s  t o be t r e a t e d  a s  b e i n g  s p h e r i c a l .  

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

T h e o r y
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t h i s  p a r a  net  er i s  s ma l l  and i t  i s  u s u a l l y  t a k e n  as t h a t  

f c r  l o s t  mo n a t o mi c  i o n s  ( e i g h t ) .  3y f a r  t h e  l a r g e s t  

i n f l u e n c e  on t h e  r e p u l s i o n  e n e r g y  are t he o a s i c  r a d i i »

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

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

c a l c u l a t i o n s  t o  e x p e r i m e n t a l  d a t a .  H u g g i n s  ( 1 *> 37)

o r i g i n a l l y  o t t a i n e d  v a l u e s  f o r  t h e  a l k a l i  met al  and h a l i c e  

i c n s  and l a t e r »  w i t h  i a k i m o t o  ( 1 9 5 " ’ ) »  f o r  t h e  a l k a l i n e

e a r t h  me t a l  anc c h a l c c g e n i d e  i o n s .  r u i i  and T c s i  C l 9 6 A a » h )  

a l s o  r e p o r t  v a l u e s  f o r  t he  a l k a l i  m e t a l  and h a l i d e  i o r s .  

■fork i n c l u d e d  i n  t h i s  r e s e a r c h  ( J e n k i n s  and P r a t t  ( 1 9 7 7 1 )  

has o b t a i n e c  v a l u e s  c o m p a t i b l e  w i t h  t h e  met hod d e s c r i b e d  

i n  t h i s  t a e o r y  s e c t i o n .  B e f a r e  t h e  a d v e n t  o f  t h e  met hod 

d e v e l o p e d  i n  t h i s  r e s e a r c h »  r a d i i  f o r  i o n s  w h i c h  wer e  

n e i t h e r  s i m p l e  n o r  mo n a t o mi c  had g e n e r a l l y  t o  be

e s t i m a t e d »  l e a d i n j  t c  co r r  e s pon c i n g e r r o r s  i n  t h e  l a t t i r e  

e n e r g i e s  o h t a i n e i .  I t  i s  now p o s s i b l e  t o  c a l c u l a t e  v a l u e s  

f o r  b a s i c  r a d i i  f o r  a v a r i e t y  of  mo d e l s  cf  a c o mp l e x  i on  

made up of  i d e n t i c a l  s i z e d  s p h e r e s .

Tne s t r u c t u r a l l y  d e p e n o e n t  s u m ma t i o n  r e q u i r e d  i n  

¿ d i l a t i o n  2.  3( v ) i s  r e a d i l y  p e r f o r me d  h y  c i r e c t  s u mma t i o n  

o wi n a  t o  r a p i d  c o n v e r g e n c e .  Such s u m m a t i o n s  c o n v e r g e  much 

f a s t e r  t h a n  e i t h e r  o f  t h e  d i s p e r s i o n  s u m ma t i o n s »  see 

F i gur  e 2.  A (  i ) .

Theory



2 . 4  D i s p e r s i o n  E n e r g y

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

d e p e n d e n c e  cn d i s p e r s i c n  f ‘ v a l u e s )  wer e f i r s t  r e c o g n i s e d »  

and named»  t y  L o n d o n  ( L i s e n s c h i t ?  and L o n d o n  ( 1 9 3 C ) »

L o n d o n  H 9 3 C a » b ) ) .  T he  f o r c e s  a r e  a l s o  known as L o n d c r »  

Van fler W a a l s  or  c o r r e l a t i o n  f o r c e s .  T h e i r  e x i s t e n c e  was 

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

c o n d e n s e d  p h a s e s »  no e t h e r  i n t e r a t o m i c  a t t r a c t i v e  f o r c e s  

( c o u l o m b i c »  ' c o v a l e n t *  o r  ' m e t a l l i c '  b o n d i n g )  b e i n g  

p r e s e n t .  T h e y  a r i s e  b e c a u s e  o f  t h e  cor  r e t a t  i o r  o f  e l e c t r o n  

a c t i o n  b e t w e e r  two a t o ms »  i o n s  o r  m o l e c u l e s .  A 

s e mi -  cl  a s s i c at e x p l a n a t i o n  i s  t h a t  at a g i v e n  moment an 

o t h e r w i s e  s p h e r i c a l l y  s y m m e t r i c a l  at om w i l l  have an 

i n s t e n t a n e o u  s d i p o l e  moment  due t o t h e r e  b e i n g  a s l i g h t l y  

g r e a t e r  e l e c t r o n  d e n s i t y  on on e  s i d e  of  t h e  at om.  T h i s  

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

s p h e r i c a l  s y m m e t r y  means t he  t i m e  a v e r a g e  of  t h i s  d i o c l e  

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

i n  an a d j a c e n t  atom ( t h e  m a g n i t u c e  of  w h i c h  d e p e n d s  on t he  

po l ar i s a b i  l i t y  o f  t h e  a d j a c e n t  at om)  w h i c h  g i v e s  r i s e  t o 

an a t t r a c t i v e  f o r c e  b e t we e n  t h e  at oms .  S i m i l a r  f o r c e s  w i l l  

be p r e s e n t  b e t w e e n  i n s t a n t a n e o u s  and i n d u c e d  d i p o l e s  and 

q u a d r u p o l e s »  q u a d r u p c l e s  and q u a d r i p o l e * »  a n d  a l l  such 

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

T heory



f o r e  est h e s e  f o r c e s  r e d u c e s  q u i t e  s h a r p l y  w i t h  t h e  j o i n t  

c o m p l e x i t y  o f  t he m u l t i p o l e s .  In an i o n i c  c r y s t a l  s c c h  

f o r c e s  a r e  p r e s e n t  b e t w e e n  e a c h  p a i r  o f  j o r s  ( a n d  a t o m s ) .

T he o r i g i n  o f  t h e  f o r c e s  means  Quant um m e c h a n i c a l  

me t h o d s  must  be e m p l o y e e  to o b t a i n  t h e  s i m p l e  f o r m u l a e  

n e c e s s a r y  to g e n e r a l l y  q u a n t i t y  t hem ( a b  i n i t i o

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

h y a r n  gen and h e l i u m ) .  D e r i v a t i o n  e f  t h e s e  f o r m u l a e

i r v o l v e s  a p p r o x i m a t i o n s  s u c h  as:

( a )  m u l t i p o l e  e x p a n s i o n  of t h e  i n t e r a c t i o n  H a m i l t o n i a n ;

( b )  t he  u s e  o f  s i m p l e  p r o d u c t  z e r o - o r d e r  s a v e  f u n c t i o n s ?

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

T h e s e  a p p r o x i m a t i o n s  make q u a n t i t a t i v e  p r e d i c t i o n s  

f r o «  t h e  f o r i u l a e  o b t a i n e d  q u i t e  i n a c c u r a t e .  T h i s  

i n a c c u r a c y  seei r s u n a v o i d a b l e  3t t h i s  s t a g e «  a l l  one c a n  do 

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

as p o s s i b l e  anc r e m a i n  awar e o f  t he q u a l i t y  o f  t h e  r e s u l t s  

o o t a i n e d .  T he  e f f e c t  any i n a c c u r a c y  i n  t h i s  t e r m has on 

t h e  l a t t i c e  e n e r j y  c a t c u l a t e c  i s  c o n s i d e r e d  i n S e c t i o n  

2 . 6 »  t h o u a h  i t  s h o u l d  be s a i d  h e r e  t h a t  t h e  p o s s i b l e  

e r r o r s  i n d u c e d  a r e  not  p r o h i b i t i v e .

E x c e l l e r t  r e v i e w s  of  t h e  o r i g i n  o f  d i s p e r s i o n  f o r c e s
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and t he n e t h o d s  of  o b t a i n i n g  t h e  f o r m u l a e  b e l o w a r e  g i v e n  

by  P i t / e r  ( 1 9 5 9 )  and H a r g e n a u  and K e s t n e r  ( 1 9 7 1 ) .  A f e l l  

d i s c u s s i o n  cf t h e  c o n s e c u e n c e  of  t hes e f o r c e s  i n  l a t t i c e  

e n e r g y  c a l c u l a t i o n s  i s  g i v e n  by T o s t  ( 1 9 6 4 ) .

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

s e c o n d  o r d e r  p e r t u r b a t i o n  t h e o r y  t h e  r e s u l t s  of  L o r c c n  

( 1 9 3 f a » b >  a r e  o b t a i n e c .  T h e  f o r c e  i s  f ound t o  b e  o f  a 

t w o - t o d y  n a t u r e  .«i t h an e x p r e s s i o n  *or t he di  po l e -  d i p c l e 

a t t r a c t i v e  d i s p e r s i o n  e n e r g y  b e t we e n  at ems 1 and Z of  ( a s  

g u o t p d  by  T o s i  ( 1  9 6 4 ) ) :

U « lw £ >  - e , + E- V
2 . 4 ( 0

wher e ' J a j d S )  i s  t h e  d i p o l e - d i  pol  e d i s p e r s i o n  e n e r g y »

9^2 i s t h e  d i s t a n c e  b e t we e n  at oms 1 and 2»  t he  sum i s  o v e r

t h e  e x c i t e d  s t a t e s  o f  b o t h  a t o ms ,  i s  t h e  m a t r i x

e l e me n t  o f  t he x c o mp o n e n t  c f  t he d i p o l e  mcmert  o f  at om 1
o i

D e t w r e n  t n e  g r o u n d  s t a t e  and the i t h  e x c i t e d  s t a t e  and 

i s  t h e  e n e r g y  of  at om 1 i n t h e  i t h  e x c i t e d  s t a t e  r e l a t i v e  

t o  t f  a j r o u n d  st  i t e .  T he a s s t mp t  i on t h a t  or e t e r m o f  t he  

s u mma t i o n  p r e c o n i n a t e s  ( i . e .  b o t h  atoms show o n e  d o mi n a n t  

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

0 . . ( 1 2 )  = ----------7 ---------------------
7 ^ f ( t 1 + £ 2)

2 .4 ( i i )

The or y
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f o r  t h e  p a i r  i n t e r a c t i o n  e n e r g y '  wh e r e  <Jû  i s  t he 

po l ar i sab i l i ty of at om 

c barer t e r  i s t i c e n e r g y  c f  a t o »  i .

h a r g e n a u  C1 31 ) d e v e l o p e d  

l a f o r  t h e  di  no l e q u a d r  up 

whi ch f o r  t h e  sane p a i r  o f  at oms t a k e s  t h e  f o r m!

V U M )  »  â - Ü ü - f i i i :  *  i i b \

wher e e i s  t h e  e l e c t r o n i c  c h a r g e  and i s

t h a t  t he  d i p o l e - j u a d r c p c l e  t e r m has a

Ma r g e n a u  ( 1 9 3 9 )  b u t  i s  r o t  c o n s i c e r e d  h e r e *  i t  has a ft

d e per  de nc e .

D i s p e r s i o n  f o r c e s  » a y  a l s o  be i n v e s t i g a t e d  b y  t he 

v a r i a t i o n a l  me t h o d »  t h i s  was done by S l a t e r  and K i r k w o o d  

( 1931 > who o t t a i n e d  t h e  f o l l o w i n g  a p p r o x i m a t e  r e s u l t :

where h l a  P lan o k 'a  ooratan t and m i s  the e le o tro r  maaa, and



wh e r a  H. i s  t h e  number  o f  e l e c t r o n s  i n t h e  o t t e r  

s u b s h e l l  of  a t j m  1 .  The c o r r e s p o n d i n g  f o r m u l a  f o r  t he 

d i p o l e - q u a d r u p o l 9 t er m has r e c e n t l y  been o b t a i n e d  by 

N a r y a n  < 19 7 7 ) as:

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

t e r m was f o r m u l a t e d  t y  d u l l e r  f 19 36 ) »  f o r  h i s  wo r k  on 

p a r a f f i n s »  i n v o l v i n g  t h e  d i a m a g n e t i c  s u s c e p t i b i l i t y  ( X )  :

wh e r e  m i s  t h e  e l e c t r o n i c  si 3SS and c t h e  v e l o c i t y  of  

l i g h t .

Some f a i r l y  r e c e n t  wor k ay Wi n s l o w 11*175)  has  t r e a t e d  

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

t h e o r e t i c i l  r i  g o ' i r .  He used an a c a p t i o n  of  t h e  S l a t e r  a r d  

K i r k w o o d  a p p r o i c h  and c o n s i d e r e d  a l l »  ar d not  j t s t  

v a l e n c e »  e l e c t r o n s .  T he  l i m i t e d  number  of  c i po l e" d i p c l e 

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

t h a n  t h o s e  o b t  l i n e d  oy Mayer  C'  93 3 a )  u s i n g  L o n d o n ' s

Theory



f o r m u l a e »  b u t  t h a  d i f f e r e n c e  i s  not  p a r t i c u l a r l y  a l a r m i r q .  

Ho we v e r  i t  must  be n o t e d  t h a t  h i s  r e l a t e d  d ip o l e - q  uad r u -  

p o l e  c o e f f i c e i n t s  ar e s i g n i f i c a n t l y  l a r g e r  t h a n  l a y e r ' s ,  

' •i i nst ow' s  wor k may l e a d  i n  t h e  f u t u r e  t o  mor e a c c u r a t e  

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

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

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

ha v e  been p e r f o r m e d  ( Pi  t z e r  ( 1 9 5 9 ) ) .  T h i s  shows t h e  d e g r e e  

o f  i n a c c j r a c y  t h a t  i s  p r e s e n t  i n  t h e  c a l c u l a t i o n  of t h e s e  

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

p a r a l l e l  t h e o r i e s  t h e  L o n d o n  f o r m u l a e  hav e Deer  most  

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

s t uui  es .

A f u r t h e r  a p p r o x i m a t i o n  made i n  t h i s  r e s e a r c h  i s

t h a t :

h i g h e r  t e r m s  b e i n g  n e g l e c t e d .  T h e  t e r ms  c a n  be 

w r i t t e n  f o r  an i o n i c  c r y s t a l  as:

U,'D = Udd + Uqd

i.il itl W--I l

T he o r y
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a l s o  f. i s t l i e n u e b e r  o f  » o t e c u l e s  p e r  u n i t  c e l l .  M i s  

t h e  n u mb e r  of t y p e s  of  i on i n  t h e  u n i t  c e l l  and n^ i s  t he 

numoer  of  i ior.s i n t h e  u n i t  c e l l .

The f a c t o r o f  one h a l f

2.  A l v i i i )  a n c 2 . A ( i x)  t o oVQ 1*

t a k e n t w i c e . T he  f i r s t two

i s  i n c l u d e d  i n  ¿ q u a t i c n s  

d e a c h  p a i r  i n t e r a c t i o n  b e i n j  

sum mat  i o n s  i n  t h e s e  e q u a t i o n s

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

of  t y p e  i i n t h e  u n i t  c e l l  w h i l s t  t h e  l e s t  i s o v e r  a l l

i c n s  j i n  t h e  i n f i n i t e  c r y s t a l  ( i . e .  t h e  i n t e r a c t i o n

b e t we e n  an  i n d i v i d u a l  stoat i and a l t  j i o n s ) »  r o t

i n c l u d i n g  t he  i n t e r r a l  t s r i s  of  c o mp l e x  i o n s .  S p e c i f i c  

e x a mp l e s  o f  E q u a t i o n s  2 . 4 ( v i i i )  and 2 . 4 ( i x )  a r e  g i v e n  i n 

t h e  r e s u l t s  s e c t i o n .

T he  abov e e q u a t i o n s  owe much t o t he  work of  Mayer  

( 1 9 3 3 a ) .

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

an i o n i c  s o l i d ,  a c c o r d i n g  t o  the abov e e q u a t i o n s ,  r e q u i r e s  

t h e  k n o w l e d g e  o f  t he f u l l  c r y s t a l  s t r u c t u r e  a n d  t he 

a s s i g n m e n t  o f  t h r e e  p a r a m e t e r s  f o r  each t y p e  o f  at om or  

i o n  b e i n g  c o n s i d e r e d .  Cf  t h e s e  t h r e e  p a r a m e t e r s  t he 

p c I a r  i s a b i  I i ty has by f a r  t h e  l a r g e s t  e f f e c t  on t h e  v a l u e  

of  t h e  d i s p e r s i o n  e n e r g y .  The most  c o mmo n l y  used met hod 

f o r  o b t a i n i n g  pol  ar i s a o  i l  i t  i e s f o r  i o n s  i s  t h e  a n a l y s i s  cf  

t h e  r e f r a c t i v e  i n d e x  cf  i c n i c  s o l i d s .  a l t h o u j h  o t h e r  

me t h o d s  h a v e  been u s e d  l e a d i n g  t o s i m i l a r  r e s u l t s .  An 

a n a l y s i s  l e d  t o  t h e  c o n c l u s i o n  t h a t  t h e  most  r e l i a b l e  set  

of  v a l u e s  i s t h a t  g i v e n  by  P i r enne and K a r t h e u s e r  ( 1 9 6 4 )  

a l t h o u g h  t h e  wor k o f  T e s s ma n .  Kahn and S h o c k l e y  ( 1 9 5 3 )  and 

P a u l i n g  ( 1 9 2 3 )  a r e  more o f t e n  q u o t e d  due t o  t h e  l a r g e r

T heory
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n u i r t e r  o f  i o n s  ( b o t h  mo n a t o mi c  and c o m p l e x )  f o r  w h i c h  t he y

q u o t e p o l a r i sab i 1 i t y  v a l u e s .  D esn I t t h e f ac t t h a t

i n d i v i d u a l  v a l u e s  c an d i f f e r  q u i t e  g r e a t l y f r  c i s e t t  o set

s i m i 1 ar v a l u e s f o r d i s p e r s i o n  e n e r g i e s i n an i on i c s o l i d

a r e obt  ai  r e d i f a c o n s i s t e n t  s e t  i s us e d f o r a l l  i a ns  i n

t h e  l a t t i c e  ( t h e  a p p r o a c h  a d o p t e d  h e r e ) .

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

e n e r g y  of  t h e  a b s o r p t i o n  maxi mum o f  t h e  i o n  i n  t he 

u l t r a - v i o l e t .  O f t e n  a good a p p r o x i m a t i o n  i s  t o  t a k e  t he 

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

( M a y e r  ( I 9 i 3 a )  j s e d  G . T 5  o f  t he i o n i s a t i o r  p o t e n t i a l »  row 

0 . 9  i s  mo r e  co » n  o n l y  u s e d ) .  I t  does not  s e e i  w o r t h w h i l e  

o b t a i n i n g  « e r e  a c c u r a t e  v a l u e s  *or t he c h a r a c t e r i s t i c  

e n e r g y  as i t s  a p p e a r a n c e  i n E q u a t i o n  ? . 4  ( i i  )  i s s o r e  l y  t he 

r e s u l t  of  an a p p r o x  i s a t  i o n »  t h e  v a l i d i t y  of  w h i c h  P i t r e r  

( 1 9 P 9 )  has h o u j h t  i n t o  q u e s t i o n .  T h e  e f f e c t  o f  such 

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

s ma l l  .

T ne t h i r d  p a r a m e t e r *  t he e f f e c t i v e  n u mb e r  of  

e l e c t r o n s  of  t h e  i on* has a s ma l l  e f f e c t  and t h i s  me r e l y  

on t h e  d i p o l e * q u a  dr upo I e d i s p e r s i o n  e n e r q y *  i t s e l f  a s ma l l  

c o n t r i b u t i o n  t o  t h e  t o t a l  d i s p e r s i o n  e n e r g y .  C o n s e q u e n t l y  

a c c u r a t e  e s t i m a t e s  o f  i t s  v a l u e  a r e  u n n e c e s s a r y  and

Theory



n c r m e l l y  i t  i s  t a k e n  a s  t he  n umber  of  v a l e n c e  e l e c t r o n s  

( g e n e r a l l y  t  wo or  e i g h t ) .  Mayer  ( ’ 9 5 3 a )  c o n s i d e r e d  t he 

jeoro« t r i e  n e a r  o f  t he  n u mb e r  of  V3*ence e l e c t r o n s  and t he 

nu mb e r  o f  e l e c t r o n s  r e c e s s a r y  t o  a c c o u n t  f or  t he  

p o l ar  i sab i l i ty » on t h e  o n e - l e v e l  a p p r o x i m a t i o n ,  t o be t he 

b e s t  e s t i m a t e .  T h e  l a t t e r  v a l u e  b e i n g  g i v e n  by :

4  rr ?m£i

272“  e h
2.4(3d.U)

wher e h i s  P l a n c k ' s  c o n s t a n t .

The s u mma t i o n s  of  i n v e r s e  po wer  f u n c t i o n s  cf  

i n t e r a t o m i c  d i s t a n c e s  i n  t q u a t i o n s  2 . 4 ( v i i i )  and 2 • 9 (  i x ) 

can t e  e a s i l y  c o mp u t e d  by d i r e c t  s u mma t i o n  o v e r  t he  r e a l  

l a t t i c e .  Work b y  W i l l i a m s  ( 1 9 7 1 )  has a p p l i e d  s i m i l a r  

t e c h n i q u e s  t o  t h o s e  u s e e  i n the e v a l u a t i o n  o f  Ma d e l u n g  

c o n s t a n t s  in i r d e r  t o a c c e l e r a t e  c o n v e r g e n c e .  T h e s e

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

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

by  t h e  s mal l  s a v i n g s  i n  c o mp u t e r  t i me  t h a t  w c u l d  r e s u l t .  

T he  s u mma t i o n s  a r e  g e n e r a l l y  r a p i d l y  c o n v e r g e n t ,  as  i s  

shown b y  F i g u r e  ? . a ( i )  wher e the s o d i u m c h l o r i n e  

s u mma t i o n s  i r  s o l i u m  c h l o r i d e  ar e used as an e x a mp l e .  H e r e  

b o t h  s e r i e s  a r e  o v e r  951 c o n v e r g e d  by  c on s i der  at i on of

Theory
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Qat oms i n s i d e  a 1 oA s p h e r e  ( a l t h o u g h  i n  p r a c t i c e »  and 

t h r o u g h o u t  t h i s  r e s e a r c h .  sum mat i on s ar e e x t e n d e c  w e l l  

b e y o n d  t h i s  l i m i t ) .  W i l l i a m s *  wo r k  i n v o l v e s  r e p e t i t i o u s  

e v a l u a t i o n  cf  t h e s e  s u mma t i o n s  o v e r  t he s t r u c t u r e s  of  

p a r a f f i n s .  wh e r e  t h e  c o n v e r g e n c e  i s  mi ch s l o w e r .  and i n 

t h i s  c a . e  any c o n v e r g e n c e  a c c e l e r a t i o n  l e a d s  t o  

a p p r e c i a b l e  s a v i n g s  i n  c o mp u t e r  t i n e .

i t  i s  o t v i o a s  t h a t  t h e  t i e  of  a p p r o x i m a t e  f o r m u l a e  

w i t h  a p p r o x i m a t e  i o r  p a r a m e t e r s  must l e a d  t o .  at b e s t ,  

o n l y  r o u g h  e s t i m i t e s  he i n n  made f o r  t oe  d i s p e r s i o n  e n e m y  

t e r m .  T h i s  i s  one of  t h e  t wo mai n s o u r c e s  of  p o s s i t l e  

e r r o r  i n  t h e  c a l c u l a t i c r  of  l a t t i c e  e n e r g i e s  as p r e s e n t e d  

h e r e .  t r r o r s  i n  t h e  d i s p e r s i o n  e n e r g y  need not  h o we v e r  be 

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

2 « 5  Energy H i n i a f s a t i o n

The p r i n c i o l e  t h a t  t h e  e n e r g y  of  an i o n i c  s o l i d  must  

b e  a t  i n  e n o r j y  mi ni mum i s  i n t u i t i v e l y  o o v i o u s ,  T h i s  

m i n i n u m .  w i t h  r e s p e c t  t o  t h e  u n i t  c e l l  v o l u m e ,  can he 

shown f r om t he s i mp l e  e q u a t i o n  o f  s t a t e  f o r  a s t a t i c  c u t i c  

s o l i d  w i t h  t h e  h a r m n i  c a p p r o x i m a t i o n .  at  n e g l i g i b l e  

p r e s s u r e  ( s u c h  as a t m o s p h e r i c )  ( T o s l  ( 1 9 6 4 ) ) .  I t  i s  a l s o  

c o n f i r m e d  by  more d e t a i l e d  e q u a t i o n  o f  s t a t e  s t u d i e s  t y
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Fumi  and T os i ( ! 9 6 2 » 1 9 6 2 ) .

The f a c t  t h a t  t he  e n e r g y  of  a s o l i d  i s  a mi ni mum 

l e a n s  t h e  l a t t i c e  e n e r g y  must  be a maximum when d e f i r e d  

a s  i n S e c t i o n  1 . 2 .  A v e r y  c o m* o n .  i f u n i m p o r t a n t .  m i s t a k e  

i s  t o  r e f e r  t o  l a t t i c e  e n e r g y  m i n i m i s a t i o n ;  t h i s  m i s t a k e  

i s  ev e n  made i r. some p u t t i s h e c  p a r t s  o f  t h i s  r e s e a r c h ,  

l a t h r m a t i c a l l v  t h e  l a t t i c e  e n e r j y  i s  shown t o  he a maxi mum 

i n  t h e  n e x t  s e c t i o n .

The ex te nsi  on o f  t he i d e a  of m i n i m i s e t i o n  w i t h

r e s p e c t t o  t he u n i t c e l l v o l u m e t o o t h e r  v a r i a b l e

p ar  amet er s of t he c r y s t a l st r u e  t ur e i s  ce s i r a b l e  and

c e r t a i n l y  a D p e a r s  v a l i d .  T he p o s s i b l e  v a r i a b l e s  ar es  

( i )  t he  spac e g r o u p .

( b )  t he u n i t  c e l l  p a r a m e t e r s  ( w h e r e  a p p l i c a b l e ,  i . e .  r o t  

d e t e r m i n e d  by  t h e  s p a c e  g r o u p  s y m m e t r y ) ;

( c )  t he  a t o n i c  p o s i t i o n s  ( w h e r e  a p p l i c a b l e ) .

The case of  ( a )  a p p e a r s  d i f f i c u l t  t o  q u a n t i f y  at  t h e  

p r e s e n t  w n i l e .  at l e a s t  at  f i r s t  s i g h t ,  t he o t h e r s  w o u l d  

a p p e a r  s t r a i g h t f o r w a r d .  T he  n e c e s s i t y  of  k e e p i n j  t h e  

g e o me t r y  of  compl ex  i c n s  r i g i d  has l e d  t o  m i n i m i s a t i o n  

w i t h  r e s p e c t  to t h e  u n i t  c e l l  l e n g t h s  o n l y  b e i n g  

q u a n t i f i e d  i n  t h i s  r e s e a r c h .  F u r t h e r  e x t e n s i o n  must  m e r e l y

T he or  y



be a m a t t e r  cf t i n e

i h e  ii i n in i s j  t i on may be r e p r e s e n t e d  b y :

^ p o r ' j

k * 0
0 2 .5 ( 0

wh e r  a i is th e  pa ra m e t er w i t h  r e s p e c t t o wh i ch

m a x i m i s a t i o n  i s t a k i n g  p l a c e an d i _ i s  i t s  o e g u i l  i b r  i u a

v a l u e  ( i n  t h i s  r e s e a r c h  i = a * b or  c* t h e u n i t c e l l

l e n g t h s ) .  T h i s  i u p l i e s *  f ro i ¿ q u a t i o n  2 . 1 ( i v ) »  t h a t :

0
cF e l t o )

U i  /i = i 0
2 .5 U D

i f  we d e f i n e  

c o n t a i n s  no compl ex 

R i n t h e  l a t t i c e :

a s i m o l e  c u b i c  l a t t i c e  as  one wh i c h  

i o n s  t h e n  we c a n  s a y *  f o r  a n y  d i s t a r c e

R = k a 2 .5 ( i l i )

’ wh e r e  k i s  i n d e p e n d e n t  o f  a ( t h e  c u b i c  c e l l  s i d e ) *

t h i s  makes m i n i m i s a t i o n  o f  t h e  e n e r g y  of  t h i s  l a t t i c e  

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

T ha ory



B e g i n n i n g  of  l a t t i c e  e n e r q y  c a l c u l a t i o n «

The c o n s i d e r a t i o n  of n o i r c u ^ i c  l a t t i c e s  has b e g u n  

s i n c e  t he a v a i l a b i l i t y  of  n i g h - s p e e d  c o m p u t e r s .  N e c k t l .  

Vi  nek a n 1 S c w o t n y  ( 1 9 6 ? )  c o n s i d e r e d  t h e  s p e c i f i c  c a s e  of  

t e t r a g o n a l  c a r b i d e s .  The p i o n e e r i n g  wor k o f W i l l i a m s  

( 1 9 6 5 a » b ,  1.96 6a ,b >  1 9 6 7 ,  19 69 . 19 70»  1 97 1,  1972 a , b  . 1974 )  and

W i l l i a m s  and S t a r r  ( 1 9 7 ? )  i n  the a p p l i c a t i o n  of a g e n e r a l  

met hod ( s i m i l a r  to t he one p r e s e n t e d  h e r e  a l t h o u o h  

d e v e l o p e d  e n t i r e l y  s e p e r a t e l y )  t o  t h e  p r e d i c t i o n  of  

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

Bu s i  r> g(  197 C » 1 9 7 2 )  t o  t he s t u d y  o f  i o n i c  c a s e s ,  

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

t e t r  a f l u o r  ob er y 11 at  e .  W i l l i a m s '  and B u s i n g ' s  wor k ut  i l i s e s  

t h e  c o n d i t i o n  of  mi ni mui r  e n e r g y  w i t h  r e s p e c t  t o  c r y s t a l  

s t r u c t u r e  p a r a m e t e r s  i n o r d e r  t o  c a l c u l a t e  t hem fro ir  a 

l a t t i c e  p o t e n t i a l  s i m i t a r  t o the one a d o o t e d  t r o n  p r e v i o u s  

s e c t i o n s .  T he 1 e g r » e  ot  s u c c e s s  i n  p r e d i c t i n g  i o r i c  

c r y s t a l  s t r u c t u r e s  i s h o we v e r  somewhat  d e o a t a b l e .  a l t h c u q h  

i t  s h o u l d  te s t a t e d  t h a t  t h e  a p p r o a c h  p r o d u c e s  b e t t e r  

r e s u l t s  t h a n  a n y  p r e v i o u s  t o  i t .  B u s i n g ' s  wor k a l s o  f o r e s  

t h e  O a s i s  f o r  some wc r k  by W u r f i t t  ( 1 9 7 1 )  on t h e  s u l p h a t e  

and p h o s p i a t e  i o n s ,  hy  Y u e n ,  h u r f i t t  a n d  C o l l i n  ( 1 9 7 9 )  cn 

a l k a l i n e  e a r t h  h a l i d e s  and b y  *ue n.  L i s t e r  and N y b t r g  

( 1977 ) on c a l c i t e  and a r a g o n i t e .  T h e  me t h o c  c e v e l o p e d  by

T h e o r y
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t h e s e  v a r i o u s  u o r k e r s  t f r  c .» B u s i n a  t o Yuen et a l l »  

a l t h o u g h  o n l y  a p p l i e d  t o t he feu s y s t e m s  me n t i o n e d  a b o v e ,  

shows much p r o m i s e  as a c e n t r a l  *et  h o i  t o r i v a l  t h e  cne 

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

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

t u o - t o o y  o o t e n t i a l  by .a l e a s t  s q u a r e s  f i t  ( «  i ni  m i s at i or  of  

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

whi c h  t h e  a e t h o d  was f i r s t  c e v e l o p e d .  T he  r e s u l t s  f or  

p o t e n t i a l  p a r a m e t e r s  f o u n d  t y  Yuen et  a t ( 1 9 7 7 )  ‘ o r  c a l c i u m  

c a r o c n a t e  e r e  at  v a r i a n c e  w i t h  p r e v i o u s l y  used v a l u e s ,  

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

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

d i s a g r e e m e n t  c a n  soon be r e c t i f i e d ,  t iork i s  new u n d e r  way 

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

The i n c l u s i o n  of  c o mp l e x  i o n s  i r  t h e  s i m p l e  c u b i c  

l a t t i c e  has c n l y  been c o n s i d e r e d  by J e n k i n s  and Wa d d i n g t o n  

( X 9 7 f a )  and J e n k i n s  I 1 9 7 f c a ) .  Su c h  l i m i t e d  a p p l i c a t i o n s  

st em f r om t he  d e s i r e  t c  p r o d u c e  s i m p l e  e q u a t i o r s ,  

s a c r i f i c i n g  s t r i c t  q e n e r a l  a p p l i c a b i l i t y  f o r  s i m p l i c i t y ,  i  

g e n e r a l  a p p r o a c h  i s p r e s e n t e d  in S e c t i o n  2 . 7 .

The d e r i v a t i o n  of  t he  s i apt e l a t t i c e  e n e r g y  e q u a t i o n s  

u s i n g  t h e  s i m p l e  c u b i c  cas e  f o l l o w s .  O t h e r  d e r i v a t i o n s  use 

m a x i m i s a t i o n  w i t h  r e s p e c t  t o t h e  s h o r t e s t  a n i o n - c a t i o n

Theor y



^ F e l e c ]

\ /a=a

wher e C a n d  0 a r e  i n d e p e n d e n t  o f  a» g i v i n g :
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- K  M.

The d i s p e r s i o n  

E quat  i on  2 .  tif v i i ) 

e x p r t  ss ed:

d i s t a n c e  r a t h e r  t h a n  t he  c t b i c  c e l l  l e n g t h .  T h i s  i s  ac r e  

i n  o r d e r  t o  make t h e  t r a n s i t i o n  t o  t he g e n e r a l  c a s e  appear  

s i m p l e .  T he  d e r i v a t i o n s  ar e h o we v e r  c o m p l e t e l y  e q u i v a l e n t  

by  v i r t u e  cf  E q u a t i o n  2 . 5 ( i i ) .  T h e  t h r e e  d e r i v a t i v e s  of  

E q u a t i o n  2 . 5 ( i i )  ar e r e q u i r e d ,  i n  t h i s  c a s e :

c o n s e q u e n t l y :

2.5(v)

be c o mp o s e d  as 

c a s e  i t  c a r  be

2 .5 (v i)

ELEC 2.5 (iv )

"^ELEC

i s  as sum nd to  

t r\ i s s i up l e

e re  r j  y

s c

2 .5 (* iO

2 . 5 ( v i i i )

T h e o r y



I f  t i ie  r e p u l  si on e n e r g y  i s  g i v e n  t h e  i n v e r s e po wer

f or m ( t q n a t i o n  ?.  3C i )  > t h e n :

u s i n j  E q u a t i o n  2 * 5 ( i  i i  )•

S u b s t i t u t i n g  i n t o  E q u a t i o n  2 « 5 f i i )  l e a d s  t

UL = — ( U - _ „  + 6 U „  + 8 U , )  R n '  ELEC id q<r

itene ;

UPOT = < W 1 "  + V 1
6/n) + Uqd( l  -  8/n)

T h i s  i s t h e  e x t e n d e d  B o r n - '.an de r q u t i  

d i s p e r s i o n  t e r ms  ar e n e c l e c t e d  g i v e s  t h e  s i mp l e  

equa* i o n :

UPOT = < W 1 ~ l / n >

2 .5 ( ix )

2 .5 (x )

2 .5 (x i )

n and when 

1 o r n - L a  nee

2.5(xU )
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I f  t h e  r e p u l s i o n  e n e r g y  i s ex o r s s s e d i n t he

expo r e n t  i a 1 f or m of E q u a t i o n  2 • 3 (  i i '  t he r  :

\\ ] ii i.
*

»p 2 . 5 ( * U i )
\oa /a=a ' o

a PON

where r i s th e  sho r  tes t ani on -  cs t i cn d i s t a n c e .

L eaai  ng t o :

ii ( u _ _ -  + 6 u . . +r  '  ELEC dd 0
8 U . )  qd'

2 . 5 ( x i v )

and:

UPOT = V 1 -  ?/ r o> + V 1 “^ r o> + V (1 ■ 8^ r o}  2*5 (x v )

wh i c o  i s  t he  e x t e n o e d  l o r n - ' f a y e r  ( o r  L a d d  and Lee 

t l 9 b f ) )  e o u a t i o n .  I f  d i s p e r s i o n  t er ms ar e  n e g l e c t e d  t he 

s i m p l e  B o r n - l a y e r  e q u a t i o n  r e s u l t s :

UFOT “  W 1 "  $ / r o)  2 *5(XV1)

A d o p t i o r  of  t h e  H u o g i n s - X a y  er ’ o r «  f o r  t he  r e p u l s i o n

T he or  y



e n e r g y  ( E q u a t i o n  2 . 3 ( v ) )  d o e s n ' t  l e a c  t o a s i m p l e

e a u a t i o n .  I t  i s  c o n s i d e r e d »  for  a g e n e r a l  l a t t i c e »  i n  

S e c t i o n  2 . 7 .

I n s p e c t i o n  of  E q u a t i o n s  2 . 5 ( x i i )  and 2 . 5 ( x v i )  shews 

q u i t e  c l e a r l y  t he  r e a s o r  f o r  t he f or m of  t h e  K a p u s t i n s k i i  

e c o a t i o n s  ( s e e  E q u a t i o n s  1 . 5  C i > and 1 . 5 ( H ) ) .  T h e  s h o r t e s t  

a n i o r - c a t i  on d i s t a n c e  b e i n g  r e p l a c e d  bv t he sum of  i on  

r a d i i .

I f  t h e r e  ar e  c o m p l e x  i o n s  p r e s e n t  i n  o u r  s i m p l e  c u b i c  

l a t t i c e  t he n  t h o u g h  we can m a i n t a i n  E q u a t i o n  2 . 5 ( i i i )  as 

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

e n e r g i e s »  by c h o i c e  o f  s u i t a t l e  model s ( s e t  S e c t i o n  2 . 6 ) »  

we c a n n o t  do t h i s  f o r  t h e  e l e c t r o s t a t i c  e n e r g y  i f  t he

c o mp l e x  i o n  p o s s e s s e s  i r t e r n a l  s t r u c t u r e .  I n  t h i s  l a t t e r  

c a s e  E q u a t i o n  2 . 5 ( v  ) b e c o me s :

wher e t he s u f f i x  d i s i n c l u d e d  t o  i n d i c a t e  t h e  r i g i d  

j e o m e t r y  o f  t he c o m p l e x  i o n s  ( i t  s i g n i f i e s  an i n t e r n a l  

d i s t a n c e  v e c t o r ) .  T h i s  is t h e  case c o n s i d e r e d  b y  J e n k i n s  

and H a d d i n g t o n  ( 1 9 7 5 a )  and J e n k i n s  ( 1 9 7 6 a ) »  t h e i r  r e s u l t s

oo
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a .r «  • i n  g e n e r a l  f o n t s ;

2 . 5 ( x v i i l )

and

2 .5 ( x i x )

T hese w o r k e r s  e x p r e s s e d  t h e  e l e c t r o s t a t i c  e n e r g y  i n 

t h e  t o r n  of  a j o l t  i p o l e  moment  e x p a n s i o n .  T he  a b o v e  

e c u a t i o n s  c o r r e c t  an e r r o r  i r  t h e i r  w o r k ,  t h e y  q u o t e  aQ i n

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

t h a n  t he s h o r t e s t  a ni  c n - c  at i o n d i s t a n c e .

I n  n o s t  c a s e s  E q u a t i o n  £ • 5(  i i i T d o e s  not  h o l d  a n d  a l l  

t h e  above e q u a t i o n s .  a l t h o u g h  u s e f u l  as a p p r o x i m a t i o r s .  

a r e  r o t  j e n e r a l l y  v a l i d ,  s i n c e  t e r m s  i n v o l v i n g  d e r i v a t i v e s  

of  i n t e r a t o m i c  d i s t a n c e s  m u s t ,  a t  l e a s t ,  he i n c l u d e d .  To 

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

The t e c h n i q u e  o f  e n e r g y  m i n i m i s a t i o n .  as i t  i n v o l v e s  

no e x t r a  p a r a m e t e r s ,  i n t r o d u c e s  no e r r o r s .  On t h e  c o n t r a r y

p l a c e  of  r  t h r o u g h o u t  as a c o n s e q u e n c e  of  a d o p t i n g  t he
o
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i t s  v e r y  n a t u r e  i s  such t h a t  i t  c an be u s e d  t o  l e s s e n  

p o s s i b l e  e r r o r s  ( s e e  S e c t i o n  2 . 8 ) .  T he  m i n i m i s a t i o n  w i t h  

r e s p e c t  t o  » e r e  p a r a m e t e r s  me a ns t h °  i m p o s i t i o n  of  e x t r a  

c o n s t r a i n t s  on t h e  p o t e r t i a l  and c a n  o n l y  t e a o  t o  i mp r o v e d  

v a l u e s  f or  l a t t i c e  e n e r g i e s .

2 . 6  Con p r e s s i b i l i t y  o f  a S o l i d

The e q u a t i o n  o f  s t a t e  o f  a s t a t i c  c u b i c  s o l i d  u n c e r  

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

U 9 b P  ) )  :

— . m  = P 2 . 6 ( D
d V m

wher e V i s  t h e  mo l a r  v o l u me  and P t he  p r e s s u r e .  T h i s  m

e q u a t i o n ,  i f  t h e  p r e s s u r e  i s  n e g l i g i b l e .  g i v e s  t h e  mi n i x u i r  

e n e r o y  c o n d i t i o n  u s e d  i n t h e  p r e v i o u s  s e c t i o n .  On f u r t h e r  

d i f f e r e n t i a t  i on and r e p l a c i n g  t h e  n o l a r  v o l u me  by  t he  u r i t  

c e l t  v o t u me .  V » >ne o b t a i n s :

£ Z p o t  ^  

= * v
2 . 6( 11 )

wher e i s  t h e  c o e f f i c i e n t  of  i s o t h e r m a l

Theory



p o s i t i v e  s howi ng theof t he s o l i d  ( a n dc c m p r e s s i o i l  i t y

p r i n c i p l e  of  a l a t t i c e  e n e r g y  ma x i mu m) ,  t h i s  e q u a t i o n  has

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

p o t e n t i a l  f or m ( e n a b l i n g ,  t h e o r e t i c a l l y .c o n s t r a i n t  on t h

t h e  e v a l u a t i o n  of  t he r e p u l s i o n  e x p o n e n t

Ho we v e r  i t s  p r a c t i c a l  a p p l i c a t i o n  i s  l i m i t e d  o wi n g  t o  t wo

ma j o r  r e s t r i c t i o n s

( a )  i n a l l  but  c u n i c  s y s t e ms  t h e  c o m p r e s s i b i l i t y  o f  t he

c l i d  i s  a n i s o t r o p i c  and no s i m p l e  r e l a t i o n s h i p  l i V e

e q u a t i o n  ¿ . 6 ( i i )  h o l d s

( b )  even i n t h e  case of  s a l t s  s h o w i n g  c u b i c  s y m m e t r y

c c r p r e s s i o i l i t  y d at a  i s  n o t  c o mmonl y  a v a i l a b l e ,  and wh a t

d a t a  t h a t  e x i s t s  has v a r i a b l e  r e l i a b i l i t y

C e s p i t o  t h e s e  d i f f i c u l t i e s  E q u a t i o n  2 . 6 ( i i )  has b e e n

used i n  c o n s i d e r a t i o n  of  t h e  s i m p l e  c u b i c  case ( d i s c u s s e d

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

e s t a b l i s h m e n t  o f  v a l u e s  f o r  the r e p u l s i o n  e x p o n e n t .  F i r s t

we must  n o t e  t h a t

2 . 6 ( i i i )

F o l l o w i n g  on f r o *  t he  p r e v i o u s  s e c t i o n

T h e or y
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and:

1*2 72

T uaa + T uqa
ao

2 . 6 ( t )

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

2 . 6 ( v i )

T h i s  i m p l i e s :

Iox 0 R .  2 \ w  -  2 * | & V  ■ +- ,  * ‘v 'iU .u  0 2 ^ 4  4

%  2 . 6 ( v i i )

£

and c o mb i n i n g  t h i s  w i t h  E q u a t i o n  2 . 5 ( x v i i i >  j i v e s :

- < * » • >  -  *  ( & L .

r c + %
*  2 . 6 ( v i i i )

whi c h  i s  t he  g e n e r a l  f o r i  ( a f t e r  c o n s i d e r a t i o n  of  t he 

p o i n t  made p r e v i o u s l y )  of  t h e  e q u a t i o n  o b t a i n e d  by J e n k i n s  

anfl  V a d d i n q t o n  ( l  17 5 a ) and J e n k i n s  ( 1 9 7 6 a ) .  T he o m i s s i o n  

of  t h e  p o s s i b i l i t y  of  t h e  p r e s e n c e  o f  compl ex  i o n s  l e a d s

T he o r y
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t c  t he  f o r m u l a  d e v e l o p e d  t v  L a d d  and L e e  ( 1 9 5 6 ) :

1
r o

2 .6 ( ix )

6 o t h  F cu a t i o n s  2 . t ( v i i i )  and 2 . 6 ( i x )  h a v e  t h e i r  

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

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

As b as a l r e a d y  b e e n  p o i n t e d  out  i n Sec t  i on  2 . A t h e  v a l u e s  

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

C o m p r e s s i b i l i t i e s  a l s o  a r e  o f t e n  s u b j e c t  t o  l a m e

u n c e r t a i n t i e s .  Su c h  f e a t u r e s  make t h e  u s e  of  t h e s e  

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

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

q u a n t i f i c a t i o n  o f  i o r i c  c o m p r e s s i b i l i t i e s .  T h e i r  use must  

a l s o  be r e s t r i c t e d  to c u b i c  c a s e s .

F o r  t h e  r e a s o n s  s t a t e d  a b o v e  t h e  me t h o d  d e s c r i b e d  i n  

t h e  next  s e c t i o n  h a s  n o t  y e t  been e x t e n d e d  t o  i n c l u d e  

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

2 . 7  New G e n e r a l  Me t h o d

l he  o a s i s  of  t h e  nen me t h o d  i s  to a p p l y  t h e  p r i n c i p l e  

of  l a t t i c e  e r e r g y  m a x i m i s a t i o n  ( d i s c u s s e d  i n  S e c t i o n  2 . 5 )

T h e o r  y



i n  a g e n a r i  I sense t o  t h e  most  r i g o r o u s  and v i a b l e  n e t t e d  

o f  l a t t i c e  e n e r g y  c a l c u l a t i o n  a v a i l a b l e .  Such an a p p r o a c h  

m a x i c i s e s  t h e  i n f o r m a t i o n  o b t a i n e d  f r om t he  i n p u t  d a t a  ar d 

i n  t u r n  p r o m i s e s  mor e r e l i a b l e  r e s u l t s  f o r  l a t t i c e  

e n e r g i e s .  I s  y e t  m a x i m i s a t i o n  has o n l y  b e e r  a p p l i e d  w i t h  

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

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

c o mp l e x  i o n s  as r i g i c  t o d i e s .  T he me t h o d  i s  o u t l i n e d  i n 

J e n f i r s  and P r a t t  ( 1 9 7 R b ) .

The l e t  hoc i o e s  n o t  a i a  t o  p r o d u c e  s i m p l e  e q u a t i o n s  

l i k e  t h o s e  o b t a i n e d  i n  S e c t i o n  2 . 5  t u t  r a t h e r  i s  i n t e r c e d  

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

d e s c r i b e d  i n  S e c t i o n  3.  r ach e n e r g y  t e r m i n  t he 

t e r m - b y - t e r m  a p p r o a c h  i s  c a l c u l a t e d  by t h e  me t h o d s  a d o p t e d  

i n  S e c t i o n s  2 . 2 “ 3 . A .

The a e t h o d  w i l l  Be p a r J t e t e r i s e d  h e r e  f o r  a g e n e r a l  

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

o t h e r  s y m n e t r i e s .

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

t h a t  a l l  i n t e r n a l  d i s t a n c e s  of  an i o n  must  r e ma i n  

i n v a r i a n t  on c h a n g e s  i n  t he c e l l  c o n s t a n t s .  T h i s  means i t

i s  r e c e s s a r y  t o s p l i t  t h e  f r a c t i o n a l  c o o r d i n a t e s  of  an
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a t o m i c  c e n t r e  i n  a l a t t i c e  i n t o  two p a r t s »  one p a r t  of  

whi ch i s  a l l o w e d  t c  v a r y  w i t h  t h e  c e l l  l e r y t h s  a n d  er e 

p a r t  wh i c h  l i s t  r e m a i n  c o n s t a n t .  By c h o o s i n g  one a t o m i c  

c e n t r e  i n  ar.  i o n  as ' b a s i c '  and d e f i n i n g  a l l  t h e  a t o ms  i n 

t h e  i on by t h e  ' b a s i c *  c o o r d i n a t e s  p l u s  a s e t  of  

c o o r d i n a t e s  ' r e l a t i v e '  to t h e s e  we can a c h i e v e  t h i s  s p l i t .  

Any movement  o f  t h e  ' b a s i c '  a t o mi c  c e n t r e  moves t h e  wh o l e  

i o n  i n  a way a s  to r e t a i n  i t s  e x a c t  g e o me t r y  i f  the 

' r e l a t i v e '  c o o r l i n a t e s  ar e m a i n t a i n e d  as c o n s t a n t .  The 

' b a s i c '  c o o r c i n a t e s  ar e  d e s i g n a t e d  f x^ * » t ^  l  and t he

' r e l a t i v e '  ( d ^  / a » d y i  w h e r e  t h e  d ' s  a r e  t he

r e s o l v e d  p a r t s  of  t he  f i x e d  d i s t a n c e  a l o n g  t he t h r e e  c e l l  

a x e s .  The g e n e r a l  e x p r e s s i o n  f o r  t h e  d i s t a n c e  b e t w e e n  

a t o m i c  c e n t r e s  i and j i n a t r i c l i n i c  s y s t e m »  h a v i n g  u r i t  

c e l l  l e n g t h s  a »  p and c and a n g l e s  eL» and i s :

where:

X = ( X j  -  xt )  a + dx j  - 2 .7 (H )

Y = ( y j  -  y i )  * + *y j  -  a * 2 . 7 ( i i i )

T h e o r y
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and:

z  -  ( « J  -  « 4 )  O + dz j  -  d2i 2 . 7 ( i v )

We now c o n s i d e r  t h e  c a l c u l a t i o n  of  t h e  d e r i v a t i v e s  

wi t h  r e s p e c t  t o  t h e  c e l l  l e n g t h s  of  t h e  e n e r g y  t e r n s .

The e l e c t r o s t a t i c  e n e r g y  i s c o mp o s e d  of  t h e  M a d e l c r g  

e n e r g y  o f  t he l a t t i c e  and t h e  sel  * e n e r g y  of  t h e  c o mp l e x  

i o n s .  T h e  s e l f  e n e r g y  o f  t h e  c o mp l e x  i o n s  i s  g i v e n  by 

E q u a t i o n  2 . 2 < v i i i ) »  i r  w h i c h  t h e  o n l y  p o s s i b l e  c e l l  

p a r a »  et er  d e p e n d e n c e  i s  i n  t h e  i n t e r a  t o n i c  d i s t a n c e s .  

T h e s e  d i s t a n c e s  a r e  by t h e i r  v e r y  n a t u r e  i n s i d e  c o m p l e x  

i o n s  and h e n c e  mi s t  be c e l l  l e n g t h  i n d e p e n d e n t »  t h i s  i s  

showr  b y  t he  abov e e q u a t i o n s  wher e x^ =x^ » e t c . .  So t he 

d e r i v a t i v e  o f  t he  s e l f  e n e r g y  of  t h e  c o m p l e x  i o n s  w i t h  

r e s p e c t  t o  t he c e l l  l e r g t h *  i s  ¿ e r a  a n d  we can say  ( a f t e r  

Eo uat  iori  ¿ ,  2 ( v ) )  s

wh e r e  i i s  a» b or  c and i i s t h e  e q u i l i b r i u m  v a l u e .o
T h e  s u b s c r i p t  d a g a i n  means t h a t  t h e  g e o m e t r i e s  of

T heory



ccm [) l e x  i o n s  a r e  assumed r i g i d .

I he P e r t a u t  me t h o c  of  c a l c u l a t i n g  « a c e l u n g  c o n s t a r t s  

p r o d u c e s  an e q u a t i o n :

wher e g i s  a c o n s t a n t  wh i c h  d e p e n d s  on t h e  c h a r g e

t e n s i t y  f u n c t i o n  u s e d  ( f o r  v a l u e s  see H a d d i n g t o n  ( 1 959 ) ) *

R i s t he  c u t - o f f  r a d i u s  o f  t h e  c h a r g e  d e n s i t y  f u r c t i o n

( s e e  E q u a t i o n  2 . 2 ( v i ) ) *  ^ h k l  ’ s **** C o u l o m b i c  s t r u c t u r e

f a c t o r »  0 , ,  ,  i s t h e  F o u r i e r  t r a n s f o r m  o f  t he c h a r g e  d e n s i t y  
n k l

f u r c t i o n *  S . . ,  *s t h e  r e c i p r o c a l  l a t t i c e  v e c t o r  and 

( h » k » l )  i s  a r e c i p r o c a l  l a t t i c e  p o i n t .  T h e  s e c c r d

s ummat i on  i s  o v e r  a l l  p c s i t i v s  anc  n e g a t i v e  i r t e g e r  v a l u e s  

of  h* y and l e x c l u d i n g  t h e  case when h = k = l = C .

I he f i r s t  t e r m o f  E q u a t i o n  2 . 7 ( v i )  i s  c e l l  l e n g t h  

i n d e p e n d e n t .  The d e r i v a t i v e s  of  t h e  s e c o n c  t e r m can he 

f ound i f  t he  d e r i v a t i v e s  of  i t s  f o u r  c e l l  l e n g t h  d e p e n d e n t  

p a r t s  a r e  I n o v n .  T hey  w i l l  t e  t r e a t e d  i n c i v i d u a 1 1 y  • The

u n i t  c e l l  vol ume* V* i s  g i v e n  b y :

*

T he or y
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j n d so t ha  f i r s t  d e r i v a t i v e  wi t h  r e s p e c t  t o  a u n i t  

c e l l  l e n g t h  is i a me di a t e l y c t t a i n a b * e .

The r e c i p r o c a l  l a t t i c e  v e c t o r  ' s  o b t a i n e d  f r o*» :

and so d e r i v a t i v e s  o f  t h i s  t e r m a r e  r e a d i l y  

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

c e l l  v o l u n e  ar e k n o wn .

The F o u r i e r  t r a n s f o r m s  o f  t h e  c o mmc nt y  u s e d  c h a r o e
»« i  dents

d e n s i t y  f u n c t i o n s  ar e q u o t e d  by Te mpl et on J (̂ 1 95f i )  .  I n  t h i s  

l a b o r a t o r y  t he  p j r a b o l i c  f or m is g e n e r a l l y  u s e d »  suc h t h a t  

( s e e  S e c t i o n  2 . 2 ) :

2 .7 (  v i i i )

2 .7 ( ix )

wher e u p o n  q i s ? 5 / 2 d  a n d !

2.7(x)

T he or  y



wh e r  j  :

0  = 2-ttR 3.hkl
2 .7 (x i)

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

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

i a u s s i a n  cas e a h e r e  p r o b l e n s  a r e  e n c o u n t e r e d  a hen 

i t t e m p t i n j  t c  c i f f e r e n t i a t e  t h e  o v e r l a p  e n e r g y  c o r r e c t i o n »  

j t e r m wh i c h  i s  not  n e c e s s a r y  f o r  s i a o l e r  f u n c t i o n s .

The a r g u me n t  o f  t h e  C o u l o mh i c  s t r u c t u r e  f a c t o r  i s  

3 l v e r  by  :

L * - •  u C--1 J
2 .7 ( x i i )

wh er  a :

lU»o * < W 0 ] 2 .7 ( a ± i i )

A g a i n  t he t e r i v a t i v e s  w i t h  r e s p e c t  t o  u n i t  c e l l  

l e n g t h s  a r e  r e a d i l y  o b t a i n e d »  c o n s e q u e n t l y  t h e  d e r i v a t i v e s

T heory
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of  t h e  e l e c t r o s t a t i c  e n e r g y  can be o b t a i n e d .  T he a b c v e  

a p p r o a c h  i s  irade t h e  B a s i s  f o r  a c o mp u t e r  p r o g r a m ( J e n k i n s  

a n d  I r a t t  ( 1 9 7  d a ) )  to c a l c u l a t e  t he e l e c t r o s t a t i c  e n e r g y  

a n d  i t s  d e r i v a t i v e s  f o r  a c o mp o u n d .  T he  s t r u c t u r e  of  t he 

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

S e c t i o n  3.

I n s p e c t i o n  of  F q u a t i o n s  2 . 2 ( v ) » 2 « ( i ( v i i i )  and 2 • 4 (  i x ) 

shows t h i t  t h e  r e p u l s i o n  e n e r g y  and t h e  t wo  t e r ms  

c o n t r i b u t i n g  t o t he  d i s p e r s i o n  e n e r g y  have a s i m i l a r  

f o r ma t  wh i c h  c a n  be r e p r e s e n t e d  b y :

l e n g t h s  ( i n  f a c t  of  t h e  c r y s t a l  s t r u c t u r e )  and ar e  g i v e n  

a l o n g  w i t h  t h e  f i r . c t i o n  f^ i n  T a b l e  2 . 7 ( i ) .  C o n s e q u e n t l y  

we c a n  s a y :

The f i r s t  d e r i v a t i v e  a p p e a r i n g  on t h e  r i g h t  hand s i d e  

o f  t h e  a b o v e  e j u a t i o n  ( t h a t  of  t h e  f u n c t i o n  w i t h  r e s p e c t

C-J y.\ V- )  l

2 .7 (* iv )

wher e t he t erm s t j r e  i n d e p e n d e n t  cf  t he c e l l

The or y



Tab l e  ? .7  ( i  ) empi  i f  i c  at i o n  of  t i e  g e n e r a l  t e r i r s  o f  

r q n a t i o n  2 « ? ( x i v ) .

t

iu

'10

T ho cr y

V u »
5 ef  e r e n c e

e x p t - ^ n / p  > c qu é t i o n s  2 . Ï C i v >  
K i  ^  and 2.  3 ( v  Ì

1 q u a t i o n s  ? . 4 ( v  i i i '  
a n d  2 .  4 ( x )

—8
r < r v , ) ~ '  q u a t i o n s  ? . 4 < i x )

l J and 2 . 4 ( X i )

i p j p i P M r a v
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t c th e di  s t m r c e ) i s  s i m p l y o t  t a i  ned 'ey i n s p e c t i n g  t h e f e r n

0 f tf1 e f JOC t io n f _ .  T h e  der  i v a t i  ves of t h e  d i s t a n c e w i t h

r e p t c  t t 0 th e ce 11 l enot  h s ar e o *'ta i n e l  by o p é r â t  i or  on

e q u a t i o n  2• 7 ( i  ) .

One c a n  o b t i i n  t h e  s u m m a t i o n s  of  t h e  d e r i v a t i v e  t e r ms  

i n  ar  e x a c t l y  a n i l o g o u s  way t o  t h e  s u mma t i o n s  i n  C i t a t i o n  

2 . 7 ( x i v ) >  b y  d i r e c t  s u mma t i o n  o v e r  *-he l a t t i c e .  A c o m p u t e r  

p r o g r a m ( s i m i l a r  to t h e  s u b r o u t i n e  S U'f S -  see S e c t i o n  3)  

has t. een wr i t t e n  f o r  t h i s  p u r p o s e .  T he c o n v e r g e n c e  o f  t h e  

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

s i m p l e  s u mma t i o n s  w h i c h  i s  d i s c u s s e d  i n  S e c t i o n s  2 . !  and 

2 . a .

we j r e  now i n a p o s i t i o n  to f e e d  t h e  d e r i v a i v e s  

o b t a i n e d  j y  t he met hods  d e s c r i b e d  a ^ o v e  i n t o  e q u a t i o n s  of  

t h e  f or m o f  E q u a t i o n  2.  5 ( i i ) .  Mp t o  t h r e e  d i f f e r e n t  

e q u a t i o n s  of  t h i s  t y p e ,  d e p e r o i n j  on t h e  l a t t i c e  s y m m e t r y ,  

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

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

i t s  c e r i v j t i  v e ( s )  ar e  known (  as w e l l  as i s  p o s s i b l e

a n y w a y )  and ar e  s i mp l e  f i g u r e s .  H f t e n  t he e l e c t r o s t a t i c  

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

( q u a r r a t i c s )  of  c h a r g e  d l s t r i b u t i n n s  i n  c o mp l e x  i o n s  and

Theory



t h e  r e p u l s i o r  e n e r g y  end C e r i v a t ’ v e s  as f u n c t i o n s  cf  

u nk nc wn j as ic r a d i i .  G e n e r a l l y  we c a n  w r i t e  i n  t h i s  c a s e  

u p  to t h r e e  e q u a t i o n s  o f  t he  f or ms

a  2 *7 ( x v i )  
U i

wher e  b o t h  and ST. c a n  be f u n c t i o n s  of  t h e  u r k r c w n

c h a m e s )  j L a o c a l r a t i c  and l i n e a r  ( a s  ? c c n s e q u e r c e  of

t h e  t e r m s  ( s e e  T a b l e  2.  f ( i ) ) ) .

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

i s  when o n l y  ane b a s i c  r a d i u s  i s  u n k n o wn  a n d  o n l y  er e 

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

c o mp l e x  i o n  i s  p r e s e n t  i n t h e  l a t t i c e  and i t  i s  c o mp o s e d  

o f  t wo d i f f e r e n t  t y p e s  of  a t e ?  ( t h i s  c o w e r s  mos t  common 

i n o r o a n i c  i o n s )  t h e n  t he  c h a r g e  d i s t r i b u t i o n  i n  t he 

c o mp l e x  i o n  may b e  d e s c r i b e d  in t e r m s  of  one v a r i a b l e  

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

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

( s e e  S e c t i o n  2 . 9 )  w h i c h  c o n t a i n s  o n l y  o n e  u r k n o w n  b a s i c  

r a d i o s .  I n  t h i s  c a s e  L o c a t i o n  2 . 7 ( x v  i )  r e d u c e s  t o :

2 . 7 ( x r i i )

C-=.0
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wher a  i s  t he  unknown b a s i c  r a d i u s  and i t  must  he

r e m e r b e r e J  t h a t  t he  » .nay s t i l l  be l i n e a r  f u n c t i o n s  cf

t h e  u n k n o wn  c h a r j e  a

We now h i v e  up t o  t h r e e  r e l a t i o n s h i p s  b e t we e n  two 

u r k n o wn  q u a n t ’ t i i s »  so we c a n  e i t h e r  o b t a i n  ’ b e s t *  v a l u e s  

f o r  t hem ( i t  we have mor e t h a n  one r e l a t i o n s h i p )  or  f or  

e ac h  v a l u e  o f  t he c h a r g e  we c a n  a s s i g n  v a l u e ( s )  of  r ^  and 

hencp v a l u e ( s )  f or  t he  l a t t i c e  e n e r g y »  u s i n g  t h i s  o r  

r e l a t e d  t h er  i rochami  ca l p r o p e r t i e s  t o o b t a i n  t h e  ’ t r u e *  

v a l u e  f o r

The a p p l i c a t i o n  c f  t h i s  . gener al  met hod w i l l  be 

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

c a s e s  .

2 . 8  P a r a m e t e r  D e pe n de n ce

T he ma j o r  o b j e c t i v e  c f  t h e  me t hod  d e s c r i b e d  i n  t he 

p r e v i o u s  s e c t i o n  i s  t h e  c a l c u l a t i o n  of r e l i a b l e  v a l u e s  f o r  

t h e  l a t t i c e  e n e r j i e s  of  i o n i c  c r y s t a l s .  The r e l i a b i l i t y  c f  

t h e  v a l u e s  p r o c u c e d  c a n  be j u d g e d  b*  t h e  d e t e r m i n a t i o n  of  

t h e  d e p e n d e n c e  of  l a t t i c e  e n e r g i e s  on t h e  p a r a m e t e r s  us ed 

i n  t h e i r  c a l c u l a t i o n .  I t  must  be s t r e s s e d  t h a t  t h e  l a r g e  

r e d u c t i o n  in d e p e n d e n c e  p r o d u c e d  by t h e  e n e r g y

The or y
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m i n i m i s a t i o n  

p a r a r e t e r  c 

p a r o f e t e r ;  s 

l a t t i c e  a r e  

k. noun at  a l l  

j i v e  an es 

p r o v i  de* a 

e r r o r  s.

does n o t  i mp l y  an i n s e n s i t i v e  met hod o r  t h a t  

ho i c e  i s  u n i m p o r t a n t .  T h e  b e t t e r  t h e  c h o i c e  of

t i l l ■ e a r s a b e t t e r ( i . e . mor e acc u r a t e )

r i y  p b u t  i n c a s e s  nh er  e an y p a r a m e t e r s  a r e  r e t

t he met hod c an s t i l l son et i mes b e  u s e d  t o

t i m a t e  o* t he l a t t i c e  e n e r g y .  T he  m i n i m i s a t i o n  

mechani sm.  f o r  t h e  r e d u c t i o n  o f  p o s s i b l e

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

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

f e a t u r e s  f o u n d  f o r  one c o mpound s h o u l d  be s u f f i c i e n t  t o  

j i v e  an s i e g u a t e  i l l u s t r a t i o n .  P o t a s s i u m  h e x a l l u o r o j  e r i a r *

a t e  ( Kg ' j of g  ) has b e e r  c h o s e n  as t h «  i l l u s t r a t i v e  s a l t  f o r  

t h e  f o l l o w i n g  r e a s o n s :

( a )  i t  c o n t a i n s  a c o mp l e x  i a n  ( t h e  h e xa f l u o r  o ger  it an a t e 

2-
i o n »  GeFg ) '

( b )  i t s  c r y s t a l  s t r u c t u r e  has t r i g o n a l  s y mme t r y  a n d »  when 

h e x a g o n a l  a x e s  a r e  u s e d »  has t no d i f f e r e n t  c e l l  l e n g t h s .  

Such s y mme t r y  g i v e s  t wo c u r v e s  f o r  t he l a t t i c e  e n e r g y  as a 

f u n c t i o n  of  t he c h a r g e  o i s t r i c u t  i o n  n h i c h  c e f i n e  a u n i c u e  

s o l u t i o n  on i n t e r s e c t i o n !

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

( u n i m o l ec u l a r ) and h e n c e  a i d s  r e p e t i t i v e  c a l c u l a t i o n s »  i n 

t h a t  i t  m i n i m i s e s  t he  c o mp u t e r  t i m e  r e q u i r e d !

Theor y
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( d ) t h e  s a l t  nas a l r e a o y  

t h e  e x t e n d e d  s t u ) y on a «  M Xg 

p r o i j r a * n s .

u n d e r  can s  i d e r j t  i c n  as p a r t  c f  

s a l t s  i n c l u d e d  i n  t h e  r e s e a r c h

T h e  a s s u mp t i o n  h a s  t o  Oe made i n t h e s e  c a l c u l t i c n s

( a n d  a l l  o t h e r s  di  s c t s s e d  h e r e )  t h a t  n o t  o n l y  ^ »  t he

r e p u l s i o n  e x p o n e n t »  b u t  a l s o  t h e  b a s i c  r a d i i  ar e 

i s o t r o p i c .  T h i s  means t h a t  a p e r ' e c t l y  s p h e r i c a l  c h n r q e

d i s t r i b u t i o n  i s  i s s ume d  f o r  a l t  a t o ms .  I n  s a l t s  l i k e

p o t a s s i u m  hex a f l u o r o g r r m a n  at e  t h i s  seems r e a s o n a b l e  but  

wher e i n t e r a c t i n g  a t o ms  h a v e  l a r g e  d i f f e r e n c e s  i n 

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

d e v i a t i o n s  f r om t h e  i s o t r o p i c  a p p r o x i m a t i o n  c a n  he

e xpec t e d .

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

a t e  ( « i y c k o f f  ( 1 9 5 5 ) )  h a s  t r i g o n a l  s y mme t r y  and b e l o n g s  t o

t h e  s p a c e  qr  oup p 7m 1.  I t  i s  c o n v e n i e n t  h e r e  t c  e x p r e s s  t he

s t r u c t u r e  w i t h  h e x a g o n a l  ax es  ( t r i g o n a l  axes g i v e  o n l y  er e

r e l a t i o n s h i p  o f  t he t y p e  o f  E q u a t i o n  2 . 7 ( x v i i )  w h i l s t

h e x a p o n a l  axes g i v e  t w o ) .  T h e  e q u i l i b r i u m  c e l l  l e n g t h s  ar e

a„ = 6.  6 2 ?  and c =4.  6 5 ?  a r d  u s i n g  t he  n o t a t i o n  o f  t heo o

' I n t e r n a t i o n a l  T a b l e s  f o r  X - r a y  C r y  s t a 11 eg r  a phy • t he 

a t o m i c  c o o r d i n a t e s  a r e :

X -  ( 2 d )  -  f ( l / 3 # Z / J » t )  w i t h  z » 0 . ’ 0

T h u o r y
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Oe -  ( l a ) — ( 0 # 0 p J )

f  -  ( 6 i ) -  i (  x • x * 7 ;  x . i x . z !  ¿ x » ) T » z )  w i t h  x = C . 1 4 9 »  z = C . c 2

b e f o r e  t he l e v e l o p m e n t  o f  t he  me t h o d  d i s c u s s e d  i n 

b e c t i o n  ¿ . 7 t h e  b° st  p o s s i b l e  a p p r o a c h  t o  t h e  c a l c u l a t i o n  

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

Moul d  be s i m i l a r  t o  t h a t  a d o p t e d  by J e n k i n s  and S n i t h  

(  I 9 ? f  ) f o r  t he  r u b i d i u m  s a l t s  o f  t he hex ac hi  or  os t  a nn a t e 

( I V )  and h ex a c h l o r o t e l l  o r a t e d  V)  ’ on s . T he  e l e c t r o s t a t i c  

e n e r c y  wo u l d  he c a l c u l a t e d  as a f u n c t i o n  o f  t h e  c h a r c e

d i s t r  i b u t i o n of t he c o m p l e x  i o n »  s p e c i f i c a l l y as a

q u a d r  at i c  of t h e c h a r g e on t h e  f l u o r i n e  at oms ( q ^ ) » wher e

t h e  r e s i d u a l ch ar qe on t he g e r ma n i u m at om ( C j , e ) i s g i v e n

oy :

<j£e + 6 q?  = - 2  2 . 8 ( i )

I he d i s p e r s i o n  e n e r j y  w o u l d  he c a l c u l a t e d  by  t a k i n g  a 

model  f o r  t h e  hex af l u c r  o j e r  i anat  e i n n  of  s i x  f l u o r i d e  i c r s  

a t  t h e  p o s i t i o n  o f  t he f l u o r i n e  at oms»  a n d  t he  r e p u l s i o n  

e n e r a y  by  Lse of  t h e  s a l e  model  w i t h  h « 3 i c  r a d i i  t a k e n  

f r om work on t h e  a l k a l i  h a l i d e s  ( t h e  r e p u l s i o n  e x p o n e n t  

wo ul d  be t a k e n  as 0 . 2 4 5 $  f r om h o r n  and M a y e r ' s  ( 1 9 3 ? )  

r e s u l t s  f o r  t he a l k a l i  h a l i d e s ) .  I n  o r d e r  t o o b t a i n  a

T heor y
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v a l u e  f o r  t he l a t t i c e  e n e r g /  some e s t i m a t e  w o u l d  h a v e  t o  

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

e r r o r  i n  t h i s  e s t i m a t e  wo ul d  p r o d u c e  e r r o r s  i n  t h e  l a t t i c e  

e r e  r a y  ( s e e  l a t e r ) .

A p p l i c a t i o n  of t h e  n e w l y  p r o p o s e d  me t h o d  i n v o l v e s  t h e  

c a l c u l a t i o n  of t n e  e l e c t r o s t a t i c  and d i s p e r s i o n  e n e r g i e s  

( a l s o  t h e i r  a s s o c i a t e c  d e r i v a t i v e s  w i t h  r e s p e c t  t o  c e l l  

l e n y t h s )  o y  t he same a p p r o a c h  as t h e  n l d  m e t h o d .  H o w e v e r  

t h e  mo d e l s  t h a t  c a n  be a d o o t e d  f or  t h e  c a l c u l a t i o n  of  t h e  

r e p u l s i o n  e n e r g y  ( s e e  l a t e r ) )  a r e  now much mo r e  f l e x i t t e  

as  i n  t h e  me t hod  one b a s i c  r a d i u s  can be h e l d  as v a r i a b l e .  

T he  r e p u l s i o r  n o d e l  a d o p t e d  i n t h i s  s e c t i o n  i s  t h a t  of  s i x  

i C e n t i c a l  s p h e r e s  at  t h e  o o s i t  i on of t h e  f l u o r i n e  a t o ms .  

T wo e q u a t i o n s  of  t h e  f or m o f  E q u a t i o n  ? . 7 ( x v i i )  c a n  he 

c a l c u l a t e d .  So each v a l u e  o f  q a s s i g n s  t wc v a l u e s  f o r  t he  

b a s i c  r a d i u s  o f  t h e  f l u o r i n e  at om and hence t wo v a l u e s  l o r  

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

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

me t h o d  i s  o i v e r .  i n  F i g u r e  2 . E l i ) .  I t  i s  f e l t  w o r t h w h i l e  t o 

g i v e  c o m p l e t e  n u t i e r i c a l  r e s u l t s  f or  t he  me t h o d  i n t h i s  cne 

c a s e  as an i l l u s t r a t i o n .  The ca * cu l a t i cn  s on p o t a s s i u m

h e x a f  l u o r o g e r m a n t t e g i v e :

UM = 1 8 5 6 . 1 ♦  9 b 3 6 . ’ qp ♦ 2D 41T . 2 d y 2 k J . mo l 1 2 . 8 ( i i )

J SE
- 9 4 3 5 .  Aqy - 20 454 . 9 o p2 k J . mol 1 2 . 8 ( i i i )
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ELEC
= l « 5 6 . 1  ♦ i 0 • 6

(H

6qI> ■
37 .7  a 2 k j .  , o l ‘ 1 2 . 8 ( i v )

? c ?  *
47 .& o 2 k j .  mot“ 1. ?“ 1

2 .8 (v )

5 c p *
2 -1  Q-1

*5 .3  0y  k J .  mo l

2 . 8 ( y i )

K h e r j  t he  d e r i v a t i v e  w i t h  r e s p e c t  t o  a as s u me s  an 

i s o t r o p i c  s i t u a t i o n .

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

a r e  g i v e n  in T a b l e  2 . 8 1 i ) .  t h e  p e r i m e t e r s  u s ed i n  t h e i r  

c a l c u l a t i o n  ar e d i s c u s s e d  i n t h e  s e c t i o n  on 

hexah a l o m e t a  I t  a t e  s a l t s .  The r e o t i l s i o n  e n e r g y  and 

d e r i v a t i v e s  c a r  be  e x p r e s s e d  py ( u s i n g  t he s i x  f l u o r i n e  

a t o.n model  )  :

LR 5 . 5 £ c - ~  ♦ 1'  . 7 AcCT exp ( r y /f ) ♦

1 \ f c e x a ( 2 r  / f  > k j . m o l  FF F
-1 2 . 8 ( T i i )

•6.15

SL

"  l i - ° ,' ,y T  e ” ( r p /^ ,  -

1 « « P i 2 r p 7? 1 k J . m c l “ 1. ? " 1 2 . 8 ( v i i i )

■3. 36c
KK 6 *4 l C KP * * P < r T ’f )  -

t . l 7 4 C p p e x p ( 2 ? a / f  ,  k j . , 0 r 1. r 1 2 . 8 ( i x )

« h e r e  0 ^ = 1 . 2 b .  c ^  = 1.  I 2 5 + 0 . 1 2  5q p .  c ^  = i  . 0 * 0 . 2 5  o? . rp 

i s  t h e  ( v a r i a b l e )  r a d i u s  o f  t he f l u o r i n e  at oms i n  t h i s  

m o d e l .  ^  i s  t a k e n  as C • 24 and t he b a s i c  r a d i u s  o f  t he

p o t a s s i u m  i o n  i s  t a k e n  as 1 . 1 9 ’ i  ( J e n k i r s  and P r a t t

T He or y



< m m » - ■ u m

f a b l e  ? . 8 ( i )  D i s p e r s i o n  e n e r g y ,  and c e l l  l e n g t h

d e r i v a t i v e s »  

ger  m an at e.

Terr ' K-K • * K- F '

Jdd 4. 9 62.4

fVda\ -  3. 5 -  55.6

\ èa ja=a

\ àc /c=o ' 0

-  2. 2 -26 .5

V C. 3 5.5

f ä *)4 -C .  3 - 7 .1
\ öa /a=a

- 0 .  2 -3 . 3

\ Öo / c=co

or  p o t a s s i u m  h e x a f l u o r o -

F - F  • Tot  a l U n i t s

2 2 . 2 89 .5
-1

k J .  mol

1 7 . 7

OO•vTN- k J .  mol  ” 1 . 2 ~ 1

1 7 . 4 - 45 . 2 k J .  m o l ” 1 . ?  1

1 . 0 7 . : k J .  mol

- 1  . c - 8  . 4
, -1 0- 1 

k J .  mo l  . A

- 1 . 2 -4 .5 k J . m o l  1 . X 1

1 he or y
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Hi* i n t e r s b c t i o n  o o i n t  c f F i g u r e  ? . f ( i )  g i v e s  the 

f e l l c k i n g  v a l u e s :

2 . 8 ( x )  

2 .8 (x i ). 99 8 ?

L jjlbc = 1 759 .8 k j . m o l 2 . 8 ( x i i )

U_ = 5 . 6  ♦  l ’ 3 . £  ♦  2 2 . 1  = k j .m o l -1 2 .8 ( x l i i )

UPOT = 16<5<,‘ 5 k J * * o * ” 1 2 .8(jri .v )

The t n r e e  s e p a r a t e  t e r ms  f o r  t h e  r e p u l s i o n  e n e r a y  

c o r r r s p o n J  t o  t h e  c o n t r i b u t i o n s  f r o *  po t as s i urn -  p o ta s s i uir» 

p o t a s  si  uin* f l u o r  i n  e a r d  f t u o r i n e * f l u o r i n e  r e p u l s i o n s  

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

So t n e  c a l c u l a t i o n  of  t h e  l a t t i c e  e n e r g y  i s  p o s s i b l e  

w i t h o u t  r e q u i r i n g  any p a r a m e t e r s  e x t e r n a l  t o t h e  met hoo 

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

9 l s o  a s o r e  f l e x i b l e  mo d e l  f o r  t h e  r e p u l s i o n  e n e r g y  has 

been u s e d .

T he o b j e c t  o f  t h i s  s e c t i o n  i s  t o c o mp a r e  t he  

p a r a m e t e r  d e p e n d e n c e  of  t h e  new me t h o d  w i t h  t h e  f l i r e r t  

d e p e n d e n c e  shown py t he  o l d  met hod? i l l u s t r a t i n g  t he f a r t  

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

T heor  y
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d e p e r c e n c t .  T he  e a r l i e r  me t h o d  c a n n o t  tie a p p l i e d  d i r e c t l y  

f o r  t n e  r e a s o n s  s t a t e d  e a r l i e r  a n d  i t  i s  n e c e s s a r y  t o  use 

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

j i v e r  i n  Co u a t  i o n s  ? . e ( * )  and 2 . 8 ( x i > .  S u c h  a p r o c e e d t r e  

wo u l d  p r o d u c e  e q u i v a l e n c e  a I  t h e  t e c  me t h o d s  i f  t h e  

i n i t i a l  c n n i c e  of  p a r a m e t e r s  « e r e  u s e d .

The f i r s t  p a r a m e t e r  he c o n s i d e r  i s  t h e  c h a r g e  on t h e  

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

r e l a t i o n s h i p  f o r  t h e  o l o  met hods

\ u r_]  / 2rp\ _ 1
2-Z2E. = 100.6 -  75.5qp -  1 .3 4 e x p ly - l  -  0 . 029« c p l - r -  k j .m o l

^ q p \ \ l  \ W

2 .8 (xv )

u h i c h  a t  t h e  p o i n t  d e f i n e d  by E q u a t i o n s  2 . 8 ( x )  and

2 . f c ( x i )  has t h e  n u m e r i c a l  v a l u e  of  l ? 9 l r J . m o t ^  ( d o m i n a t e d  

b y  t h e  t e r m s  a r i s i n g  f r om t h e  e l e c t r o s t a t i c  e n e r g y ) .  T h i s  

i s  f a i r l y  s ma l l  h e r e »  b u t  c o u l d  he much l a r g e r  i n  o t h e r  

c o mp o u n d s .  As t he  neu me t h o d  d e t e r m i n e s  t h e  c h a r g e  

d i s t i b u t i o n  by  i n t e r  s e c t i o r  no c o m p a r i s o n  can be  made i n  

t h i s  c a s e .  T h i s  p o s s i b i l i t y  of  v a r i a t i o n  i n  c h a r g e »  

a l t h o u g h  n e v e r  by a g r e a t  a mo u n t »  i s  on e  of  t he me c h a n i s ms  

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

de per  de nc e .

Theor y
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□ ne o f thè t wo a a j or p o s s i b l e so ur  c es cf  e r r o r i n

l a t t i c e  e ne rg y c a l c u l a t i o n s  i s t h «■ d i s o e r s i c n  e n e r g y . £ s

t h è  f or . s  o f  thè e g u a t  i on u s e d  f o r i t s  c a l c u l a t i o n 1 5

ceb at ab l .a ( se e S e c t  i o r 2 . A ) i t i s t h o u g h t  w o r t h w h i l e

i nves t i g ì t  i n g t h e  d e p e n d e n  ce of r e p l a c i n g t he

d i p o i  e ~ d i p o i  e di i p e r s i o r en e r g y ,  U dd » by U i d wh er  e :

u dd kddUdd 2 .8 (x v i )

C u r v e s  o f  U v e r s u s  k f o r  b o t h  t h e  o l d  ( d o t t e d
POT dd

l i n e )  a n d  new ( f i l l  l i n e )  n e t h o d s  ar e  g i v e n  i n  F i g u r e  

2 • 8 (  i i ) »  t h e  l a t t e r  b e i n g  a p l o t  of  v a l u e s  o b t a i n e d  f r  on 

t h e  i n t e r s e c t i o n  of  t h e  d e r i v a t i v e  c u r v e s .  I t  i s  s e e p  t h a t  

t h e  v a r i a t i o n »  o v e r  t h i s  r a n g e »  i s r e d u c e d  b y  t h e  rew 

s e t h p d  t o  a b o u t  l o t  o f  t h a t  shown b y  t h e  o l d  » e t h o d .  I t  i s 

r e a s s u r i n g  t o  n o t e  t h a t  ev en i f  t he ci  po l e - d i  p c i e  

d i s p e r s i o n  t e r e  was u n d e r e s  t i n t  ed by a f a c t o r  of  t wo a 

p o s s i b l e  i n c r e a s e  i n l a t t i c e  e n e r g y  o f  90k J . mo 1"^ i s  k e p t  

down t o  l e s s  t h a n  3 0 k j . i « o l “  ̂ .

* si rai  U r  i n v e s t i g a t i o n  of  t h e  d i p o  l e - q u a d r u p c l e  

d i s p e r s i o n  e n e r j y »  i n v o l v i n g  a v a r i a b l e  k^d » i s  shown i n 

F i g u r e  2 . a ( i i i ) .  I t  shows a r e d u c t i o n  i n  d e p e n d e n c e  t o

u n d e r  7X and so e v e n  l a r g e  e r r o r s  i n  t h i s  t e r *  ar e

Theor y
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v i r t u a l l y  e l i m i n i t e d  by  t he is • ni  * i s at  i on .

I t  M3 now t i k e  t h e  L o n d o n  f o r m u l a e  f o r  t he d i s p e r s i o n  

e n e r q y  we c a n  i n v e s t i g a t e  t h e  e f f e c t  o f  t he i cn p a r a m e t e r s  

u s e d  i n t h e s e  f o r m u l a e  ( l i q u a t i o n s  2 . A( v i i i ) -  2 .4 ( x i i ) ) .  t he 

f l u o r i n e  at om ( o r  i o n  as i t  i s  assumed i n  t h e  d i s p e r s i o n  

m o d e l )  c o n t r i b u t e s  mor e  to t h e  d i s p e r s i o n  e n e r g y  t h a n  t he 

p o t a s s i u m  i o n  and so i t s  p a r a m e t e r s  a r e  used f o r  t he 

i n v e s t i g a t i o n .  I f  we r e p l a c e  t h e  p o t a r i s a f c i l i t y  o f  t he 

f l u o r i n e  i o n . d L j , ,  b y duy w h e r e :

we c a r  show t h e  d e p e n d e n c e  an t h i s  p a r a me t e r  b y  a 

p l o t  o f  l a t t i c e  e n e r g y  a g a i n s t  k^ f e r  t he  o l d  ( d o t t e d  

l i n e )  and new ( f j l t  l i n e )  me t n o d s  ( r i g u r e  ? . S ( i v ) ) .  Ag a i n  

t n e  r i n i n i s a t i o i  r e d u c e s  t h e  c e p e n d e n c e  t o  s h o u t  5 0 t  of  

t h a t  wh i c n  w o u l d  be shown by  d i r e c t  s u b s t i t u t i o n .  A d o p t i n g  

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

f l u o r i n e  i o n .  fcp » w i t h  a p a r a me t e r  kfc we o b t a i n  r j g L r e  

2. f >( v  >» w h i c h  a g a i n  s hows  t h e  f a c t o r  o f  i mp r o v e me n t  i n

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

s ma l l  e n o u g h  t o  make any e r r o r s  a s s o c i a t e d  wi  t h  i t  

r e a s o n a b l y  u n i m p o r t a n t .

2 .8 (x v ii)
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T he  o l u c t r o ' i  n u mb e r  of  t h e  f l ' i o r  i n e  a t o m / i o n »  p p * 

o c c u r s  not  o r t y  i n  t he ci  po l e - q u  adr  upo l e d i s p e r s i o n  e n e m y  

b u t  at so i n  t h e  r e o u t s i o n  e n e r g y .  C e s p i t e  t h i s »  on

r e p l a c e m e n t  cy p'  w h e r e !
F

p£ = kpPp 2 .8 (x v ii i)

i t  c a n  be seen ( F i g u r e  2 . 8( v i > ? t h a t  t h e  m i n i m i s a t i o n  

r e d u c e s  t h e  e f f e c t  of  t h i s  p a r a m e t e r  t o  v i r t u a l l y  z e r o .  

He n c e  i n  t h i s  r e s e a r c h  t h e  a p p r o x i m a t i o n  o f  u s i n g  t he  

number  o f  v a l e n c e  e l e c t r o n s  i s  f e l t  a d e g u a t e .

I n  g e n e r a l  -re c a r  say t h a t  p o s s i b l e  e r r o r s  i n  t h e  

d i s p e r s i o n  e n e r j y  w i l l  h a v e  o n l y  a s m a l l  e f f e c t  on t he  

l a t t i c e  e n e r g y  c a l c u l a t e d  by  the new me t h o d .  T ho u g h  i t  i s  

i m p o r t a n t  t h a t  mor e a c c u r a t e  me t h o d s  s h o u l d  b e  d e v e l o p e d  

f o r  t h e  c a l c u l a t i o n  o f  t h i s  t er m i t  c a n  be s een t h a t  t he 

r e s u l t s  c u r r e n t l y  o b t a i n e d  can s t i i *  oe c o n s i d e r e d  t o  g i v e  

r e a s o n a b l a  a c c u r a t e  l a t t i c e  e n e r g i e s  w i t h o u t  n e c e s s a r i l y  

b e i n g  v e r y  a c c u r i t e  t h e a s e l v e s .

T h e r e  a r e  t wo p o s s i b l e  v a r i a b ’ e p a r a m e t e r s  i n  t he 

r e p u l  s i o n  e n e r g y »  a s i d e  f r o *  t h e  c h a r g e  d i s t r i b u t i o n  and 

e l e c t r o n  nu mb e r  m e n t i o n e d  p r e v i o u s l y »  n a me l y  t h e  b a s i c

T h u o r  y





r a d i u s  and t h e  r e p u l s i o n  e x p o n e n t .  I t  i s  n o t  p o s s i b l e  t o 

c o mp a r e  t h e  d e p e n d e n c e  on t h e  f l u o r i n e  a t o i  Pa s i c r a d i u s  

as i t  i s  c a l c u l a t e d  by t he new me t h o d »  hut  i t  i s  p o s s i b l e  

t o  i n v e s t i g a t e  t h e  d e p e n d e n c e  on t h e  p o t a s s i u m  i o n  b a s i c  

r a d i u s .  [ h i s  d e p e n d e n c e  i s  shown in F i g u r e  2 . 3 ( v i i )  l o r  

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

v e r y  l a r g e  d e p e n d e n c e  shown b y  t h e  o l d  me t h o d  i s a l mo s t  

t o t a l l y  e l i m i n a t e d  by t h e  new me t h o d »  t h e  d e p e n d e n c e  i s  i n 

f i c t  r e v e r s e d  i n  d i r e c t i o n  o v e r  t h i s  r a n g e  ( a b o u t  1 . 5 2 ) .  

Sc i t  i s  r o t  n e c e s s a r y  now t o  have v e r y  a c c u r a t e  b a s i c  

r a d i i  a s  t h e  o t h a r  r a d i u s  ( a n d  t h e  c h a r g e )  c a l c u l a t e d  

v i r t u a l l y  c o mp e n s a t e  t he  r e p u l s i o n  e n e r g y  t o  g i v e  a l mo s t  

t h e  f ame l a t t i c e  e n e r g y  i r r e s p e c t i v e  o f  th*> v a l u e s  u s e d .

T he r e o u l s i o n  e x p o n e n t  i s  o n e  of  t h e  most  i n f l u e n t i a l  

p a r a m e t e r s  i n  t h e  p o t e n t i a l .  and i t  i s  3 l s o  t h e  most  

d i f f i c u l t  t o  q u a n t i t y  f o r  r e a s o n s  d i s c u s s e d  i n  S e c t i o n  

2. f c .  I t  i s  o n l y  f o r  s i m p l e  s y s t e ms  t h a t  v a l u e s  e x i s t »

0 . 3h5 ? has be e n  e s t a b l i s h e d  f o r  t h e  a l k a l i  h j l i d e s  ( B e r n  

and k a y e r  ( 1 9 3 2 ) ) .  I n  wor k o r  mor e c o m p l i c a t e d  s y s t e m s  we 

h a v e  c h o s e n  t o  a d o p t  t t i s  v a l u e  as a c o n s t a n t  and t h i s  i s  

an a s s u m p t i o n  w i t h  l i t t l e  j u s t i f i c a t i o n »  a l t h c u o h

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

v a r i a t i o n  i n  t h e  r e p u l s i o n  e x p o n e n t s ) .  I t  i s  v e r y  

i m p o r t a n t  t h e n  to e s t i m a t e  t he e f f e c t  of  t h i s  a s s u m p t i o n

Theor y
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w i t h i n  t h e  n e wl y  p r o p s e c  me t h o d .  I n F i g u r e  2 . d ( v i i i )  t he 

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

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

l i n e )  and new ( f i l l  l i n e )  m e t n o d s .  t he  r a n o e  of  ^  i s  C . 2  

- C . b ?  and a l l  p o s s i n l e  r e a t  s i t u a t i o n s  s h o u l d  l i e  a r o u n d  

m i d - r a n g e .  T he  d e p e n d e n c e  o x e r  t h e  wh o l e  r a n g e  i s  r e d u c e d  

i n t h e  new me t h o d  t o  36? o f  t h a t  s h o wn  by t h e  o l d /  and 

p e r h a p s  s o r e  i m p o r t a n t l y  a v a r i a t i o n  e i t h e r  s i d e  of 3 , 3 4 5 8  

of  w . 0 2 ® now g i v e s  a r a r j e  of  l a t t i c e  e n e r g y  v a l u e s  of  

o n l y  + l ? k J . i t o l ~1 .  T h i s  v a r i a t i o n  is s t i l l  n o t  as tow as 

one wo u l d  hope h u t  i s  a g r e a t  i mp r o v e me n t  and means t h a t  

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

The c h o i c e  of  model  f o r  t he d i s p e r s i o n  e n e r g y  

c a l c u l a t i o n  is u s u a t t y  t o r c e d  by c i r c u m s t a n c e s  as t h e r e  

a r e  a l i m i t e d  number  o f  i n n s  f o r  w h i c h  t he  p c i  ar  i sa b i l  i t y 

and c h a r a c t e r i s t i c  e n e r g y  a r e  k n o wn .  T h e r e  i s  c e r t a i n l y  no 

r e a s o n a b l e  a l t e r n a t i v e  t o t h e  s i x  f t u o r i d e  i o n  model  used 

h e r e  f o r  t h e  h e x a f l u o r o g e r m a n  ate i o n  and so r o  

i n v e s t i g a t i o n  of  a l t e r n a t i v e s  can be made.

The r e s t r i c t i o n  o r  t he  c h o i c e  o f  model  f o r  t he 

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

untnown s i t e  o f  s p h e r e  ( i . e .  one unknown b s s i c  r a d i u s )  can 

be us ed i f  a s o l u t i o n  i s  to t e  o b t a i n e d .  H o w e v e r ,  a l t h o u g h
■ i l

T n e o r  y





t h i s  r e s t r i c t i o n  does not  a l i o *  an e n a c t  r e p u l s i o n  

e n v e l o p e  t o be c o n s i c e r e d .  a good a p p r o x i m a t i o n  can 

i n v a r i a b l y  be  s e l e c t e d .  I n  t h a  e « a n l e s  qu ot e d  h e r e  a l l  

t h e  s p h e r e s  a r e  ass umed t o  be c e n t e r e d  cn t h e  a t o m i c  

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

n u m e r a l s  1 to 65 w i t h  t h e  o p p o s i t e  p a i r s  b e i n g  1 and 2 »  3 

and ‘ and 5 and 6 . The g e r «  an i u i  p o s i t  i o n  i s  d e p i c t e d  t y  

t h e  n u me r a l  7.  S i x  d i f f e r e n t  mo d e l s  f o r  t he 

h e x a t l u o r  a g e r ma n a t e  i o n  hav e  c e e n  c o n s i d e r e d  ( A - F ) .  t he 

i n t e r s e c t i o n  p o i n t  r e s u l t s  f o r  t h e s e  are g i v e n  i n T i t l e  

2 . 6 ( i i ) .  Model  » ( t h e  s p h e r i c a l  a n i o n  mo d e l )  i s  c l e a r l y  an 

u n r e a l i s t i c  model  as i t  wo u l o  n o t  be e x o e c t e c  t o  be as 

j c o a  as F o r  F and i t  g i v e s  q u i t e  a d i f f e r e n t  v a l u e  f o r  

t h e  l a t t i c e  e n e r j y .  T h e  l o w e r  c h a r g e  d i s t r i b u t i o n  s h o wn  t y  

Model  A c a r  te e x p l a i n e d  t y  t n e  l a r g e r  s u r f a c e  o v e r  w h i c h  

t h i s  model  wo u l d  a p p a r e n t l y  d i s t r i b u t e  t he t o t a l  c h a r g e .  

M o c e l s  dr  f an c 0 a r e  c l e a r l y  u n r e a l i s t i c  as t h e y  omi t  

a t oms  i n  a way so as t o  t o t a l l y  change t h e  s y mme t r y  o f  t he 

i o n  i n  q u e s t i o n .  T hey  a r e  i n c l u d e d  o n l y  f o r  c o m p a r i s o n  and 

i t  c a n  oe seen t h a t  t h e y  a r e  f t a x i h t e  enough f o r  t he 

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

t h e  mor s r e a l i s t i c  m o d e l s .  M o d e l  E i s t h e  one used i n  t he 

p r e v i o u s  d i s c u s s i o n s ,  i . e . s i x  s p h e r e s  a t  t h e  p o s i t i o n s  of  

t h e  f l u o r i n e  a t o ms .  Model  F a p p e a r s  mor e q e n e r a l  t h a n  E 

h o we v e r  i t  i n c l u d e s  t h e  r e s t r i c t i o n  t h a t  t h e  b a s i c  r a d i u s
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o f  t he  c e n t r a l  s p h e r e  must  ce t h e  same as t h e  o u t e r  

s p h e r e s »  i r J  so i t  i s  net  g e n e r i l l y  u s e d .  T h e  c l o s e n e s s  of  

t h e  r e s u l t s  o b t a i n e d  f r o i  model s E and F e n c o u r a g e s  t he 

b e l i e f  t h a t  b o t h  a r e  s u f f i c i e n t l y  c l o s e  t o t he r e a l  

e n v e l o p e  t o  be s u i t a b l e  f o r  g e n e r a l  u s e .  B e d e l s  A a r c  E 

a r e  d e p i c t e d  i n  i p l a n  v i ew c f  t h e  h e x a f l u c r o q e r m a n a t e  i nn 

i n  F i g u r e  ? . 8( i x )  wh e r e  an ( i n t u i t i v e )  a p p r o x i m a t i o n  t o  

t h e  r e a l  e n v e l o p e  i s  a l s o  s h o wn .  '  c l o s e  a p p r o a c h  t o  t he 

r e a l  e n v e l o p e  woul d he a l i n e a r  c o m b i n a t i o n  of  mo d e l s  A 

and F »  o* w h i c h  F i s  an e x a m p l e .

The m a j o r  c o n c l u s i o n  f r o m T a b l e  2 . 9 ( 1 1 )  must  be  t h a t  

as  l o n g  as a model  i s  f a i r l y  r e a l i s t i c  anc ’ f l e x i b l e *  

( u n l i k e  model  A )  t h e  m i n i m i s a t i o n  w i l l  p r o d u c e  a gcod 

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

The new met hod p r o v i d e s  a n o t h e r  s a f e g u a r d  not  p r e s e n t  

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

E q u a t i o n  2 . 7 ( x v i i )  i s  an e x p r e s s i o n  of  t h e  t y p e :

wher e A* B and C a r e  c h a r j »  d e p e n d e n t .  T h i s  means 

t h a t  s o l u t i o n s  a r e  l i m i t e d  t c  t h e  c a s e s  when b o t h  t he

T heory





s au o r e r o o t i s r e a l and t he  l o g a r i t h m  ex i s t s *  i . e .  n o t

v a l u e  s o f  t he c h ar ge d i s t r i b u t i o n  g i v e a s o l  ut i o n  f o r

b a s i c r adi  us • As an e x a mp l e  t n e  c o mp l e t e c u r v e s  f o r

c a s e  of  p o t a s s i u m  hexa I t u o r o g e r m a n  ate a r e  j i v e n  i n  F i g u r e  

¿ . 6 < x ) .  I t  s h o u l d  be n o t e d  t h a t  F i g u r e  2 . 8  ( i T s h o ws  a 

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

same c u r v e s .  T h e r e  a r e  t h e n  t wo  p o s s i b i l i t i e s  i f  t he 

i n i t i a l  c h o i c e  o (  p a r a m e t e r s  are g r e a t l y  i n c o r r e c t :

( a )  r o i n t e r s e c t i o n  p o i n t ! s ) a r e  o u t l i n e d ?

( b )  no s o l u t i o n  i s o b t a i n e d  f or  at l e a s t  one c u r v e  w i t h i n  

t h e  r h y s i c e l  l y  r e a l i s t i c  c h a r g e  r a n g e .

I he c o n d i t i o n  ( a )  c o u l d  o c c u r  i f  o r l y  one c u r v e  i s  

o b t a i n e d  or  t h e  i s o t r o p i c  a s s u m p t i o n  i s  not  v a l i d .  B u t  ( b ) 

i s  a c o n c l u s i v e  s i t u a t i o n »  ana* as can be seen i n  t h i s  

s e c t i o n *  means  t h e  p a r a m e t e r s  aust  he e x t r e m e l y  b a c l y

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

Fr om t h e s e  i n v e s t i g a t i o n s  i t  i s  s e e n  t h a t  t h e  e n e r g y  

m i n i a i s a t i o n  i n  t he new met hoS c o u p l e d  w i t h  f l e x i b i l i t y  i n  

t h e  p o t e n t i a l  can be e x p e c t e d  t o g i v e  not  o n l y  g e n e r a l l y  

r e l i a b l e  r e s u l t s  hut  a l s o  some l a t i t u d e  i n  t he a s s i g n m e n t  

of  p a r a m e t e r s  whi ch a r e *  at t he  c u r r e n t  t i me* d i f f i c u l t  t o  

e s t i m a t e .
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3 .  Coap l i t e r  P r o g r a m s

H H H I H W I "I-. r
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3*1 I n t  r o d u c t i  on

I ho p r o c u c t i  on of  r e s u l t s  in t h i s  r e s e a r c h  i s  

e n t i r e l y  l e p e n c e n t  on t he  u s e  of  c o m p u t e r s  and e x t e n s i v e  

c o m p u t e r  p ro gr  a mm i n g » d u e  t o  the C e v e l o p e d  t h e o r y »  

I e s c r i b e d  i n  S e c t i o n  ¿ . 7 »  b e i n g  s u c h  as t o  r e q u i r e  

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

na d e  by t n i s  wor k i n  t he a r e a  o f  c o m p u t i n g  a r e  a v e r y  

l a r g e  p a r t  o f  t he  o v e r a l l  p r o g r e s s  made.

Some v e r y  e a r l y  p a r t s  o f  t h i s  r e s e a r c h  wer e  p e r f o r m e d  

u s i n o  t h e  E l l i o t t  41 CO s e r i e s  c o m p u t e r s  at  t he U n i v e r s i t y  

of  Wa r w i c k  C o m p u t e r  C e n t r e  a n c  t h e  C DC 7 4 3 0  s e r i e s  

c o m p u t e r  i t  t he  U n i v e r s i t y  o f  Ma n c h e s t e r  R e g i o n a l  C o m p u t e r  

C e n t r e .  Ho we v e r  b y  f a r  t h a  m a j o r i t y  of  t h e  d e v e l o p m e n t  

wor k and s u b s e q u e n t  c a l c u l a t i o n s  hav e  be e n  p e r f o r m e d  u s i n g  

t h e  B u r r o u g h s  67.1C ma c h i n e  i n s t a l l e d  a t  t he U n i v e r s i t y  of  

Wa r wi c k  C o mp u t e r  C e n t r e  in 1975.  T he i n t e r a c t i v e

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

r a t e  of  p r o g r a m  d e v e l o p m e n t .

Co mp u t e r  p r o g r a m s



The p r o ^ r a i i i  n ;  I a n a u a ^ e  u s e d  m a i n l y  t h r o u g h o u t  t h i s  

r e s e a r c h  has been s t a n d a r d  F o r t r a n  I V* w i t h  c e r t a i n  

modi  1 i c a t  i on s a l l o w e d  hy  t he  f ! u r r o u ; h s  i m p l e m e n t a t i o n ,  

l u r r r u g h s  A l g o l  has a l s o  t e e n  e mp l o y e d  at some s t a g e s *  

a l t h o u g h  a l l  c o mp u t e r  p r o g r a m s  d e s c r i b e d  b e l o w  u s e  t he 

f c r « f  r l angu a g e .

I n  t n i s  s e c t i o n  of  t h e  r epor *-  some o f  t h e  ma j o r  

p r o g r a m s  w i l t  be d e s c r i b e d *  w i t h  p a r t i c u l a r  e mp h a s i s  cn 

t h e  c o m p l e t e  l a t t i c e  e r e r j y  p r o g r a m L M r N.  D u r i n g  t he  

c o u r s e  o f  t h i s  r e s e a r c h  o c v i o u s l y  many f o r m s  o f  e a c h  

p r o g r a m  h i v e  e x i s t e d  due t o t h e  g r a d u a l  d e v e l o p m e n t s  mi ce* 

some i n d i c a t  i o r  of  t he  p r e v i o u s  f or ms i s g i v e r  t o  i n d i c a t e  

t h e  d i r e c t i o r  of  t h e  i m p r o v e m e n t s .

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

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

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

d e s i o n e d  t o  Lse t h e  i n t e r  ac f i v e  f a c i l i t i e s  a v a i l a b l e .

$ . 2  L A T E N  -  L a t t i c e  E n e r g y  P r o g r a a

T h i s  p r o g r a u  has o n l y  r e c e n t l y  been w r i t t e n  as i t  hss  

r e s u l t e d  f r om t h e  e x p e r i e n c e  g a i n e d  i n  t h i s  r e s e a r c h  hy  

t h e  a p p l i c a t i o n  of  t he  g e n e r a l  me t h o d  of  S e c t i o n  2 . 7  t o

Co mp ut e r  p r o g r a m s
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t h e  v a r i o j s  s y s t ems  d i s c u s s e d  i n S e c t i o n  A.  T he p h i l o s o p h y  

b e h i r d  t h e  p r o g r a m i s  to b r i n g  t o g e t h e r  a l l  s t a g e s  of  t he 

c a l c u l a t i o n  cf  a l a t t i c e  e n e r g y  by t h i s  i t et hod so t h a t  use 

can l e  mal e of t h e  me t hod  by  c h e m i s t s  n o t  f a m i l i a r  w i t h  

t h e  c o m p l e t e  t h e o r y  o e h i n d  i t .  T he  ma j o r  a i ms  a r e  t h e  

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

i a t a  i n p u t  anc c t a r i  t y  o f  p r o g r a m  o u t p u t .  T he  u n a v o i d a b l e  

l o n g  c o mp u t e r  t i n e s  n e c e s s a r y  f o r  c a l c u l a t i o n  o n  l ow 

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

p r o g r a m t o  c i r c u . i v e n t  o r o t l  em 5 t h a t  t h i s  may l e a d  t o .

The s t r u c t u r e  o f  t ha p r o g r a m  i s  s u c h  t h a t  t he  mai n 

b o d y  ( L A T E N )  p e r f o r m s  t he  t a s k s  n r e v i o u s l y  p e r f o r m e d  by  

hand,  ¡ t  a n a l y s e s  t h e  c r y s t a l  s t r u c t u r e  d a t a  i n t o  t he  

r e q u i r e d  f o r * ,  o i l s  t h e  m a j o r  s u b r o u t i n e s  f o r  t h e  v a r i o u s  

s t a g e s  of  t he  c a l c u l a t i o n ,  c o n n e c t s  a l l  t h e s e  s u b - s e  c t i en s 

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

s u b r o u t i n e s  c a l l e d  ar e  s i m i l a r  i n  s t r u c t u r e  t o  p r e v i o u s  

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

r e l a t i o n  t o  e a r l i e r  v e r s i o n s  i s " d i s eus se d « h e r e  t h i s  i s  

a p p l i c a b l e  b e l o a .  T he  t h e o r y  used i n  a l l  s e c t i o n s  i s  as 

g i v e r  i n  > ec t i cn 2 . 7 .  A l l  e n e r g i e s  are i n  k i l o j o u l e s  ( f r o m  

e l e c t r o n s  s q u a r e !  per  A n g s t r o m )  and a l l  d i s t a n c e s  i n  

Angs t  r o e s .
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The p r o g r a m t a k e s  d a t a  fr  m  an i n o u t  f i l e  i n i t i a l l y  

and d i r i n j  t he c o u r  se cf  o p e r a t i o r  o u t p u t s  t o  s e v e r a l  

f i l e s #  some of w h i c h  a r e  u s e d  l a t e r  f o r  i n c u t  p u r p o s e s .  ! n  

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

n u i i b r r .  t h e  f i l e »  u s e d  oy t h e  p r o g r a m ar e  g i v e n  b e l o w w i t h  

t h e i r  f i l e  n u mb e r s  anc a d i s c u s s i o n  of  t h e i r  u s e .  D u r i n g  

t h e  o p e r a t i o n  of  t he  p r o g r a m i n  t h i s  r e s e a r c h  i t  has been 

s t a n d a r d  p r a c t i c e  t o  base t h e s e  * i t e s  or  ma g n e t i c  d i s k #  

e x c e p t  f or  t he  I i n e o r i  r  t e r  o u t p u t #  g i v i n g  c o n v e n i e n c e  of 

u s e .

F I L E  i  -  T h i s  f i l e  i s  s u b s e q u e n t l y  known a s  t he 

* e l ec t or  s t a t ic e n e r q y  r e s t a r t  f i l e * .  T he  f i l e  i s  o p e n e d  by 

t h e  p r o j r a m  anc need net  e x i s t  b e f o r e  t h e  p r o g r a m i s  

i n i t i a t e d .  I t  s e r v e s  two p u r p o s e s .  T he f i r s t  i s  t h a t  

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

p e r t o c i c a l l y  ( a f t e r  each i n c r e m e n t  o f  t he  ‘ h* r e c i p r o c a l  

l a t t i c e  p a r a m e t e r ) »  t he v a r i a b l e s  of  t h e  s u mma t i o n  ar e 

w r i t t e n  t o  t h e  f i l e .  T h i s  s e r v e s  t he p u r p o s e  of  a l l o w i n g  

t h e  s u mma t i o n #  i f  n o t  c o m p l e t e d  on a f i r s t #  or  s u b s e c u e r t #  

r u n #  t o be r e s t a r t e d  f r om an i n t e r m e d i a t e  p o i n t #  a v o i d i n g  

u r n  ec ess a r y  r e c a l c u l a t i o n .  I he me c h a n i s m f o r  u t i l i s i n g  

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

d i s c u s s i o n .  T h e  sec ond f u n c t i o n  i s  t h a t  at  t he  end of  t he 

e l e c t r o s t a t i c  c i Ic ul  at  i ons  t he r e s u l t s  o b t a i n e d  ar e
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w r i t t e n  t o  the f i l e  f o r  l a t e r  r e t r i e v a l  by t h e  mai n b o c y .  

; a c h  t i me  t h e  f i l e  i s  w r i t t e n  to ov e r - w r  i t i ng i s  p e r f o r r e d  

so k e e p i n p  t he f i  l e l e r j t h  t o  t h e  s m a l l e s t  number  of  

r e c o r d s  p o s s i b l e .

F I L c  i  -  Known as t h e  ’ s u mma t i o n  r e s t a r t  f i l e * .  T h i s  

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

t h e  s u b r o u t i n e  SUMS wher e t h e  r  » p j I s  i on  and d i s p e r s i o n  

s u mma t i o n s  are p e r f o r m e d .  The f i l e  i s  u p d a t e d  a f t e r  

c o m p l e t i o n  cf t n e  s u mma t i o n s  f o r  each p a i r  of  atom t y p e s  

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

F i l l  5 * The i n p i t  d a t a  f i l e »  c o n t a i n i n g  t h e  d a t a  as 

d e s c r i b e d  l a t e r .

F I L l u -  T he l i n e  p r i n t e r  o u t p u t  f i l e .

F I L E  7 -  An ’ e r r o r *  f i l e .  M e s s a j e s  ere o u t p u t  t o  t h i s  f i l e  

when c e r t a i n  s i t u a t i o r s  a r e  d i s c o v e r e d  w h i c h  may c a u s e  

f a i l u r e  of  t he p r o g r a m*  i n c o r r e c t  o r  i n a c c u r a t e  r e s u l t s  o r  

a l o s s  o f  e f f i c i e n c y  i n  c a l c u l a t i o n .  F r r o r s  l i k e l y  t o  

ca u s e  f a i l u r e  have t h e  a s s o c i a t e d  mes sage p r e f i x e d  by t he  

wo r ds  ' F a t a l  e r r o r ' .  T h i s  f i l e  i s  d e s i g n e d  t c  be l i s t e d  

a f t e r  c o n p l e t i o n  of  t he  p r o j r a m  f o r  d i a g n o s t i c  u s e .  I t  

must  be s t r e s s e d  t h a t  f a r  i r o n  a l l  p o s s i b l e  e r r o r
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s i t u a t i o n »  a r e  f o r s e e n  ana i c c e i n a n i c d  hy an e r r o r  

i e s s a c e .

F I L t S  e - i 1 -  T h e  » r e s u l t s *  f i l e s .  T Ke r e  w i l l  be  a f i l e  

mace f o r  eac h  r e p u l s i o n  mod el  r e q u e s t e d  Cup t o  a e a x i i t u  

of  f o u r ) ,  s t a r t i n g  w i t h  F I L E  6 and so o n .  S u f f i c i e n t  

r e s u l t s  ar e o u t p u t  t o  each f i l e  f or  t h e  c o m p l e t e  s o l u t i o n  

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

a r e  p r i m a r i  ly j s e d  f or  i n p u t  d a t a  f i l e s  t c  p l o t t i n g  or 

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

c o m p l e t i o n  o f  L » T E N  f c r  t he s a l t .

The o p e r a t i o n  c f  t he m a i n - b o d y .  s u b r o u t i n e s  and

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

l a i n  b o d y »  L A T r ’'l -  T h i s  p e r f o r i n s  a l l  t h e  t a s k s  p r e v i o u s l y  

p e r t c r m e d  by  h a n l  when i s o l a t e d  p r o g r a ms  wer e  u s e d  f o r  t he 

c a l c u l a t i o n s .  T he c r y s t a l  s t r u c t u r e  of t h e  s a l t  i s  t a k e n  

i s  i n p u t .  as we l l  as the s t r u c t u r e  o f  t he i c n s  i n v o l v e d .  

Fr om t h i s  t h e  c o o r d i n a t e s  o f  t h e  at oms ar e  f o r m u l a t e d  

( u s i r g  t h e  sub r o u t i n e  O I S T )  i n t o  t wo n a r t s .  o r e  a l l o w e d  t o  

v a r y  w i t h  t h e  u n i t  c e l l  l e n g t h s  and one w h i c h  r e p r e s e n t s  a 

f i x e d  d i s t a n c e  ( s e e  S e c t i o n  2 . 7  * t h i s  i s  n e c e s s a r y  f c r  

t h e  c o n c e p t  cf  f i x e d  c o mp l e x  i o n  g e o m e t r y ) .  T he s p l i t  i s  

p e r f o r m e d  by  t a k i n g  t h e  f i r s t  at om of  e a c h  i o n  and f i n d i n g
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t h e  o t h e r  at oms i n  t he  i o n  a y  t h e  p r i n c i p l e  t h a t  t h e s e  

atoms,  n e a r e s t  ar e  t he  o n e s  t h a t  n i l !  c o n s t i t u t e  t h e  i cn .  

C o n s e q u e n t l y  i t  i s  a d v i s a t l e  on i n p u t  of  t he i o n  s t r i c t i r e  

( s e e  l a t e r )  to p i t  t h e  most  c e n t r a l  atom t y p e  f ; r s t .

T he s u t r o u t i n e  MLLMljd i s c a l l e d  whi c h  c o m p u t e s  and 

o u t p u t s  t h e  l o n o - i  di  -  and c c a d c u p o l e  moment s o< t h e  u r i t  

c e l t .  T h i s  i s  p e r f o r m e d  as i f  any  of  t h e s e  h a v e  a n e t t  

n c r - ? e r o  v a l u e  t h e  e l e c t r o s t a t i c  s u mma t i o n s  a r e  r o t  

n e c e s s a r i l y  a c c u r a t e  ( P e d l a c k  and f i r i n d l a y  ( 1 * 7 5 ) ) .  The 

n e c e s s a r y  a c t i o n  i s t a k e n »  o r  a d v i c e  g i v e n .  c e p e n d i r g  cn 

t h e  r e s u l t s .

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

t a k e r ,  as t o  t he c a l l i n g  of  t h e  s u b r o u t i n e s  O I S .  UCLE C and 

$ CM S •

The r e s t a r t  f i l e s  ( 1 and 2)  c a r r y i n g  t h e  r e s u l t s  f r om 

t h e  s u b r o u t  i nes  a r e  t hen i n p u t  i f  f i n a l  r e s u l t s  ar e  

r e q u r s t e d .  A l s c  i n p u t  i s  t he f or m o f  e a c h  r e p u l s i o n  mocel  

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

f i l e  i s  f o r me d  arid t h e  s u b r o u t i n e  S^ LV c a l l e d ?  u n l e s s  no 

v a r i a b l e  r a d i i  ar e  p r e s e n t  a n d  t h e n  a s o l u t i o n  f o r  t he 

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

S u b r o u t i n e  PRGI NF  -  C a l l e d  by LA TEN at 

e v e r y  r u n .  T h i s  j i v e s  b a s i c  i n f o r m a t i o n  

o p t i o n s  f o r  p a t h w a y s  t h r o u g h  LAT EN 

p r i n t - o u t  p o s s i b l e .

t he  b e g i n n i n g  of  

a b c u t  t h e  p o s s i b l e  

and t h e  l e v e l s  of

S u b r o u t i n e  3 1ST -  Us e d  by L I T E M  i n t he  i d e n t i f i c a t i o n  of  

t h e  c o n s t i t u e n t  a t o ms  in c o mp l e x  i o n s .  I t  c o mp u t e s  t he 

d i s t a n c e  f r o m one a t o m i c  c o o r d i n a t e  to a s et  of  o t h e r s .

S u b r o u t i n e  1ULM0’1 -  C a t t e o  by L A T E N .  c o mo u t e s  t h e  » o n e - »  

d i -  and q u a d r u p o l e  moment s  o f  t he  u n i t  c e l l ,  and o u t p u t s  

t h e  f e a s i b i l i t y  of  c o i p t t i n q  e l e c t r o s t a t i c  e n e r g y  t e r ms  

a c c u r a t e l y  ( s e e  r o o v e ) .

S u b r o u t i n e  CI S  -  C a l l e d  by L AT EN or U F L E C .  i t  has t h r e e  

ma j o r  f u n c t i o n s .  The f i r s t  i s t o  o u t p u t  a t a b l e  of  

s h o r t e s t  i n t e r j t o m i c  d i s t a n c e s  b e t we e n  a l l  t he  at om 

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

t h e  s h o r t e s t  i n t e r a t o m i c  d i s t a n c e  in t h e  l a t t i c e  f o r  t he 

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

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

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

f u n c t i o n  i s  t o  be  u s e d .  A l l  t h e s e  » u n c t i o n s  a r e  p e r f o r m e d
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The n i s t o r y  of  d e v e l o p m e n t  of  t h i  s s u b r o u t i n e  I s
V w ,v

t h a t  t h e  b a s i c  s t r u c t u r e  i s . a f  a p r o g r a *  w r i t t e n  by B l a k e  

( 1 9 7 3 )  t o  c a l c u l a t e  u ad e l u n g  c o n s t a n t s .  T h i s  p r o g r a m  was 

i d a p t e d  oy  J e n k i n s  a n j  S m i t h .  of  t h i s  d e p a r t m e n t ,  t o  

c a l c u l a t e  r e s u l t s  u s  f u r e t i o n s  o f  a c h a r g e  c i st  r  i b u t i c n .  

T he  e x t e n s i o n  t o  t he c a l c u l a t i o n  of  c e l l  l e n g t h  

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

t h e n  f o r  r e c t a n g u l a r  l a t t i c e * ,  b e f o r e  t h e  p r e s e n t  l e v e l  of  

g e n e r a l i s a t i o n  w i s  o b t a i n e d .

S u b r o u t i n e  SEL F  -  C a l l e d  by U E L E C »  c o mp u t e s  t h e  s e l f  

e n e r g i e s  of  a l l  t h e  c o mp l e x  i o n s  i n t h e  u r i t  c e l l  by

E q u a t i o n  ¿ . 2 ( v i i i ) .

S u b r o u t i n e  SUMS -  C a l l e d  b y  L A T t N »  c o mp u t e s  t h e  r e p u l s i o n  

a r c  d i s p e r s i o n  s u m m a t i o n s »  and d e r i v a t i v e  s u m m a t i o n s »  and 

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

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

at om»  b y  t ak in g one at om f r o m e 3 c h  e n v i r o n m e n t  o f  t he 

f i r s t  t y p e  a r d  s ummi ng bo a l l  t he o t h e r  t y p e  of  a t o ms  i n 

a l l  c e l l s »  u n t i l  c o n v e r g e n c e  i s  o b t a i n e d .  T e r ms  i n t e r n a l  

t o  c o mp l e x  i o n s  a r e  not  c o n s i d e r e d .  A f t e r  each at om p a i r  

has t e e n  c o n s i d e r e d  f i l e  Z i s  u p c a t e d .

fugiwo 3

The i n t e r a t o m i c  d i s t a n c e s  wh i c h  ar e l e s s  t h a n  a

C o mp u t e r  p r o q r a m s
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s p e c i f i e d  i r p t t  p a r a m e t e r  e r a  o u t p u t  i n o r d e r  t o  show t he 

c a o r o  i n. i t  i on number  f o r  e o c h  a t o r  p a i r .

T h i s  s u b r o u t i n e  i s  a c o m p l e t e l y  r e - w r i t t e n  v e r s  ¡ o r  of  

e a r l i e r  p r c j r a i s  to c a l c u l a t e  t he  s i m o l e  s u mma t i o n s »  wh i c h  

wer e g r a d u a l l y  a i a p t e d  t o i n c o r p o r a t e  d e r i v a t i v e  

s u m m a t i o n » .

S u b r o u t i n e  SOLV -  C a l l e d  Dy L A T E H »  t a k e s  as i n p u t  one of  

t h e  r e s u l t s  f i l e s  w r i t t e n  b y  the mai n b o d y .  I t  c o mp u t e s  

s o l u t i o n s  o f  t he  e q u a t i o n s  o f  the t y r e  o f  E q u a t i o n  

2 . 7 < * v i ) »  f o r  a r a n g e  o f  c h a r g e  p r e v i o u s l y  i n p u t »  and t he 

i n t e r s e c t i o n  p o i n t s  b e t we e n  t h e  c u r v e s  i n  t h i s  r a n g e .

( fari  t u s  f o r  i s  of  t h i s  s u o r o u t i n e  h a v e  been p r e v i o u s l y  

w r i t t e n »  t a k i n g  as i n p u t  s l i g h t l y  d i f f e r e n t  d a t a  f i l e s .  

T he  ma j o r  of  tWsfc c o n s i d e r e d  t h e  s i m p l e ,  t wo d i f f e r e n t  

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

Re a l  f u n c t i o n  52 -  C a l l e d  t y  U £ L E r » r e t u r n s  t h e  v a l u e  of  

t h e  s q u a r e  o f  t h e  maui mum r e c i p r o c a l  l a t t i c e  v e c t o r  

r e o u i r e d  f o r  a d e s i r e d  d e g r e e  o f  c o n v e r g e n c e .  The

p r e d i c t i o n  o f  t h i s  v a l u e  has oeen c o n s i d e r e d  cy T e m p l e t o n  

( 1 9 5 5  » 1 9 5 6 )  and J e n k i n s  ( 1 S 7 1 » 1 9 ' , J)  f o r  t h e  u n i f o r m  and 

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

Comput er  p r o g r a m s
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f o r  a r a n g e  c o r e r i n g  f a i r l y  s i m p l e  l a t t i c e s ,  i n  o r d e r  t o 

p r o o i . c e  a qe re r a l l y  a p o l i c a t l r f  F o r t r a n  f u n c t i o n  i t  was 

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

d e n s i t y  f u n c t i o n s  whose use i s  p o s s ’ fcle i n t h i s  p r o g r a m  

a n d  f o r  a r a n g e  l a r g e  e n o u g h  to i n c l u d e  most  l a t t i c e s .  

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

The e l e c t r o s t a t i c  e n e r g y  o f  a s a l t  i s  g i v e n  b y  t h e  

J e r t f u t  ut at hcd a s :

- 1 U -

n  .  v ^ Y  »  _  >M S “ ,  u *
U o “ -  -  w 2 i M > 3 . v « Z - i  s *

Ul K
3 .2 (0

wh e r e  a l l  t he  s y mb o l s  a r e  d e f i n e d  un d e r  C c u a t i o n  2 .  ’ ( v i ) »  

e x c e j t  t he  t r i p l e  i n d i c e s  h . k . l  ^ i n d i c a t i n g  r e c i p r o c a l  

l a t t i c e  p o i n t s )  a r e  r e p l a c e d  by t h e  s i n g l e  i n d e x  h r ow 

i n d i c a t i n g  a r e c i p r o c a l  l a t t i c e  v e c t o r  of  l e n g t h  h .  Py 

t r u n c a t i o n  o f  t h a  s e c o n c  s u mma t i o n  at a r e c i p r o c a l  l a t t i c e  

v e c t o r  of  l e n g t h  m we i n t r o d u c e  an e r r o r  i n t o  t he 

e l e c t  r o s t ] t i  c e n e r g y  o f :

2»W  = i Y  W « -
l . M W f - J  V,'

V>m

3 . 2 ( i i )

( t h e  G a u s s i a n  o v e r l a p  c o r r e c t i o n  a l s o  c a n c e l s  when i t  i s
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a p p l i c a b l e ) .

F o l l o w i n g  T e m p l e t c n  ( 1 9 5 5 )  by t a k i n g  t h e  a v e r a g e  

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

by  an i n t e g r a l  t h i s  b e c c a e s  ( a ppr ox  ; a a t e l y ) :

wher e I =0 f o r  u n i f o r m »  I =L f o r  l i n e a r »  I = P  f n r  

p a r u t o l i c  and I =G f e r  G a u s s i a n  c h a r g e  d e n s i t y  f unc t i o n s , and 

US i n g  t h e  r e s u l t s  f o r  t h e  F o t r i e r  t r a n s f e r e e  of t h e  c h a r g e  

d e n s i t y  f u n c t i o n s  o f  T e a p l e t o n  ( 1 9  5*: ) »  g i v e n  b e l o w »  t he 

r e s u l t s  f o r  t he ) ' s  a r e  o b t a i n e d  by r e p e t i t i v e  i n t e g r a t i o n  

b y  pa r t  s.

w h e r e  d L r  2 n h P  a n d  p =  ettm? .  W r i t i n g !

3 .2 ( iv )

3 .2 (v )

S p ?  lOp.' sp.

3 . 2( v i )
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wh er o :

3 . 2 ( v i i )

1V«> e q u i v a l e n t  t o  t h a t  f o u n c  by Tempi  e t c n  ( 1 9 5 5 ) .

M  VX.Ulak.jL-v'ZccsX— 
0 tA  '  p 3 . 2( T i i i )

o  -  n u . r  w a - c ^ p f  v o ¿ M i - t o r t  tu-rtoe.M v-co5.rt 
L  x v p b v o s p

-V

Sv.i>C^>+to P ') (.tovie»-r S t o r t  _  (Var>e>r?>) ( W s i ^  tSttsrt) +

ovopw tiaort t z t o ^  vabop

3 .2 (1 * )

-B Go/ tkcca^ -  'isvA X  + Z <0 

¿ *
3 .2 (* )

Q f  =  2 >fcooT _  ^ e - i s r t o r t  *  n + S t o r t  _  s -a p -
L f?  Xf.* W rt £h¥>b

_C C ^E  +

Hr £Es£  -  SPwfr -  o x #  +  J _  i l L - ^ - t r t l l  
? a b rt v x ft^  a o ib rt ^ovtp. x o i t  l  ^  J j

3 .2 ( * i )

f t y r e a i n g  w i t h  t he r e s u l t  of  J e n k i n s  ( 1 9 7 1 ) .  and :

f t .  -  W £ f 3 .2 ( * i i )

Qt *  TTV*«*t (£) 3 . 2( x i i l )

wher e *

= J? ^ 3 . 2( * 1 t )
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F o r  n d ec i n 1 1 p l a c e s  o f  a c c - i r a o y  i n t he  e l e c t r o s t a t i c

en er q y :

So t h e  m a x i n u s v a l u e  c f  ^  ( a n d  h e n c e  t he r e c i p r o c a l  

l a t t i c e  v e c t o r )  r e q u i r e c  i s g i v e n  t>v:

a n c  R i s  t he cu t _ o f f r a d i u s  o f  t h e  c h a r g e  d e n s i t y  

f u n c t i  o n .

a g a i r s t  P d r a wn  f or  t h e  v a r i o u s  I and d i f f e r e r t  v a l u e s  cf  

n .  T h e  c u r v e s  f o r  r=~Z  t o  i  a n d  * =tl a r e  g i v e n  i n  F i g u r e  

3 . 2 ( i ) .  T h e  e t h e r  c h a r g e  o e n s i t y  f u n c t i o n s  ar e  c o n s i d e r e d  

f e r  n = - 2  t o  3 and f o r  T =L a r e  p l o t t e d  i n  F i g u r e  3 . 2 ( H ) »  

I = P  i n  F i g u r e  3 . 2 ( i i i )  and I =G i n F i g u r e  3 . 2 ( i v ) .  The 

n a x i r u m  P/R v a l u e  c c n s i d e r e c  i n  e ac h  c a s e  i s  100»  and i s

3 » 2(x v )

0 .5  x  10
- n 3 . 2(x v i )

wher e  3 i s  t h e  l a t t i c e  p a r a m e t e r »

P

T h e s e  e q u a t i o n s  a r e  n o t  s o l v e d  pu t  c u r v e s o \ ^ 3

C o n p u t r r  p r o g r a n s



F igu re  3 . 2 ( i )  Convergence o f  e l e c t r o s t a t ic  energy u sin g  a uniform
charge d en sity  fu n ctio n .

(3/ IT

P/R f t ' )





à *



I
F igu re  3 .2 ( iv )  Convergence o f  e l e c t r o s t a t ic  energy i s i r g
, charge d e n sity  fu n c tio n .t

a G-aussian

)3/tt

n = 3

n = 2  1

n = 1

» . o  1

n = - 1

n =

H
P / R  ( X ’ )



i n  e x t e n s i o n  t o  t h e  wo r k  of  J e n k i n s  w h i c h  c o n s i d e r e o S

maxi mum j 1  o n l y  1 0 .  V i r t u a l l y  al t  l a t t i c e ' s  s h o u l d  he 

i n c  t i d e d  D y t h i s  r a n g e .

The abov e f i g u r e s  show t h a t  g e n e r a l l y  f o r  c o n v e r g e r c e  

t o  h i y n  a c c u r a c y  t h e  G a u s s i a n  ‘ u n c t i o n  i s t h e  n e s t  

e f f i c i e n t »  c l o s e l y  f o l l o w e d  b y  t h e  p a r a b o l i c .  F o r  r o t c h  

e s t i m a t e s  t h o u g h  t h i s  i s  not  n e c e s s a r i l y  t r u e .  The f a c t

t h a t  c e l l l e n g t h  d e r i v a t i v e s  ar •» n o t  c a l c u l a t e d  hy t he

p r o y r  an i f  <) G a u s s i a n  f u n c t i o n  i s  used ( d u e  t o  t h e  o v e r l a p

c o r r e c t i o n ) means t h a t  t he p a r a b o l i c  s h o u l d  be a d o p t e d

j  e ner a l l y » i s  i s  done t h r o u g h o u t  t h i s  w o r k .

F o r  t h e  p u r p o s e s  of  t he F o r t r a n  f u n c t i o n »  r o e q h  

l i n e a r  r e l a t i o n s h i p s  a r e  t a k e n  f r o i  t h e  at  eve f i g u r e s »  

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

a ppr  t x i u a t e » a n )  t h e  maxi mum r e c i p r o c a l  l a t t i c e  v e c t o r  

r e o u i  r e d  i s  e s t i i a t e d  f r om t h e  k n o w l e d g e  of  t h e  l a t t i c e  

p a r a m e t e r »  t he  c u t - o f f  r a d i u s  and t h e  d e s i r e d  c o n v e r g e n c e .

Re a l  f u n c t i o n  SHAPE -  C a l l e d  by J F L r C.  As w r i t t e n  by B l a k e  

( 1 9 / ? ) »  r e t u r n s  t h e  v a l u e  of  g ( F q u a t i o n  ¿ . 7 ( v i ) )  

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

rfeal  f u n c t i o n  PHI SQO -  C a l l e d  by U F L i C »  r e t u r n i n g  t he

C o m p u t e r  p r o g r a m s



s c u a r e  of  t he  F o u r i e r  t r a n s f o r m  o f  t he c h a r g e  d e n s i t y  

f u n c t i o n ,  As w r i t t e n  by f l a k e  ( 1  *>71 1 .

Peat  f u n c t i o n  DpH SQD -  C a l l e d  by U t L E C .  r e t u r n i n g  t h e  

d e r i v a t i v e  cf  t h»  s q u a r e  of  t h e  F o u r i e r  t r a n s f o r m  of  t he  

c h a r g e  d e n s i t y  f i n c t i o n  w i t h  r e s p e c * ’ t o  t he s a u i r e  o f  t h e  

r e c i p r o c a l  I a t t i c e  v e c t o r .  As u s e d  i n HA. OELCNG 

OEhI VATI Vl S.

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

t h e  [ r o j r  i *  f o l l o w s .  o e s c r i o e d  r e c o r d  by  r e c o r d .  The 

F o r t r a n  W  d a t a  f o r ma t  r e q u i r e d  by ♦he p r o q r a m i s  g i v e r  i n  

b r a c k  et s.

T he f i r s t  r e c o r d  ( 2 1 2 )  c o n s i s t s  o f  t wo i n t e g e r  

p a r a m e t e r s »  t he f i r s t  ( I F )  c o n t r o l s  t h e  r o u t e  t h r o u o h  

LAT E»  and t he s e c o n d  t h e  l e v e l  of  p r i n t - o u t  p r o d u c e d .  I f  

Irt i s  n e g a t i v e  t h e  p r o g r a m i s  t o  he r e s t a r t e d  f r o m an 

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

f u n c t i o n  of  t h e s e  p a r a m e t e r s  ar e g i v e n  by  t h e  s u b r o u t i n e  

P F G l h F .

The s e c o n d  r e c o r d  ( 1 2 4 6 )  c o n t a i n s  t he  r u n n i n g  t i t l e ,  

u s u a l l y  t h e  compounds name.  T he t h i r d  ( 3 F 9 . 6 )  t h e  u r i t  

c e l l  l e n j t h s .  t h e  f o u r t h  ( 3 F 9 . 6 )  the u n i t  c e l l  a n g l e s  or

Comput er  p r o g r a m s
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c o s i r e s  and t he f i f t h  ( 1 2 ) t h e  number  of  m o l e c u l e s  per  

u n i t  c e l l .

T he s i x t h  r e c o r d  ( A 1 . 1 Ï . I 2 )  c o n t a i n s  t h e  sp a c e  g r c u p  

i r  f or  ne t i  on.  The f i r s t  i t em i s  a l e t t e r  ( P . A . 6 . P . 1 . F  or  f )  

i n d i c a t i n g  t he s y mme t r y  of  t h e  l a t t i c e .  I f  o t h e r  t h a n  P 

t h e  e q u i v a l e n t  p o s i t i o n s  i m p l i e d  w i l l  he a u t o m a t i c a l l y  

g e n e r a t e d  ( s e e  l a t e r ) .  I he n e x t  i t e m  i s  t he  s p a c e  g r c u p  

nu mb e r  and t h e  t h i r d  i s  0 f o r  a c e n t r o s y m m s t r i c  c e l l  a r c  1 

i f  r  o n - c  en t ro sy i me t r  i c . T h i s  s y m me t r y  i n f o r m a t i o n  a l l o w s  

t h e  e m i s s i o n  o f  j n n e c e s s a r y  t e r m s  o '  t h e  s u mma t i o n  ( a b s e n t  

or  ca nee l i e d ) .

The s e v e n t h  r e c o r d  ( 1 2 )  c o n t a i n s  t h e  n umber  of  

W y c k o f f p o s i t i o n  s e t s  t o be c s e d .  ( I f  t h i s  number  i s  ? e r o  

or  l e s s  t h e  c o a r d i n a t e s  s h o u l d  he i n p u t  e x p l i c i t l y . )  

F o l l o w i n g  t h i s  t h e  s e t s  a r e  g i v e n .  t he f i r s t  r e c o r d  

( 1 2 . f i )  l i v i n g  t h e  number  o f  e q u i v a l e n t  p o s i t i o n s  and a 

d e s i g n a t e d  l e t t e r .  T he  n u mb e r  o f  p o s i t i o n s ,  on s e p e r a t e  

r e c o r d s  ( i  ( F 6 . <* . <* Al  ) )  .  to oe i n p u t  i s  t h e  number  o n  t h e  

f i r s t  r e r o r d  m o d i f i e d  by t h e  s y mme t r y  i n f  or  n a t i o n .  

P o s i t i o n s  l i n k e d  by e i t h e r  t h e  s y m me t r y  ( i r  n o n - p r i m i t i v e  

c e l t s )  or  c en t r  os y m me t r  y ( wh e n  s t a t e d  a b o v e )  t o  a 

p r e v i o u s l y  q u o t e !  p o s i t i o n  s h o u l c  n o t  be i n p u t  as w e l l ,  

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

Comp ut e r  p r o g r a m s



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

s y mb o l s *  t he  f i r s t  and t h i r d  l ay  be e i t h e r  ♦ » -  o r  s p a c e »  

t h e  s e c o n d  and f o u r t h  x» y »  z o r  s p a c e .  T he  meani ng  b e i n g  

o o v i o u s  wnen f a m i l i a r  w i t h  t h e  Wy c k o f f  n o t a t i o n  o u t l i r e d  

i n  t h e  •! n t e rn at i on al T a b l e s  f or  T - r a y  C r y s t a l l o g r a p h y * .

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

a r e c o r d  1 1 2 ) g i v i n g  t he  n u mb e r  of d i f f e r e n t  t y p e s  of  i on

( c o m p l e x  c o u n t  eH as o n e ) .  [ h e n  th 5 s n u mb e r  of  r e c o r d s

( 1 2»  1 X» f>( M' • 12 ) )  g i v i n g  t h e  s t r u c t u r e  of  t h e s e  i o n s .  The 

f i r s t  n u a t e r  of  t h e s e  r e c o r d s  b e i n g  t h e  number  of

d i f f e r e n t  t y p e s  o f  at om i n  t h e  i o n »  f o l l o w e d  b y  e a c h  of  

t h e i r  s y m o o l s  an 1 t he  nu mb e r  i n each i o n  ( e . g .  f o r  t he  

h e xac h l or  op l at i n j te ( I V ) i on • 2 PT TCL o ) .

I m m e d i a t e l y  a f t e r  t h i s  comes a g r o u p  of  r e c o r d s  f o r  

e a c h  of  t h e  c h e mi c a l  s y m b o l s  u s ed a b o v e »  in t he  same 

o r o e r .  T he  f i r s t  c o n t a i n i n g  ( A 2 » F T . 5 » I 2 )  t h e  s y m b o l »  t he  

c h a r g e  i t  c a r r i e s  ( i f  i n s i d e  a c o mpl ex  i on  t h e  l a r g e s t  

d i s t r i o u t i o n  of  c h a r g e  s h o u l d  oe u s e d )  and t h e  number  cf  

s e t s  of  e q u i v a l e n t  p o s i t i o n s  whi ch have t h e s «  at oms i n  

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

t h e s e  s e t s !  the f i r s t  of  e a c h  p a i r  ( T 2 » A 1 )  s t a t i n g  t he  

d y c k c f f  s y mt o t  and t he  s e c o n d  ( 5 C 6 . 4 )  t he v a l u e s  of  t he  

v a r i a b l e s  x.  y and z u s e d  in t h e  d e f i n i t i o n  o f  t he
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e u n i v a l e n t  p c s  i t i  ons .

T h i s  i s  t h e  er<1 of  t h e  c r y s t a l  s t r u c t u r e  d a t a  and 

f c l l c w i n j  coni es t he  p a r t i c u l a r  e l e c t r o s t a t i c  e n e r q y  

p a r a n e t e r s .  The f i r s t  r e c o r d  o f  wh i c h  ( 4 I 2 . F 6 . 2 ) .  when t he  

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

f u n c t i o n  i s  u s ed wi t h  naxi mum c o n v e r g e n c e  and t h e  ma x i i u m

r e c i i  r o c a l  l a t t i c e  v e c t o r  i s  c o mp u t e d  t>y t h e  f u n c t i o n  i .2.

I f  n o n - z e r o  t he  o t h e r  p a r a m e t e r s  r e p r e s e n t  t h e  number  of  

o e c i m a l  p l a c e s  of  c o n v e r g e n c e  ( - 2  t o  3 ) .  t h e  c h a r o e  

d e n s i t y  f u n c t i o n  ( C - u n i f o m .  l - l i n e a r .  2 - p a r a b o l i c .  

3- G a u s s i a n ) .  i f  an c v e r l a o  e n e r g y  c o r r e c t i o n  i s  r e c u i r e d  

( 1  i f  y e s .  i f  o o t .  o n l y  f o r  G a u s s i a n )  and t he  s q u a r e  of  

t h e  d a x i n u n  r e c i p r o c a l  l a t t i c e  v e c t o r  ( i f  l e s s  t h a r  or  

e q u a l  t o  z e r o  i t  w i l l  s t i l l  be e s t i m a t e d  by S 2 ) .  The 

s e c o n d  r e c o r d  ( r 9 . r > )  c o n t a i n s  t w i c e  t h e  c u t - c f f  r a d i u s  of  

t h e  c h a r g e  d e n s i t y  f u n c t i o n .  i f  i n p u t  as z e r o  i t  i s

c o mp u t e d  by s u b r o u t i n e  01 S . T he  t h i r d  ( I ? .  2 ( 2 Y .  ) .  F 7 . 3  )

j i v e s  f i r s t  t he nu mb e r  c f  v a r i a b l e  c h a r g e s  as 0 »  1 or  ? .  

I f  0 t h e  r e m a i n d e r  of  t h e  r e c o r d  i s i g n o r e d ,  i f  1 t he  

s y mb o l  of  t h i s  v i r i a b t e  c h a r g e  i s  j  i ve n n e x t ,  i f  2 t h e  two 

s y m b o l s  f o l l o w e d  t y  a v a l u e  f o r  t he s e c o n d  c h a r g e  t o  be 

u s e d  i n  o r d e r  t h e  c a l c u l a t e  t he f i n a l  r e s u l t s .  T he r u mb e r  

o f  t y p e s  of  at om r e c o r d s  f o l l o w  ( T F 6 . 3 )  c o n t a i n i n g  t he 

c h a r g e  on t h i s  at om as a f u n c t i o n  o f  t he v a r i a b l e s ,  t he
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f i r s t n u a n e r  a c o n s t a n t ,  t he sec ond th e c o t  f f ic i nnt of  t he

f i r s t v a r i a b l e  and t he t h i r d t he co <= f f i c i en t of t he sec end

V 3 T I f  Di e»

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

F i r s t  ( F 6 . & )  t h e  r e p u l s i o n  e x p o n e n t  ( i n  i r i s t r o i s )  ar d  

s e c o n d  ( F e . l )  t ha u p p e r  l i m i t  of  t he  d i s t a n c e s  r e q u i r e d  t o 

he o i t p u t .  T he n n S e r  o f  t y o e s  of  atom r e c o r d s  ( 3 F 7 •3 ) 

f e l l o w  c o n t a i n i n g  t he  d i s ? e r s ! on c o e f f i c i e n t s ?  t he 

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

( i n  t he u n i t s  q u o t e d  i n  F e c t i o n  4 . ? ) .  a l l  z e r o  i f  t h e  i on 

i s  n o t  t o  be c o n s i d e r e d .

i he d a t a  p e r t a i n i n g  to t h e  r e p u l s i o r  moc el s  f o l l o w .  

F i r s t l y  ( J F 7 . 3 )  t h e  c h a r g e  r a n g e  ( m i n i m u m .  maxi mum,  

i n c r e m e n t )  and s e c o n d l y  t he number  of mo d e l s  ( 1 2 ) .  f o r  

e ac h  model  a j r o u g  of  r e c o r d s  f o l l o w s .  T he  f i r s t  ( 3 A 6 )  

j i v e s  a t i t l e  f or  t h e  model  and t he n  t h e  number  of  t y p e s  

of  at om r e c o r d s  ( I 2 » F 6 . 3 » 2 F 7 . 3 » F 4 . t )  f o l l o w .  I f  t he f i r s t  

nu mb e r  i s  z e r o  t h e  r e s t  o f  t h e  r e c o r d  i s  i q n o r e d  and t he 

at om t y p e  i s not  c o n s i d e r e d  in t h e  r e p u l s i o n  mo d e l .  I f  1 

t h e n  i t  i s  c o n s i d e r e d  as a c o n s t a n t  w i t h  t he  b a s i c  r a d i u s ,  

c h a r c e  ( c o n s t a n t  and c o e f f i c i e n t  of  t h e  v a r i a b l e )  and 

e l e c t r o n  number  g i v e n  a f t e r .  I f  7 i t  i s  c o n s i d e r e d  as a 

v a r i a b l e  o a s i c  r a d i u s  w i t h  t he p a r a m e t e r s  ( r a d i u s  i n p u t
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i r r e l e v a n t )  f o l l o w i n ' ] «

T h i s  i s t h e  end of  t h e  i n p u t »  a s a m p l e  de c k  o f  d a t a  

i s  g i v e n  i n  T a b l e  3 « 2 ( i )  wher e t h e  a s t e r i s k s  m e r e l y  

i n d i c a t e  t h e  l e f t - h a n d  s i d e  f o r  c * a r i t v .  T he  d a t a  i s  f c r  

p o t a s s i u m  h e x a c h l o r o p l a t i n a t e »  t h e  c r y s t a l  s t r u c t u r e  i s  

t a k e r  f r om W y c k o f f  ( 1 9 6 5 ) .  T he  t e s t  d a t a - i n  t h e  t a b l e  

p r o d u c e s  t h e  r e s u l t s  g i v e n  i r  S e c t i o n  it. 5 f o r  t h i s  s a l t .  

C o n s i d e r i n g  t h >  c o m p l e x i t y  cf  t he  c a l c u l a t i o n s  t h e

r e l a t i v e  » i mp l  i c i t v  o f  t he i n u u t  d a t a  i s  o r e  of t h e  s t r o n g  

p o i n t s  of  t h e  p r o g r a m  and makes  i t s  use by a l l  c h e m i s t s  

p c s s i  D i e .

T he l e v e l  o f  l i r e p r i n t e r  o u t p u t  c a n  he c h o s e n  by t h e  

u s e r »  f r o. »  n i t  t o  v e r y  h i g h .  G e n e r a l l y  i t  i s  b e s t  t o  

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

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

n o t  j u s t  a t  t he f i n a l  r e s u l t s  s t a g e .

3 . 3  G r a p h  P l o t t i n g

The U n i v e r s i t y  of  Wa r wi c k  C o mp u t e r  U n i t  has 

i mp l e me n t e d  a l i m i t e d  f or m of  t he  p l o t t i n g  p a c k a g e  ' C h e s t *  

p r o d u c e d  ay  w o r k e r s  a t  C u l h a m.  c a l l e d  • M i n i g h o s t ' »  o n  t h e  

l o r r r u g h s  67CC c o m p u t e r .  The r o u t i n e s  t h i s  c o n t a i n s  ha v e
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T a b l e  3 . 2 ( i >  S a mp l e  d a t a  i n p u t  f o r  L A T E ' i »  t o  

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

* 1 3

♦ POTASS IUM H f X A C H L J R O P L A T I N A T E ( I V )

* 9 . 7 55 9 . 7 35 9.755

* O. C 0. 0 0 . 0

* 4

*F 22 5 f

* 3

* 4 A

*u .  C 0.(1 0 .  c

* 36

* 0 . 2 5 0 . 2 5 0.  25

*¿40

* w • 0 *x 0. 0 0.  C

*0.0 O. G ♦ X 0.  C

*u . 0 0 . 0 0.  c

* 2

* 1 K 1

* 2 PT 1CL 6

*K l . C OO 1

* 8e

* 0 . 0  0. 0 0 .0

•F T  4 . COO 1

• 4 A
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been u s e d  t o  w r i t e  p l o t t i n g  p r o g r a m s  s u p p l e me n t s  t o  t he 

p r o g r a m  L AT H N» and f o r  » a n y  o t h e r  u s e s .  "The

p r o a i c t  s of  whi c h  a r e  r e p r o d u c e d  i n  t h i s  r e p o r t .  G r a r h  

p l o t t i n j  r o u t i n e s  ha v e  r o t  be e n  i n c l u d e d  i m p l i c i t l y  i n  

L A T c f due to i i u c h i n e  d e p e n d e n c e  of  g r a p h i c s  p r o c e e d u r e s  

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

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

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

r e s e a r c h »  a n d  t h e  o n l y  one d e s c r  i bed h e r e »  t a k e s  as i r p u t  

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

L A T i f  and o u t p u t ?  g r a p h s  of t a s i c  r a d i u s »  l a t t i c e  e n e r g y  

a n d / o r  a t h j r n o d y n a m i c  p a r a m e t e r  a g a i n s t  c h a r o e

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

t h e  o r a p h  s.

T he me t h o d  i sed i s  of  s o l u t i o n  of t h e  e q u a t i o n s  f c r  

e a c h  c u r v e  and t h a  s t o r i n g  c f  t h e  p o i n t s  ( a p p r o x .  200 f o r  

eacn c u r v e )  in a r r a y s .  T he o r o j r a m  p l o t s  t he r e a u i r e d  

c u r v e s  by c u b i c  s p l i n e  f i t t i n g  b e t we e n  p o i n t s  o n t o  axes 

a n n o t a t e d  and l a a e l l e d  by s u b r o u t i n e s  w r i t t e n  as p a r t  of  

t h i s  r e s e a r c h .  The c u r v e s  ar e no*' i n d i v i d u a l l y  l a h e l l e d  

b u t  l i n e p r i n t e r  o u t p u t  i s  p r o o u c e c  g i v i n g  t he  o r d e r  at  t he 

o r d i r a t e s »  so e n i b l i n g  i d e n t i f i c a t i o n .  O t h e r  d i a g n o s t i c  

s u b r o u t i n e s  c o mp i t e  a l l  t he i n t e r s e c t i o n  p o i n t  c o o r d i n a t e s
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and t h e  p a i n t  of  c l o s e s t  a p p r o a c h  o* a l l  t he c u r v e s .

I n p u t  to t he  p r o g r a m ,  a s i d e  f r o m t he r e s u l t s  f i l e s »  

i s  m i n i m a l .  A few s i m p l e  p a r a t e t  er s  d e s c r i b i n g  wh i c h  p l c t s  

ar e  r e q u i r e d »  t he  c h a r g e  r a n g e  f o r  the a b s c i s s a  and l i n e a r  

r e l a t i o n s h i p s  b e t we e n  l a t t i c e  e n e r g y  and t h e r mo d y n a mi c  

p a r a m e t e r »  i f  t h i s  i s r e q u i r e d .  A s i d e  f r om t h e s e

p a r a i e t e r s  c h a r a c t e r s  t o  fce c u t p u t  as l a b e l s  to t h e  axes 

a r e  t h e  o n l y  o t h e r  i n p u t .

I he p . r o a r a i  i s  g e n e r a l l y  f l e x i b l e  enough t o  p r o d u c e  

j r a p h s  f or  most  l a t t i c e  e n e r g y  s t u d i e s .  A l t h o u g h  a n o t h e r  

t e r m i s  need e d  wh e r  r o  v a r i a b l e  c h a r g e  i s  i n v o l v e d  ( see 

S e c t i o n  A . 9)  and l a t t i c e  e n e r g y  ( o r  o t h e r )  c u r v e s  ar e  

p l o t t e d  a j a i r s t  t h e  v a r i a b l e  i on b a s i c  r a d i u s .

3*4 Bond Lengths and Bond Angles

A r e a s o n a b l y  s i m p l e  p r o g r a m f o r  t he c a l c u l a t i o n  of  

i n t e r a t o m i c  d i s t a n c e s  and a n g l e s  b e t we e n  i n t e r a t o m i c  

v e c t o r s  has b e e n  w r i t t e n »  p r i m a r i l y  c e s i g n e d  f o r  

i n t e r a c t i v e  us e .  T h i s  i s  u s e d  t o  t e s t  and i n v e s t i g a t e  

c r y s t a l  s t r u c t u r a  d a t a  p r i o r  t o i n p u t  i n t o  L A T E h .

The i n p u t  i s  s i m p l y  a t i t l e »  t h e  u n i t  c e l l
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d e m e r s i o n i »  a set  ot  a t o n i c  c o o r d i n a t e s  ano a l i s t  o f  be n d  

a n g l e s  r e q u i r e d .  A l l  ( s t o r t e s i )  i n t e r a t o m i c  d i s t a n c e s  a r e  

o u t p u t  and t t e  n e c e s s a r y  i n t e r a t o m i c  v e c t o r s  r e t a i n e d  i n 

o r d e r  t o  c a l c u l a t e  t h e  t o n d  a n g l e s »  o u t p u t  a f t e r .

3 . 5  A t o a i c  C o o r d i n a t e  C o m p u t a t i o n

I n  same c a s e s »  g e n e r a l l y  t h e  f i x i n g  of  at oms r o t  

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

i t  i s  d e s i r a t l e  t o  c o mp u t e  an a t o n i c  p o s i t i o n  t h a t  wo u l d  

s a t i s f y »  as c l o s e l y  as p o s s i b l e .  c e r t a i n  g e o m e t r i c a l  

c o n s t r a i n t s »  i n  t e r ms  o f  hone l e n g t h s  and h one a n g l e s .  a 

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

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

c o n s t r a i n t s .  The p r o g r a m  i s  a g a i n  d e s i g n e d  sc t h a t  i t  can 

be  us ed i n t e r a c t i v e l y  i f  d e s i r e d .

3.6  M u l t i p o l e  Moeent Expansion

A c o mp u t e r  p r o g r a m  u s ed t o c a l c u l a t e  c o e f f i c i e n t s  f or  

t h e  r u l t i p o l e  moment  e x p a n s i o n  o f  H a d e l u n g  c o n s t a n t s »  

u s i n a  t h a  Ewal d m e t h o d »  was o b t a i n e d  f r o m A u s t r i a  at  t he  

b e g i r n i n g  of  t h i s  r e s e a r c h »  wh e r e  i t  v as  w r i t t e n  hy  

H e r t i g .  Ku a ma i y  ano N e c k e l  ( l ^ Z C ) .  b e f o r e  t he  

d i f f f r  e nt  i a t io n - i f t he  be r t  a u t met hod»  e x p a n s i o n s  of  t h i s
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t y p e  wer e t h e  o n l y  s o u r c e  a v a i l a b l e  f o r  o b t a i n i n ' ]  t h e  c e l l  

l e n g t h  d e r i v a t i v e s  of  t he e l e c t r o s t a t i c  e n e r g y  t e r m »  and 

sc mi ch u s e  cf t i e  p r o g r a m ms s  made at t h a t  t i m e .  The 

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

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

c o e f f i c i e n t s  f r om t h e  o u t p u t  d at a  made t h e  p r o g r a m 

i n e f f i c i e n t  and t i r e s o m e  to u s e .  Work was c a r r i e d  cut  

d u r i n g  t r i i s  r e s e a r c h  t o  w r i t e  e x t e n s i o n s  t o  t he b a s i c  

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

c e r t a i n  amount  of  s u c c e s s  was o b t a i n e d  f o r  t he a p p l i c a t i o n  

of  t h e  p r o g r a m  t o  a z i d e  and o i f l u o r i d e  s a l t s ,  h o we v e r  t he 

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

c o m p l e x i t y  of  t h i s  met ho d l e o  t o t h e s e  e f f o r t s  b e i n g  

a b a n d o n e d  i n f a v o u r  o f  t he d i f f e r e n t i a t i o n  of  t h e  B e r t a n t  

me t h o d .  and was i n  f a c t  a ma j o r  f a c t o r  i n  m o t i v a t i n g  t he 

e x p l o r a t i o n  of t h i s  p o s s i b i l i t y .
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4 .  Resu lts

4 .1 I n t r o d u c t i  on

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

r e s e a r c h  e r e  r e p o r t e d  h e r e  in a p p r o x i m a t e  c h r o n o l o g i c a l  

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

r e p e a t e d »  h o we v e r  t h e y  ar e u s u a l l y  e x t e n d e d  t o  i n c l u d e  

c a l c u l a t i o n s  u s i n g  t he  n e wl y  o r o p o s e d  me t hod  ( S e c t i o n  2 . 7 )  

a n d »  i f  a v a i l a b l e *  mor e r e c e n t  e x p e r i m e n t a l  d a t a .  E a r l y  

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

S e c t i o n  2»  w i t h o u t  a r y  e n e r g y  m i n i m i s a t i o n  c o n d i t i o n s  

b e i n r  i mposed* a f t e r  t h e s e  came c a l c u l a t i o n s  u s i n g  t he 

J e n k i n s  anc H a d d i n g t o n  e q u a t i o n  ( S e c t i o n  2 . 5 ) .  T m m e d l a t e l y  

f o l l o w i n g  t h i s  wor k c a l c u l a t i o n s  u s i n g  t h e  e n e r q y  

m i n i ii i sa t i on c c n J i t i o n s  a p p l i e d  t o t h e  c h o s e n  p o t e n t i a l  

wer e s t a r t e d .  T he  m a j o r i t y  o f  t h e s e  c a l c u l a t i o n s  wer e 

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

c o m p u t a t i o n a l  s t a g e s  i n t o  t h e  p r o g r a m  L A T E R .

The c a l c u l a t i o n s  a r e  p e r f o r m e d *  a r d  r e p o r t e d *  f or  

each i o n  t a k i n g  a s p e c i f i c  s e q u e n c e  o f  s t e p s *  d e s c r i b e d  

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

R e s u l t s
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n

cm » n l  i .  A

( a )  T h e  a v a i l a b l e  c r y s t a l  s t r u c t u r e s  of  s a l t s  i n v o l v i r j  

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

i f  trie s t r u c t u r e  i s  c c a o l e t a l y  r e s o l v e d  end a c c u r a t e *  i f  

t h e  i o n  r e t a i n s  a ' n e a r  j as e c u s '  c o n f i g u r a t i o n  and i f  t he 

c o mp o u n d  c a n  he c o n s i d e r e d  as i o n i c  f o r  t h e  p u r p o s e s  of  

t h e  c a t c i i  t a t  i o n s .

( b )  A d i s t r i b u t i o n  o f  c h a r g e  i n  the i o r *  b e t w e e n  t he

c o n s t i t u e n t  at oms* i s  a s s u me d  and t he  e l e c t r o s t a t i c

c o mp o n e n t  o f  t he  l a t t i c e  e n e r g y *  and i t s  d i f f e r e n t  c e l l  

l e n g t h  d e r i v a t i v e s *  a r e  c a l c u l a t e d  as q u a d r a t i c  f u n d  i ( r s  

of  o r e  o f  t h e  c h a r g e s  of  t h i s  d i s t r i b u t i o n  ( a l l  c o mp l e x  

i o n s  c o n s i d e r e d  i n  t h i s  wo r k  c o n t a i n  c n l y  t wo d i f f e r e r t  

at om t y p e s ) .  T h e s e  c a l c u l a t i o n s  are p e r f o r m e d  u s i n g  t he 

c o mp u t e r  p r o g r a m '1ADr LUNG C c R I V A T T V i S  ( J e n k i n s  and P r a t t  

( 1 9 ? f c a ) ) »  o r  o t h e r s  s i m i l a r  t o t h i s .

( c )  T h e  d i s p e r s i o n  e n e r g y  t e r m s  a n d  c e l l  l e n g t h

d e r i v a t i v e s  a r e  n e x t  c o m o u t e d .  A d i s p e r s i o n  mod el  i s  

c h o s e n  as t he most  l i k e l y  t o  a p p r o x i m a t e  t h e  t r u e  

s i t u a t i o n *  f o r  w h i c h  t h e  n e c e s s a r y  d a t a  f o r  t h e  

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

and t h e  o t h e r  d i s p e r s i o n  p a r a m e t e r s  e s t i m a t e d  as w e l l  as 

i s  p o s s i b l e .  T he  n e c e s s a r y  s u mma t i o n s  a r e  r e a d i l y  o b t a i r e d  

f r om t h e  c r y s t a l  s t r u c t u r e .

( d )  A r e p u l s i o n  model  ( o r  m o d e l s )  *or  t h e  i on s  i s  c h o s e n  

as t h a t  r o mp o s n d  o f  s p h e r e s  of  known b a s i c  r a d i i  and cne

I l D U d
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t y p e  of  s p h e r e  o f  unknown b n i  o r a d i u s  w h i c h  b e s t  

j p p r c x i i H t f i  t h e  t r u e  r e p u l s i o n  e n v e l o p e s  c f  t he  i o n s .  The 

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

c r y s t a l  s t r u c t u r e .

( e )  Each d i f f e r e n t  c e r i v s t i v e  w i t h  r e s p e c t  t o  a c e l l  

l e n g t h ,  on c a l c u l a t i o n ,  j i v e s  an e c u a t i o n  i n v o l v i n g  t h e  

u n k n o wn  b i s i c  r a i i u s  anfl  t he unknown c h a r g e  on one t y p e  of  

at om i n  t h e  c o mp l e x  i o n .  Eac h v a l u e  o f  t h e  c h a r o e  

d i s t r i b u t i o n  t h e n  i m p l i e s  up t o  ’’hr ee v a l u e s  f o r  t he  

u nk nown b a s i c  r a i i u s .  w h i c h  i n t u r n  each i m p l y  a v a l u e  f o r  

t h e  l a t t i c e  e n e r j y .

( f )  Use o f  t h e  e q u a t i o n s  f r om ( e )  a l l o w s  a p l o t  of  t he

l a t t i c e  e n e r g y  of  e a c h  s a l t  a g a i n s t  t h e  unknown c h a r g e  on 

one t y p e  o f  at om i n  t he  c o mp l e x  i o n .  T he  i n t e r s e c t i o n  

p o i n t s  of  t h e s e  f i g u r e s  j i v e  Do t h  v a l u e s  f o r  t h e  l a t t i c e  

e n e r g y .  t h i s  c h a r g e  and t n e  b a s i c  r a d i u s .  ( N . R .  T h i s

n e c e s s a r i l y  a s s u me s  an  i s o p t r o p i c  s i t u a t i o n  f o r  t he 

u n k n o wn  b a s i c  r a i i u s ) .

( g )  4 t h e r  n o c h e m i c a l  c y c l e  can a l s o  be r e s o r t e d  to w h i c h

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

t her e  o c h e mi c  al p r o p e r t y  of  t h e  c o mn l e x  i o r  ( mo s t  c o m m c r l y  

h a l f  of t h e  c y c l e  i n  F i g u r e  1 . 3 ( i ) .  t h e  t h e r m o c h e m i c a l  

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

i o n ) .  T h i s  a l l o w s  t h e  c o m b i n a t i o n  a*  a l l  t h e  c u r v e s  cf  < f )  

o n t o  common a x e s .  F r om t h i s  we c a n  a s s i g n  * v a l u e  f o r  t he

R e s u l t s
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t h e r  ir oc he m i c al p r o p e r t y .  T h i s  p r o c e s s  c a n  be r e p e a t e d  f or  

■acre t h a n  cn e t h o r mo c  hemi  c a l  c y c l e .

T h i s  i s  t h e  a p p r o a c h  t s k e n  i n t he f o l l o w i n ' ]  s e c t i o n ? .

t he n u m e r i c a l  r e s u l t s  a r e  not  r e p o r t e d  c o m p l e t e l y .  

T he  r  a r a a e t e r s  used a n d  s u mma t i o n s  p e r f o r m e d  w h i c h  a r e  r e t  

r e p o t t e d  i r e  c o n s i d e r e d  n o t  t o w a r r a n t  t h e  t a r g e  amount  of  

space t h i t  t he y  wo u l d  o c c u n y .  T h e  ‘' ul  k of  t h i s  d a t a  wo u l d  

t e n d  t o s m o t h e r  t he  m a j o r  o o i n t s  o* t h e  s t u d i e s  w h i l s t  

j i v i n g  l i t t l e .  i f  a n v .  suop l em ent  3ny i nf er mat  i o n .  I n  t he 

s t u a i e s  r e p o r t e d  a l l  t h e  ma j o r  t a r n s  ar e  q u o t e d »  t h e y  a r e  

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

t h e  l a t t i c e  e n e r g y »  and i t s  c e l l  l e n g t h  d e r i v a t i v e s »  

c o m p l e t e l y .

The s t u d i e s  on i n d i v i d u a l  compl ex  i on s  a r e  p r e c e c e d  

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

common i o n s .  T h e s e  v a l u e s  a r e  used i n  s t e p  ( d )  a b o v e .

4 , 2  E v a l u a t i o n  o f  Basi c  Radi i

The n e w l y  p r o o o s e d  me t h o d  ( S e c t i o n  2 , 7 )  was d e v e l o p e d  

t o  c a l c u l a t e  l a t t i c e  e n e r g i e s ,  t h er mo Cy r  am i c p a r a m e t e r s  

and c o m p l e x  i o r  c h a r g e  d i s t r i o u t i o n s . H o we v e r  d u r i n g  t he



p r o c f  ss of  c a l c u t a t  i on i t  is n e c e s s a r y  b o t h  t o knew a 

b a s i c  r a d i u s  ( o r  r a d i i )  and t o  c a l c u l a t e  on e .  I t  s e e r s

l o g i c a l  t h e n  f i a t  some i n i t i a l  c a l c u l a t i o n s  s h o u l d  he 

d e s i q n e d  t o  p r e d i c t  b a s i c  r a d i i  f or  some s i m p l e  i o n s  a r a  

t h a t  t h e s e  c a l c u l a t i o n s  s h o u l d  he b a s e d  on t h e  met hod 

i t s e I f .

T h i s  a p p r o a c h  was a d o p t e d  a t  t he  o u t s e t »  e o n s i d e r i r j  

t h e  a l K a l i  h a l i l e  s a l t s  t o p r e d i c t  b a s i c  r a d i i  f o r  a l k a l i  

met al  and h a l i d e  i o n s  ( J e n k i n s  and Dr  a t t  ( 1 9 7 7 a ) ) »  as had

be e n  done ty H i g g i n s  and da y e r  (  1 q 33 ) n e a r l y  f i f t y  y e a r s

a g o .  F o r  t h e s e  s i m p l e  c u t i c  s a l t s »  i n v o l v i n g  o r l y

monat omi c  i o n s  t h e  e q u a t i o n  bel ow i s  p r o d u c e d  by t he 

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

s e l e c t e d  i n S e c t i o n  2 ) .

wher e a»  u»  c and d are c a l c u l a b l e  c o n s t a r t s

to*»

4. 2( 1)

whi cn  can be e x p r e s s e d  ass

4 .2 (1 1 )

Results



i n c e r e n d e n t  o(  b a s i c  r a d i i ?

x = exp(r+/ f ) 4 . 2 ( i i i )

and

y  = exp(r_/p) V .2 ( iv )

he h a v e  t w e n t y  such e q u a t i o n s »  i n v o l v i n g  r i n e  

u n k n o wn s  ( a t  a s i n g l e  r h o  v a l u e ' * »  when c o n s i d e r i n g  t he  

t w e n t y  a l k a l i  h a l i d e s .  T h e s e  c o u l d  he s o l v e d  by an 

i t e r a t i v e  net  hod ( s e e  l a t e r )  b a t  b y  c h o o s i n g  one r a d i u s  a 

s e t  o f  s o l u t i o n s  c a n  be o b t a i n e d  w h i c h  g i v e  as g o o d  a 

s c l u t  i on as an/ o t h e r .  Many  s u c h  s e t s  of  s o l u t i o n s  wer e 

c a t c u l a t e l  and p . i h t i s h e c  i n J e n k i n s  and ° r a t t  ( 1 9 7 6 b ) .  

G r o u p s  of  e a u i t i a n s  we r e  s o l v e d  f or  f i v e  d i f f e r e n t  s e t s  of  

p o 1 ar  i sab i I i ty d a t a  ( P a u l i n g  ( 1 9 7 7 ) ?  T es s i r a n »  Ka h n  and 

S h o c k l e y  ( 1 9 5 3 ) ?  P i r e n n e  and K a r t h e u s e r  ( 1 9 6 4 ) »  M i c h a e l  

( 1 9 t 9 ) i  J a s w a l  and S h a r i a  (1 973 * ) »  d i f f e r e n t  s e t s  of  

e l e c t r o n  n u mb e r s  and d i f f e r e n t  v a l u e s  of  t he  r e p u l s i o n  

e x p o r e n t  ( 1 . 3 3 »  ; i . 3 4 5 »  c .  36 ? ) .  S o l u t i o n s  wer e o b t a i n e d  by 

c h o i c e  of  t he b a s i c  r a d i u s  of  s o d i u m as c o m p a t i b l e  w i t h  

t h e  wor k o f  H u g g i n s  end Ma y e r  ( 1 9 3 3 ' »  T he  f u l l  r e s u l t s  ar e  

p r e s e n t e d  i n t h e  abov e r e f e r e n c e .  T he  l o g i c  f o r  t he 

e x i s t e n c e  of  t h e s e  m u l t i t u d i n o u s  S 9 t s  must  be b r o u g h t  i r t o

K e s u 11 s
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q u e s t i o n  i n v i e w o f  t he r e s u l t s  o* S e c t i o n  2.  9 r e g a r d i n g

t h e  d e p e n d e n c e  of  l a t t i c e  e n e r g y  ( c a l c u l a t e d  u s i n g  t h e  r ew

me t h o d )  on t he  i n i t i a l  c h o i c e  of  b a s i c  r a d i u s .  T h i s  l ow

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

l a c *  of  u n i q u e  s o l u t i o n s  t o t h e  g r o u p s  o f  e q u a t i o n s  w h i c h

was f ound ab ovo

O n l y  t h e  s e t s  c o r r e s p o n d i n g  t o  t he pol  ar  i sa b i l i t  y

d a t a  of  P a u l i n g  ( 1 9 2 7 ) »  T e s s e a n  et  al  ( 1 9 5 3 )  and P i r e r n e

ano K a r t h r u s e r  ( 1 9  6 4 ) »  t h e  e l e c t r o n  n u mh e r s  as t he  r u i b e r

of  v a l e n c e  e l e c t r o n s  ano t he r e p u l s i o n  e x p o n e n t  as 0 . 3 4

a r e  u s e d  f u r t h e r  i n t h i s  w o r k .  A s  t h e  po l ar i s ab i l i t i e s of

P i r e r n e  a n c  h a r t ' i e u s e r  a r e  p r e f e r r e d  t o  a l l  o t h e r s  t h i s  i s

t h e  most  c o n » . onl y u s e d  set

A l t h o u g h  b a s i c  r a d i i  f or  a l  V al i met al  ( a n d  h a l i c e )

i o n s  a r e  t h e  most  c o mmo n l y  u s e d »  i d e a l l y  v a l u e s  s h o u l d

e x i s t  f o r  a l l  common mo n a t o mi c  i o n s .  I t  was d e c i d e d  t o

e x t e n d  t h e  above c a l c u l a t i o n s  t o  i n c l u d e  bot h  a l k a l i n e

a a r t f  me t a l  and c h a l c o g e n i d e  i o n s .  H a v i n g  q u e s t i o n e d  t h e

t o  c o n t i n u e  c a l c u l a t i o n s  t o  p r o d u c e  o n l y  one s e t .

c o n s i d e r i n g  at l t h e  i c ns  p r e v i o u s l y  m e n t i o n e d .  On l y  s a l t s

c r  ys»  al  l i » i n  g as s i mp l e  c u b i c  s t r u c t u r e s  ar e c o n s i d e r e d »

n o n - e u b i c  s a l t s  ha v e  a t e n d e n c y  t o  show g r e a t e r  c o v a l e r c y
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q u e s t i o n  i n v i e a o f  t h e  r e s u l t s  o '  S e c t i o n  2 . °  r e g a r d i n g  

t h e  d e p e n d e n c e  of  l a t t i c e  e n e r g y  ( c a l c u l a t e d  u s i n j  t h e  rew 

me t h o d )  on t he  i n i t i a l  c h o i c e  of  b a s i c  r a d i u s .  T h i s  l ow 

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

l a c *  of  u n i q u e  s o l u t i o n s  to t h e  g r o u p s  o f  e q u a t i o n s  wh i c h  

was f ound a b o v e .

O n l y  t h e  s e t s  c c r r e s p o n d i n j  t o  t h e  p o l a r i s a b i l i t y

d a t a  of  P a u l i n g  ( 1 9 2 7 ) ,  T e s s i t a n  et  at ( 1 9 5 7 )  a n d  P i r e r n e

ana K a r t h r u s e r  ( 1 9  6 4 ) ,  t h e  e l e c t r o n  n u m b e r s  as t h e  number

o
of  v a l e n c e  e l e c t r o n s  a r c  t he r e p u l s i o n  e x p o n e n t  as 0 . 3 4 5  4 

a r e  u s e d  f u r t h e r  in t h i s  w o r k .  As  t h e  p o l a r i s a b i l i t i e s  of  

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

t h e  most  c o n i o n l y  u s e d  s e t .

A l t n o u g h  b a s i c  r a d i i  f o r  a l Val  i me t a l  ( a n d  h a l i c e )  

i o n s  ar e  t h e  most  c o mmo n l y  u s e d ,  i d e a l l y  v a l u e s  s h o u l d  

e x i s t  f o r  a l l  common mo n a t o m i c  i o n s .  I t  was d e c i d e d  t o  

e x t e n d  t h e  abov e c a l c u l a t i o n s  t o  i n c l u d e  b o t h  a l k a l i n e  

a a r t l  me t a l  and c h a l c o j e n i d e  i o n s .  H a v i n g  q u e s t i o n e d  t h e  

n e c e s s i t y  of  « a n y  d i f f e r e n t  s e t s  of  r a d i i  i t  was d e c i c e d  

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

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

c r y s * a t l i , i n g  as s i mp l e  c u t i c  s t r u c t u r e s  a r e  c o n s i d e r e d ,  

n o n - c u b i c  s a l t s  have a t e n d e n c y  t o show g r e a t e r  c o v a l e r c y

R e s u l t s



and a n i s o t r o p y  f nc n - s  ph e r i ca l i o n s ) .  The M a d e l u n g  

c o n s t a n t s  o f  a l t  t h e s e  s t r u c t u r e s  a r e  w e l l  known

( H a d d i n g t o n  ( 1 9 5 9 ) ) .  Po ( ar  i s ab i l i *y  d a t a  f r e e  P a u l i n g  i s  

t a k e r  a s  ,’ i r e n n e  and K a r t f e u  J a r  do not  a u c t e  v a l u e s  f o r  

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

d i s p e r s i o n  o n e r j i e s  a r e  l i s t e d  i n T a b l e  • 2 (  i ) * t he 

e l e c t r o n  n u mb e r s  u s e d  ar e s i m p l y  t h e  number  of  v a l e r c e  

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

( t a k e n  f r o m n y c k o f f  ( 1 9 6 5 ) »  e x c e p t  f o r  r u b i c i u m  s e l e n i t e  

w h i c h  i s  I r o n  S o n e r  and Hoppe ( 1 9 7 7 ) > we c a n  p r o d u c e »  f o r  

e a c h  s a l t »  an e n u a t i o r  c f  t n e  f or m of F q u a t i o n  4 . 2 ( i i ) .  

T h e r e  a r e  56 s i m p l e  c u b i c  s a l t s  ( o u t  o f  a p o s s i b l e  tC ) 

and f e n c e  5 ft e q u a t i o n s !

wh e r e  i r u n s  f r o m 1 to 56 »  j s i g n i f i e s  one o f  t h e  t e n  

c a t i o n s  and k one o f  t h e  e i g h t  a n i o n s *  a r e  o b t a i n e d .  bo 

t w o  e q u a t i o n s  ha v e  i d e n t i c a l  i n d i c e s  j a n d  k ( i . e .  n o  s a l t  

h a s  t wo s i m o l e  c u b i c  p l e o e o r p h s ) .  T h e  c o e f f i c i e n t s  of  

t h e s e  e q u a t i o n s  i r e l i s t e d  i n  T a b l e  4 . 2 ( i i ) .  I n o r d e r  t o  

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

3 l e a s t  s q u i r e s  a p p r o a c h  i s  a d o p t e d .  R e f o r m u l a t i n g  each 

e q u a t i o n  b y  a s s o c i a t i n g  w i t h  each an e r r o r  ( e. ) x

2 a. 4 . 2 ( t )

k e s i l t s



T a b l e  4 . 2< i )  C o e f f i c i e n t s  f o r  t h e  c a l c u l a t i o n  o f  t he

d i sp er si  cn e n e r g y  f or  sa l  t s c o mp o s e d

s o i a  s i i p l e ■on a tom i c i on s.

I o n AC P ) * aL( P K ) *  ( i 5 l £ ♦

L i + 0 . C 2 9 C . 0 2  9 1C 9.  0 a

N«i+ 0 . 1 7 9 C . 2 9  1 8 2 . 6 a

K + 0 . 8 3 1 . 0 2  9 4 5 . 8 a

RL + 1 . 4 0 1 . 5 7  0 39.  6a

Cs + 2 . 4 2 a .  64 1 36.  2a

2+
Re 0 . 0  8 - 2 2 1 . 8 b

- t j 2+ 0 . 0 9 4 - 1 1 5 . 5b

Ca2+ 0 . 4 7 - 7 3 .  8b

S r 2+ 0 . 8 6 - 62.  4b

Ba2+ 1 . 55 - 5 1 .  2b

F~ l  . 04 C . 8 8  3 24.  7c

C l ' 3 . 6 6 2 . 9 9  5 1 7 .  2c

Br " 4 . 77 4 . 1 3 3 1 5 . 0 c

I " 7 . 1 3 6 . 2 4  3 12.  8c

n2' 3 . 8 9 - 12.  5d

s2' 1 0 . 2 - 6.  2d

Se2~ 1 0 . 5 - 8.  2d

Te2' 1 4 . 0 - C.  9 d

c o n t i n u e d  o v e r

R e s u l t s



T a b l e  i ) c o n t i n u e d

I cn Jjt F) • ( £ 3 ) et.( P K ) * ( S 3 >

1 . 6 5 6

3 . 8 8 C

A 1. l e

29.  Aa

* F -  P a u l i n g  ( 1 9 2 7 ) »  PK -  P i r e n n e  and K a r t h e u s e r  ( 1 9 6 A )

- 1 2  , - 1
♦  »1C e r j . s o l e c j l e

a 901 o f  s e c o r d  i o n i s a t i o n  p o t e n t i a l  

h 9CZ o f  t h i r d  i o n i s a t i o n  p o t e n t i a l

c o b t a i n e d  f r e e  t h e  e x p e r i m e n t a l  d a t a  o f  Mayer  ( 1 9 3 3 )  

d e s t i m a t e d  f r o *  P r i t c h a r d * s  ( 1 9 5 ! )  v a l u e s  f o r  t h e  

s e c o n d  e l e c t r o n  a f f i r i t y  o f  X 

e C o o d l i f f e  e t  a l  ( 1 9 7 1 )

P. e s 1 11 s



T a b l e  * . 2 ( i i )  C o e f f i c i e n t s  o i  E q u a t i o n  4 . 2 ( v i )  f o r  c u b i c  

s a l t s  ( k J . a c l  1 . ?  1 ) .

S a l t * ai *1 C i

Li  F 1 0 . 3 9 8 6 6 5 5 6 9 0 2 . 1 8 7 5 7 5 2 4 3 0 F . l  49507C8 84 329. 94-»

L i C l 1 0. 04 06 9 2 04 9 6 C . 4 3 C2 G9 5 5 9 0 0 . 0 1 5 2 5 9 5 1 8 6 2 2 3 . 5 1 5

L i Tr 1 0 . 0 1 8 9 3 3 6 4 9 6 C . <.500 86 731 3 0. 0 07 1 OC 1 1  66 1 9 7 . 3 1 °

Li  I 1 0 . 0 0 6 7 9 4 0 6 3 4 C . 1 2 1 02 9  1 1 1  l 0 . 0 0 2 5 4 7 7 7 3 8 1 7 2 . 6 4  3

baF 1 0.  072 7 5 75 036 C . 6603 066242 r . 0 4 3 6 5*5C22 2 5 4 . 3 4 5

NaCl 1 0 . Of 6 6 8 7 1 1  35 C . l 4 £ 4 e 9 2 6 6 3 F .0 05 3 3226 ei 1 3 1 . 8 4 5

N a B r 1 0 . 0 C4 4 8 6 2 1  54 C . C 9 1 5 1  3207 8 C . 0 0 2 6 9 1 7 2 9 2 164 . 26 3

Nd I 1 0 . 0 C 1 6085778 C . 04 42 6 6 9 02 3 f . 0 0 0 9 6 5 1 4 6 7 1 4 3 . 5 6 4

KF 1 0 . 0 1 6 2 5 4 2 1 0 9 C . ¿ 2 7 7 6 7 2 3 0  6 f . 00 9 7 5 2 5 2 6 5 2 0 2 . 7 1 »

KC ( 1 0 . 0 C 2 3 2 6 6 9 1 6 C . 0 5 7 5 0 6 1 0 7 9 F . O 0 1 3961349 1 5 3 . 8 9 ’

K3r 1 0 . 0 C 1 2390370 C . G 3 6 8 1 9 2 7 5 7 C. 0007 43 4C42 1 4 0 . 8 4 6

KI 1 0. OC 0 47 67 268 C . 01 67 36 185 3 F . 0002860361 1 2 4 . 7 1 6

RLF 1 0 . 0 C 8 6 9 7 3 4 9 3 C. 1 4  8 6 1 C 393 9 0 . 0 0 5  3384096 1 9 0 . 9 * 6

RbC l 1 O . O C 1 2882683 ( .  03784 69 31 ! 0 . 0 0 0 7 7 2 9 6 1 0 1 4 6 . 6 9 6

RbBr i 0. 3CC 7357649 C.wZ 54 6 7 C634 f . 0 0 0 * 4 1 4 5 8 9 1 3 6 . 5 2 5

Rbl 1 0 . 0 0 0 2 7 C4 1 0 0 ( • Cl  25 46827  3 F . 0001622460 1 1 9 . 5 3 8

CsF 1 0 . 0 0 4 1 8 2 2 2 0 6 C . 087 003 383 7 0 . 0 0 2 5 0 9 3 3 2 4 181  . 2 50

CsC ( 2 0. 004 3132990 C . 0 3 8 7 4 C 1 4 3 4 C . 0 02 5 8 7 9 7 9 4 2 * 9 . 2 6 5

CsOr 2 Ü . 0 C 2 6 7 9 5 J 4 0 ( . 0 2 5 7 2 7 7 8 7  2 0 . 0 0 1  60770 24 2 3 2 . 3 1 4

C s l 2 0 . 0 C 1  1 8 20405 C. C1 27 15 323 9 0 . 0 0 0 7 0 9 2 2 4 3 2 0 5 . 5 4 5

L i 20 3 3 . 1 1 1 73458C0 2 . 9 5 3 0 1 7C70C C . 0 1 4 5 8 1 6 C 4 9 6 5 7 . 2 7 0

L i ? S 3 0 . 2 9 3 9 6 4 3 8 9 6 C . 5 9 ( 0 4 2 1 6 9 5 0 . 0 0 3 0 9 4 6 9 4 6 560 . 6 9 3

c o n t i n u a d  e v e r



t  ' 1_________

I d s  T
T a b l e  * . 2 ( i  i ) c o n t i  nued

i Sal t * »>1 ci d i
f J g ^

j | L i^» e ? 0 . 1 8 8 2 1 £ 6 2 6 2 C . 4 0 5 4 5 6  3395 0 .  0 0 1 6 8 1 1 6 2 2 5 1 2 . 8 4  3

1 f J 1 L i;J e 3 0 . 1 6 9  47911 74 C . 2 1 6 1 8 5 2 C 0 9 7 . 0 0 0 6 0 3 5 2 2 4 4 5 3 . 2 9 6

1 3 i J I N^C 3 0 . 2 9 1  49 C 0 4 80 C . 4 4 1 4 C 4 4 6 1 5 0 . 0 0 2 1 4 1 1 6 9 5 5 8 6 . 0 4 0

' i f f  J I  N« ^ 3 0 . 0 5 4 1 2 6 0 0 0 1 C . 1 4 7 1  96C24 6 <•.000576 6755 4 1 9 . 3 5 4

I t j t I  N« £  e 3 0 . 0 3 5 5 9 5 7 3 3 8 C . 1 0  30971C4 5 0 . 0 0 0  3227704 5 8 9 . 8 2 1

J Nar>T e 3 0 . 0 1 6 9 0 6 3 2 7 3 C . U 5 4 6 4 2 6 5 6 7 <•. 00011*5571 3 4 5 . 6 6  »

1 3 k> 1 V
j 0 . 0 7 7  3333773 C . 1 4 4 2 4 9 8 0 5 8 0 . 0 0 0 3 4 6 9 5 5 8 466 . 1 T 8

'l l '& 14 1 V
3 0 . 0 1 5 C 9 6 7 3 8 8 C . 0 4 S 6 C 3 4 8 5 8 0 . 0  CO 0 97 6229 3 4 0 . 6 3 6

H  r y  P 3 0 . 0 0 9 9 3 5 2 2 0 3 C . 0 3 4 6 7 5 1 1 2 1 <•. 0000545265 3 1 9 . 6 8 8

1/1 M  K,J € 3 0 . 0 0 4  94 864 44 C . C l  9 0 7 2 1 4 3  1 0 . 0  00 0 20 54 78 2 8 9 . C62

1 fit^o 3 0.  049 2751768 C . 0 9 6 3 8 9 5 9 9 7 0 . 0 0 0 1 8 5 9 2 8 3 450 . 5 1 ?

1 3 0 . 0 1 0  321 3870 C . 0 3 5 8 2 6 2 5 7 3 0 . 0  COC 575145 3 3 3 . 0 5 1

1 4 1 Rt^Se 3 0 . 0 0 6 0 1 1 3 3 0 0 C.  02 25 36 844 € 0 . 0 0 0 0 2 6 9 6 9 2 3 0 3 . 9 2 4

1 iJH I CaF2 3 0 . 0 1 5  3656310 C . 7 2 4 2 3 9 8 8 9  0 0 . 1 5 9 6 i e 9 5 1 6 6 2 4 . 8 5 ?

J D j * I S rF 2 3 0 . 0 0 7  6 9 1 C 5 86 ( . 4 7 2 9  6 9 3462 0 . 0 9 6 0 4 * e 8 C 9 5 6 4 . 3 6 ?

> e a« I Sr  C 12 3 0 . 0 C 0 6864411 C . 1 0 7 3 5 C 0 5 1 l 0 . 0 1 6 6 7 1 8 1 5 9 4 2 5 . 9 0 ?

I JR 1 aaF2 3 0 . 0 0 3  3785843 ( . 2 8  5314697 3 0 . 0 5 2 7 3 5 6 3 7 9 5 0 5 . 2 9 0

l e 3 I Ba C l j 3 0 . 0 0 0  3258258 ( . 0 6 7 9 9 6 6 2 5  2 0 . 0 0 9 7 6 3 2 6 1 2 390 . 2 9 »

J DaD 1 Be 3 4 0 . 1 0 8 6 0  366 30 1 . 2 2 9 7 5 6 5 5 0 0 0 . 0 1 8 1 0 C 6 1 C 5 8 7 5 . 7 3 6

i P t 3 I BeSe 4 0 . 0  69 CO 301 74 ( . 9 2 6 3 1 6 2 5 2 9 <•. 0115005029 8 2 3 . 8 2 1

1*3 I BeT e 4 0 . 0 2 6 2 2 7 8 4 4 1 ( . 5 1  ( 8 9 3 0 3 4  9 0 . 0 0 4  3713074 7 4 0 . 2 6 4

J I M^C 1 0 .  2 C 3 58456 35 1 . 2 0 7 9 9 6 2 6 9 0 r . 0 6 7 8 6 1 5 2 1 2 1 2 8 9 . 5 1 0

g**j c o n t i n u e d  o v e r

s i  1 J » ( * «
R e s u l t s

-------- -------- «



Table 4 . 2 ( H ) c on t i  nued

Sal  t * ai b i c i ¿ i

Ma S 1 0 . 0 2 6 2 1  82315 C . 2 9 C 9 1  7832 6 8 . 0 0 8 7 3 9 4 1 0 5 6 4 3 . 2 1 3

Mj Se 1 0 . 0 1 5  84547 23 C . 1 9 6 5 7 5 1  30 8 0 . 0 0 5 2 8 1 8 2 4 1 7 8 5 . 1 5 7

CeO 1 0 . 0 5 8 9 1  279 J U C . 4 9 S 1  34148 5 C.O 19 6 375978 990 . 5 9  3

CaS 5 0 . 0 0 9  62 80545 C . 1 3 e i  16487 0 ' * . 0 032093515 6 9 7 . 9 2 3

CaSe 1 0.  0C 6 13 C 25 28 C . 1 0 C 3 2 7 7 C 7  8 '‘ . C C 2 0 4 3 4 1 7 6 661 . 4 5 2

Ca T e 1 0 . 0C 2 5092567 C . 0 5 3 3 1 6 0 9 6 9 O.OOu 8364169 5 9 6 . 7 2 6

Sr O 1 0 . 0 2 8 6 5 1 4 8 8 5 C . 2 9 9 1 7 1 9 4 1 2 7 . 0 0 9 5 5C4962 8 7 1 . 7 8  3

Sr  S 1 O . O f  4 £9 24 8 58 C . 0 8 5 5 2 3 6 3 8 5 7 . 0 0 1  63C 6266 6 2 4 . 8 2 0

Sr S e 1 0 . 0 C 3  1774170 0 . 0 6 3 0 1 1 8 2 9 2 '‘ •0 C l 0 591 3 SO 5 9 6 . 5 3 5

Sr  T e 1 0 .  0C 1 94 141 91 0 . 0 4  4467 3190 8 . 0  CO 6471397 59C . 0 0 6

Bad 1 0 . 0 1 3 5 6 0 4 6 9 2 C . 1 7 6 2 2 1 6 4 6 0 0 . 0 0 4 5 2 6 8 2 3 1 7 9 2 . 0 5 9

BaS 1 0 . 0 0 2 2 9 9 6 3 1 4 0 . 0 5 0 1  26658 2 C . 0 0 0 7 6 6 5 4 3 3 562 . 2 ^ 9

RaSe 1 0 . 0 0 1 4 8 6 8 0 8 4 C . 0 3 6 8 1 9 2 7 5 7 0 . 0 0 0  4956C28 5 3 8 . 0 9 »

R a t e 1 Q . 0 C 0 6 7  34697 C . 0 2 1 0 2 6 1 8 4  8 0. 0  CO 22*48 99 4 9 7 . 3 0 5

* s t r u c t u r e  t y p e »  see b e l o u

1 s o d i u m c h l o r i c e  s t r u c t u r e

2 c e s i u m c h l o r i c e  s t r u c t u r e

3 c a l c i u m  f l u c r i d e  s t r u c t u r e

4 z i n c  s u l f i d e  s t r u c t u r e

R e s u l t s



■ n m w n p
i :

- t  5A -

we o i n n i n i n i s e  t h e  f u n c t i o n  Cr ) :

T ,
i=1

4 . 2 ( v i i )

w i t h  r e s p e c t  t o  e a c h  x p a r a m e t e r .  T h e  f a c t o r  ss

S = 100 ( F A T) ^ 4 . 2 (  v i i i )

12

wher e N i s  t he  n e a t e r  o f  e q u a t i o n s »  j i v e s  a me a s u r e  

o f  t h e  » v e r a g e  p e r c e n t a g e  d e v i a t i o n  f r o *  t h e  i d e a l »  

s i m u l t a n e o u s »  s i t u a t i o n .

As has been f o u n d  e a r l i e r »  and c o n f i r m i n g  t h e  r e s u l t s  

o f  f e c t i o n  2 . 9 »  t h e  s o l u t i o n  i s  p r o n e  t o  d r i f t »  i . e .  

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

o n l y  s l i g h t l y .  T h i s  i s  t h e  c a s e  e v e n  i f  t he mor e o b v i o u s l y  

• c o v a l e n t '  s a l t s  ar e  o m i t t e d  f r om c o n s i d e r a t i o n .

The t e s t  f i t  o b t a i n e d  f r o m U7  of  t h e  e q u a t i o n s  

( d r i f t i n g  ' o n e  s a l t s )  has  an S v a l u e  o f  A. *- ?»  t h e s e  r a c i i  

a r e  g i v e n  in T a b l e  A . 2 ( i i i ) .  As c a n  be s een t h e  a n i o n  

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

w h i l s t  t h o s e  f o r  t h e  c a t i o n  have d e c r e a s e d *  as a r e s u l t  of

I’ e s u 1 1 ?



T a b l e  <■ . 2 ( i  i i ) Ba si  c r a o i i o t  t a i  ned by l e a s t  s q u a r e s

f i t  <f l ) .

I cn r I on r

.+ 
L 1 C . 224 „ 2+ B e 0 *

No+ o .7 ez M„2+ M g C .  2 9 6

K+ 1 . 1C 3
„ 2+ C a 0 . 8 6 0

ft L+ 1 . 2 1 9 S r 2+ 1 . C 3 9

Cs+ 1 . 3 9 0 B a 2+ 1 . 2 3 3

2 -
F~ 1 . 2 1 6 0 1 . 6 4 5

c f 1 . 5 7 9 s 2- 1 . 9 3 6

3r~ 1 . 6 9 5 S e 2“ 2 . 0 2 1

I " 1 . 8 7 0 T e 2" 2 . 1 5 S

* l e a s t s q u a r  es f i t  gi  ves a ne gat  i v e v a l u e ,  z e r o  i s

a s s u i e  d

R e s u l t s



t h e I f  a l l  c o f p  ounds ar e c o n s  i d e r r cd r i f t i n g  s o l u t i o n ,  

t h i s  e f f e c t  i s t o r e  p r o n o u n c e  

t h i s  •o p t i mu m*  s o l u t i o n  i s  

somewhat  I r s s  r i  j a r o u s  met hod 

wh i c t  has t he a d v a n t a g e  o 

c c n p f r a t i n e  r a d i i .

d .  T he ' d e g r e e  of  f i t *  f or  

o n l y  m a r g i n a l l y  t e t t e r  t h a n  a 

of  a s s i g n m e n t  u s e d  b e l o w ,  

f p r o d u c i n g  mor e r e a s o n a b l y

The a p p r o a c h  t n o u g h t  mo s t  a p p r  o p i a t e  i s  to a c c e p t  t he 

e a r l i e r  r e s u l t s  f o r  a l k a l i  me t a l  and h a l i d e  i o n s  a n d  t o  

a s t i r  at e  v a l u e s  f o r  t h e  o t h e r  i o n s  b y  con s i c e r  a t i o n o t  a 

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

i c n s  a r e  o t t a i n e d  v i a  t h e  M -  X s a l t s .  f o r  c a l c i c « 1,  

s t r o r t i u s  a n d  b a r i u m  f r o m t h e  MX-  s a l t s  and magnesi um f r c n  

t h e  cha l o n g e r i c e  i o n  r e s u l t s  and t h e  *«<jX s a l t s .  T he r a c i i  

e s t i m a t e d  i n t h i s  f a s h i c n  a r e  g i v e n  i n  T a b l e  <t. 2( i v )  wher e 

t h e y  a r e  c o mp a r e d  t o  t he v a l u e s  o b t a i n e c  by M u g g i n s  and 

S a k a mo t o  ( 1 9 = 7 )  ( wh o s e  v a l u e s  ar e h i g h e r  f o r  c a t i o n s  and 

l o we r  f o r  a n i o n s ) .

f o r  t h e  a l k a l i  h a l i d e s ,  as p a r t  of  t h e  b a s i c  r a c i i  

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

t h e  r e s u l t s  cf  o t h e r  w o r k e r s .  H o w e v e r  l a t t i c e  e n e r g i e s  

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

s u f f e r  f r om h i g h  and d i  f f e r i r c  /Vj  v a l u e s  ( s e e  S e c t i o n  1 ) »  

as dc a l l  v a l u e s  c a l c u l a t e d  f a r  t h e s e  s a l t s  w i t h  t h e  i o r i c

- e a u l t s



T a b l e  4 . 2 ( i v >  F i n a l l y  a s s i g n e d  a r d  l i t e r a t u r e  b a s i c  

r a d i i  f c r  s c a e  a o n a t o a i c  i o n s  ( ? )  .

r ( H S ) *  r  ( HS )* r  ( t h i s  nor k )
I c n  £ ( 8 )  -  C.  3 3 53 0 . 4 0  0 . 3 4 5

L i + - - 0 . 4 5 6

N«i + - - 0 . 8 7 5

K+ - - 1 . 1 9 C

RL + - - 1 . 3 2 C

C s + - - 1 . 4 6 7

ee2 + C.  52 3 . 7 5 O. C

0.  9 3 1 . 1 0 0 . 7 4 8

Ca 2+ 1.  17 1 . 3 1 1 . 1 4 2

Sr  2+ 1.  31 1 . 4 4 1 . 2 6 6

Ba 2+ 1 . 4 6 1 . 5 8 1 . 4 2 4

r - - 1 . 1 1 9

Cl” ' - - 1 . 5 0 6

Br“ ' - - 1 . 6 2 6

r - - 1 . 8 1 4

o2- 1.  35 1 . 2 7 1 . 5 1 2

s2” 1.  69 1 . 6 2 1 . 8 2 7

Se2~ 1.  78 1 . 7 1 1 . 9 3 6

T e 2 " 1.  93 1 . 8 6 2 . 1 0 8

* F S -  H u g g i n s  a n d  S a k a a o t o  ( 1 9 5 7 )

R e s u l t s



s s s u f  p t  1 0 1 . The l a t t i c e  e n e r g i e s  ar e  n o t  t h e  o b j e c t  of  t he 

c a l c u l a t i o n s  and a t e m t h y  s t u d /  ( a s  any u c u l c  need t o  t e )  

c o n c e r n i n j  t he n  i o u  Id n e t  he s p p r o p i a t e  a t  t h i s  p o i n t  i n  

t i i e .  ’ he nea me t h o d  has n o t  b e e n  d e v e l o p e d  f o r  

a p p l i c a t i o n  to t h e s e  s y s t e m s .

fwo o t h e r  e omm on c a t i o n s  are e n c o u n t e r e d  i n t a n y  

s t u d i e s  on c o mp l e x  a r i o n s .  T h e  ammoni um i o n  i n  many 

i n s t a n c e s  c a n  he c o n s i d e r e d  as s p h e r i c a l .  due t o  f r e e  

r c t a l  i o n .  or  has  to be assumed s o  due t o  t h e  l ac k  of  o t h e r  

d a t a .  A b a s i c  r a d i u s  f or  t h e  ammoni um i o n  i s  c o mp u t e d  hy  

c o n s i d e r  i no t he s t r u c t u r e s  of  t h e  ammoni um h a l i d e s  g i v e n  

i n  V y c k o f f  (J 965 ) .  T h e  r e s u l t s  ar e g i v e n  i n  T a b l e  A . 2 ( v ) .  

a s s u m i n g  t h e  d i s p e r s i o n  e n e r g y  d a t a  in T a b l e  A . a ( i ) .  ana 

t h e  a s s i g n m e n t s

-1 56-
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i s  mode.

The t ha t  l i u m i o n  c a u s e s  p r o b l e ms  as t o  a s s i g n me n t  of  

a s p h e r i c a l  i on r a d i u s  due t o i t s  h i g h  po l a r  i sab i l i t y » 

h enc e i t s  i n c l i n a t i o n  t o d i s t o r t  f r om s o h e r i c a t  s y mme t r y ,  

f he  r e s u l t  g i v e n  in J e n k i n s  and pr a t t  ( 1 9 7 7 3 )  i s  f e l t  t o 

be t h e  o r s t  e s t i m a t e  p o s s i b l e  at t h i s  s t a g e ,  as i t  i s

n e s u l t f



T a b l e  A . 2 ( v )  A ( i cani  un h a l i d e  r e s u l t s  g i v i n e  t he b a s i c

r a d i  us o f  t he a«  von i u v i o n ( k J •v oi  1 >♦
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* comi  i n i t i o n  o f  t h e  d i f f e r e n t  r e s u l t s  f r c m t h e  t u o  

c er  f v a t  i v e s
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d e r i v e o  f r o n  t h e  c u b i c  

t h e s e  i o n s  s h o u l l  l>eep

c h l o r i d e  s a l t .  T he s i m i l a r  s i z e s  of  

any d i s t o r t i o n  t o a mi n i mu m.

O t h e r  mo n a t o mi c  i o n s  c o u l d  be a s s i g n e d  b a s i c  r a c i i  

b u t  i t  i s  f e l t  t h a t  a s s i g n m e n t s  s h o u l d  b »  made when 

appr e p i a t e  f o r  t h e  s o mewhat  l e s s  common i o n s  a h e r  t he 

p a r t i  c u a r e n v i r o n m e n t  c a n  ho c hos en to s u i t  t h e  p r o b l e m .

f r o m t h e c o n t e n t s  cf t h i s  s e c t ’ on i t  c a n  be seen t h?t

t h e  ev a l n a t i o n  of  b a s i c r a d i i i s  * an f r o »  b e i ng an e x a c t

p r o c E s s . T h i s i s  so l o r  t wo m a j or r e s  s o n s » on e t be*

Da t a r  c i  n ‘j o f t h e  a r  i on and cat  i on r a c i i  and t wo »  t h e

d i f f e r  i m en vi r o o i e n t s  from s a l t to S a l t  f e . a. d i f f e r i n g

c c o r d i n a t i on n u m b e r s ) . Du 2 to t e f a c t o r s » a t t h o u a h

i c e d  ly t h e b a s i c  r a o i us c an b * c o n s i d e r e d an •i on

p r  ope r t  y •p i t i s  u se o as su ch i n t h i s  wor k wi t h  g r e a t

c a u t i o n .  T h e  f a c t  t h a t  t he me t h o d  e v a l u a t e s  or e  r a d i u s  per  

s a l t »  c o u p l e d  w i t h  t h e  h a l a n c i n o  c o n d i t i o n »  means l a c k  c f  

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

o b t a i n e d  ay  t he l e t h o d  ( s e e  S e c t i o n  2 . 8 ) »

4 . 3  T he  C y a n i d e  I o n

i he c y a r i C e  i o n  h s s  r e c e i v e d  much a t t e n t i o n  as f a r  as 

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

✓  |
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Jue t o  t h e  f a c t  t h a t  t h e  a l k a l i  m e t a l  s a l t s  ( e x c l u d i n g  

l i t h i u m )  have t h e  s o d i u m o r  c e s i u m c h l o r i d e  s t r u c t u r e  at  

r oom t e m p e r a t u r e  ma k i n g  t i e  n e c e i s a r y c a l c u l a t i o n s  s i m p l e «  

T he  l o a~ t pa pe r  a t  ur  e or  t hoc h o mn i c f o r ms  of  s o d i u m a r d  

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

r e c e n t l y  f L a d c  Cl 9 6 V ) ) .  T he s t r u c t u r e s  o f  f u r t h e r  

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

o b t a i n e d  ( f e c k e r .  l e y e r l e m .  mo u l t  and K o r l t o n  ( 1 9 7 4 ) )  and 

t h e s e ,  a l o n g  w i t h  ammcni um c y a n i c e *  h i v e  not  been t r e i t e o  

p r i o r  t o  t h i s  w o r e .

) s  a p a r t  o f  t h i s  r e s e a r c h  t h r e e  p a p e r s  c o n c e r n i n g  

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

ne e n  p u b l i s h e s  ( J e n k i n s  and P r a t t  ( 1976 a .1 9 7 7b)  and 

J e n k i n s .  P r a t t  i nd X a d o i n g t o n  C 1 9 7 ’ ) ) .  The f i r s t  of  t h e s e

paper  s ( J enk i ns i nd P r a t t  ( 1 9 7 6 a ) ) dea 11 wi t h a s t u d y  of

t n e  c u b i c  anc or th c r  homb i c p l e o mo r p h s o f s o di um and

p o t a s s i u m  c y a n i d e . u s i n g  t he ot  d met hod of c a l c u l a t i o n

( i . e.  no m i n i m i s j t i o n  i r v o l v e d )  whor e  t h e  t a s i c  r a d i i  u s e d  

f o r  t he a n i o n  had t o  be e s t i m a t e d .  The s e c o n d  p a p e r  

( j e n k i n s .  P r a t t  i nd  Wa d f l i n g t c n  ( 1 9 7 -’ ) )  i n c l u d e s  t h e  s a l t s  

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

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

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

c y a n i d e .  T h e s e  c a l c u l a t i o n s  a l s o  u s e  t h e  o l d e r  me t h o d  of

H e s u 11 s
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c a l c u l a t i o n .  Bo t h  o l  t h e s e  t wo p a n e r s  i n v o l v e  t he 

n e c e s s i t y  of  c h o o s i n g  i o n i c  p a l a r i a a b i  l i t i e s t f o r  t he  

c a t i o n s  t h e y  wer e t a k e n  f r o m t he  work of  P a u l i n g  ( 1*117)  

w h i l s t  t h a t  f o r  t h e  c y a n i d e  i o n  i t s e l f  m s  t a k e n  f r om 

T e s s »  an,  hahn and S h o c k l e y  C I S 5 7) .  T h i s  i n c o n s i  s t e r c y  

l e a d s  t o  o n l y  s m i l l  e r r o r s  i n  t he i i s n e r s i c n  e n e r g i e s »  

t e r ms  wh i c h  a r e  s m a l l  i n  t h e m s e l v e s  f o r  t h e s e  s a l t s »  a r c  

so o r e s  n o t  a f f e c t  t he r e s u l t s  o f  t h e s e  c a p e r s  g r e a t l y »  

b u t  t h e  s i t u a t i o n  i s i mp r o v e d  by t a k i n g  a l l  

p o l a r  i s a b i  I i t i e s  f r om T e s s ma n  et al  . S u c h  p a r a m e t e r s  a r e  

i c opt  ed t h r o u g h o u t  l a t e r  wor k on t h e  c y a n i C e  i o n  d e s c r i b e d  

b e l o w .

The t h i r d  p i p e r  ( J e n k i n s  and P r a t t  ( 1 9 7 7 b ) )  c o n s i d e r s  

t h e  c u b i c  a l k a l i  m e t a l  c y a n i d e s  hy t h e  new m i n i m i s a t i o n  

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

t h e  r e s e i r c h  when t h e  new me t h o d  had o n l y  be e n  d e v e l o p e d  

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

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

i n  t h i s  s t u d y  we r e  v e r y  c l o s e  t o »  b u t  c o n s i s t e n t l y  h i g h e r  

t h a n »  t h o s e  o f  t h e  e a r l i e r  s t u c i e s .  T h i s  a r i s e s  1ue t c  a 

s l i g h t  o v e r e s t i m a t e  i n  t h e  B a s i c  r a d i u s  of  t h e  c y a n i d e  i on  

i n  t h i s  e i r l y  wor k ( c o u p l e d  w i t h  the d i s p e r s i o n  e n e r n y  

e r r o r  a l l u d e d  t o  a b o v e ) .

f e s u l t s
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f he o b v i o u s  ‘ n e x t  s t e p *  i n  s u c h  s t u d i e s  i s  t h e  

a p p l i c a t i o n  of t i e  net.  met hod t o t h e  n o n - c u b  i c  p l e o m c r p h s .  

1 1 one w i t h  t he i n c i u s i o r  of l a t e r  v a l i e s  f e r  th er  mod yna ir i c 

par . i i  e t e r  i .  The r e s u l t s  f o r  t h e  c u b ' c  s a l t s  ar e t a k e n  f r o m 

J e m i r s  and P r a t t  ( 1 9 7 7 L ) .  t h o s e  co r  re sp ond i n g t o  t h e  c e l l  

c o n s t a n t s  t a k e n  f r o m w y c k o f f  ( 1 9 6 5 ) .  T h e  c u b i c  s a l t s  h a v e  

c y a n i d e  i c e s  w h i c h  ar e  f r e e l y  r o t a t i o n  ( C l l i o t t  a n d  

H a s t i n g s  ( 1 9 6 M )  and henc e no d i s t r i b u t i o n  o f  c h a r g e  i n  

t h e  i o n  c a r  be t a k e n  i n t o  c o n s i d e r a t i o n ,  a p o i n t  c h a r o e  

nodel  i s  t a k e n .  At l o w e r  t e m p e r a t u r e s .  or  h i g h e r  

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

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

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

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

c c n s i  c e r e i  as b e i n g  p a r t i a l l y  l o c a t e d  on t h e  c a r b o n  ( c ^ , )  

and p a r t i a l l y  on t h e  n i t r o g e n  (: ;  ) a t o ms ,  s o :

b t r u o t u r e s  wh i c h  have b e a n  r e p o r t e d  and wh i c h  h a v e  

n o n - r o t a t i n g  cy i n i d e  i o n s  ar e  t h e  o r t h o r h o m b i c  s t r u c t u r e s  

of  s o d i u m and p o t a s s i u m  c y a n i d e ( I I )  ( V e r w e e l  a n d  B i j v e o t  

( 19 3b ) and d i j v e o t  and l e l y  ( 1 9 M D  and t h e  o r t h o r h o m b i c  

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

«C + %
-1 4 .3 (1 )

P. e s u 11 s



3 i j we at ( 1 9 4? ) ) a l l  c o n s i d e r e d  i n t h e  e a r l y w or  k 4 I ' O

t h e  t e t r n j o n s l  s t u c t u r e  of  m  oni  ua c y a n i d e  ( L e l y  and 

l i j v f o t  ( 1 5 4 4 ) )  i nd t h e  h i g h  p r e s s u r e  m o n o c l i r i c  s t r u c t u r e  

of  p o t a s i i u n  c y a n i d e ( I V )  ( D e c k e r ,  B e v e r l e i r i ,  Ro'J I t  and 

l or  I t  on ( 1 9 7 4 ) )  show n o n - r o t a t i n j  c y a n i d e  i o n s ,  d e c k e r  et  

i l  a l s o  r e p o r t  a c u o i c  s t r u c t u r e  f o r  t he  h i g h  p r e s s u r e  

f o r t  of  p o t a s s i u a  c y a r i c e ( I I I )  i n  w M c h  t he c y a n i d e  i o r s ,  

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

a l o n o  t h e  ( 1 1 1 )  i i r e c t i o n s .  T h i s  s t r u c t u r e  i s  t r e a t e d  i n  

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

j r  our  e n d  c e l l  c a n s t a n t s  of  t h e s e  s t r u c t u r e s  a r e  g i v e n  i n  

T a t l e  4 .  3( i ) .

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

P r a t t  a n d  V a d d i n j t o n  ( 1 9 7 7 )  i n d i c a t e  a c h a r g e  ( a b s o l u t e )  

on t h e  n i t r o o e n  t o o  l a r g e  t o  he c o n s i s t e n t  w i t h  a l l  o t t e r  

i n d i c a t i o n s  ( s e e  l a t e r ) ,  t h i s  i s  c o n f i r m e d  by c a l c u l a t i o n s  

u s i n g  t h e  new me t hod.  The c r y s t a l  s t r u c t u r e  o f  l i t h i u m  

c y a n i d e  was c e t e r m i n e c  i n  1 9 4 Z on a * g r e y  s o l i d * .  The 

s o l u t i o n  c a l o r i m e t r y  w o r k ,  c a r r i e d  out i n  1 97 5  as  p a r t  o f  

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

L e l y  and d i j v e o t  had an i mp u r e  s a mp l e .  ( L i t h i u m  c y a n i d e  i s  

v e r y  a i r  s e n s i t i v e ,  s e e  t h e  n o t e s  on t h e  s o l u t i o n  w o r k . )  

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

f r om t h i s  work as t h e y  c a n n o t  be c o n s i d e r e d  a c c u r a t e .

t e s u l t i
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»* l l p a r a n e t ^ r 1! a r a  t h e  same as us e>1 i n  t h e  s j r  I i f r  

s t u d i e s  e x c e p t  t h a t  t h e  i o n i c  po l ar ’ sa bi  I i t i e s of  T e s s m a n .  

Kahn and S h o c k l e y  ( 1 ^ 5 3 )  ar e l sed t h r o u g h o u t  and t h e  b a s i c  

r a d i i  a r e  s e l e c t e d  from J e n k i n s  and P r a t t  ( 1 9 7 6 b ) .  

c o r r e s p o n d i n g  t o  t h e s e  po l ar  i i  ao i l i t ie s.  A l l  t h a t  i s  l e f t  

t o  d e s c r i b e  now i s  t h e  r e p u l s i o n  mo d e l .  F o r  t he c u b i c  

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

s p h e r i c a l  s y mme t r y  due t c  r o t a t i o n .  T h e r e  a r e  t wo c l e a r  

pc ss i  o i l i t i e s f or  m o d e l s  of  a n o n - r o  t a f i n j  c y a n i d e  iori 

wh i c h  a r e  a o p l i c a b l e  w i t h i n  t he new m e t h o d .  F i r s t l y  a 

spher i cc aI  i o r  m o t e l ,  as f o r  t he  c u b i c  s a l t s .  t h i s  w i l i  

c b v i r u s l y  e x a g g e r a t e  t he  s i z e  o* t h e  envel ope* at  t he 

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

e x t r e m i t i e s .  The s e c o n d  p c s s i b i l ’ ty i s  o n e  o f  t wo e q u a l

s p h e r e s  c e n t e r e d  on t h e  at oms an C i s  t h e  mer e i m m e d i a t e l y  

a p p e a l i n g  and i f  t h e  at oms we r e  ‘ s i n g l y  bc nCed* t h r o e  

e l e c t r o n  d e n s i t y  away f r om t he  b o n d  * s u c h  as i n  c h l o r i r e )  

i t  w o u l d  p r o b a b l y  be  a r e a s o n a b l e  mo d e l .  H o w e v e r  f o r  t he 

c y a n i d e  i o n  t h i s  mo d e l  d ees  n o t  a l l o w  f o r  t h e  l a r oe

e l e c t r o n  d e n s i t y  b e t w e e n  t he at oms and g r e a t l y  e x a g g e r a t e s  

t h e  e l e c t r o n  d e n s i t y  at  t he  ends of  t h e  i o r .

I f  t h e  n o n - a v a i l a b i l i t y  af  an a o p r o p i a t e  mod el  was 

t h e  o n l y  p r o b l e m  i n t h i s  c a s e  we wo ul d  s t i l l  p r o b a b l y  he 

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

f e s u 11 s
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use of  t h e  f l e x i b i l i t y  i mp o s e d  by t he » i n i mi s at  i cr  . 

h c we v e r  t t i f  ma j o r  p r o b l e m .  n e s t  ot v  ' o n  s i n  t h e  c a s e  of  t *e 

t sc r i c o l e c u l i r  or  t ho r h cm t i i  s a l t s  w h i c h  a r e  c i s c u s s e d  as 

, i r  e x a m p l e .  i s  t h e  t o t a l  a n i s o t r o p y  o* t he  i o n  b o u g h t

about  by  t h e  d i f f e r i n g  i n t e r a c t i o n s :  a l o n g  t h e  a d i r e c t i o n  

we ha v e  s o l e l y  c y a n i d e •c y a n i d e  ' s i d e  on* i n t e r a c t i o r e ,  

a l o n g  t h e  b d i r e c t i o n  c y a n i d e - c y a n i d e  ' e n d  c r '

i n t e r a c t i o n s  and a l o n g  t he  c d i r e c t i o n  s c d i u m - c y a r i d e  

( • s i d e  o n ' )  i n t e r a c t i o n s .  So no m a t t e r  w h i c h  mod el  i s  

t a k e r  v e r y  d i f f e r e n t  r a d i i  a r e  p r o d u c e d  by t he

m i n i m i s a t i o n  i n  each d i f f e r e n t  c i r  set  i o n .  T h e  c y a n i d e  i c n  

I c s e s  e v e n  c y l i n d r i c a l  s / m e t r y  b e c au s e  of  i t s

e r v i r  g r e a t .  The r e s u l t s  for  t n e  l a t t i c e  e n e r g y  o f  f J a C N ( I I )  

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

mo c e l s .  a n d  i i i r i m i s a t i o n  i n  t he  ' he  ee d i r e c t i o n s .  ar e

shown i n  F i g u r e  4 . ? ( i ) .  T h i s  * i g u r e  shews how t he

a n i s o t r o p y  p r e v e n t s  m e a n i n g f u l  i n t e r s e c t i o n s .  and f i er ce 

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

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

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

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

e n v e l o p e  w i l l  be  c l o s e l y  a p p r o x i m a t e d  by a s o l i d  e l l i p s c i d  

wi t h  t h r e e  ma j o r  a x e s  o f  d i f f e r e n t  l e n g t h s .  C o n s e q u e n t l y  

an a p p r o a c h  s i m i l a r  to t h a t  u s e d  b y  J e n k i n s .  Di x o n a r d

K es  u t t  s



Figure 4 . 3 ( i )  L a t t ic e  energy o f sodium cyanide fo r  th e  ore 
and two sphere rep  ils io n  m odels.

U (NaCN (ID) (kJ. mol ')
POT
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i a dc!i ng t on ( 1 9  7 2 ) »  i n t r e a t i n g  t h e  t - i f l u c r i d e  i o n a s a n

e l l i p s o i d o f  r e v o l u t i o n » must  b e  a d o p t e d .  T h e y h a d  two

J i  f t e r e n t ma j o r  a xe s w h i c h t h e y  had t o e s t i m a t e . I n t h i s

c a s e  we hav e t h r e e  h u t  t h e  r e s u l t s  o f  t h e  n i n i ..1 i sa t i on 

j s i n o  t h e  s p h e r i c a l  a r  i on n o d a l  j i v e  t h e  t h r e e  a x e s  t e r  

e ac h  v a l u e  o f  t h e  c h a r g e  d i s t r i b u t i o n .  F r o t  t h e  l e n j t h s  of  

t h e  t h r e e  maj or  axes we can a s s i g n  a v a l u e  t o  u s e  f o r  t he 

b a s i c  r a d i u s  f o r  each i n t e r a c t i o n  b y  c o m b i n i n g  t hem w i t h  

t h e  a n o w l a d g e  of  t h e  d i r e c t i o n  o f  t h e  i n t e r  a c t i o n  r e l a t i v e  

t o  t h e  o r i e n t a t i o n  of  t he e l l o p s o i d .

a l l  t h e  s t r u c t u r e s  c o n s i d e r e d  h e r e »  e x c e p t  t h a t  t e r  

p o t a s s i u m  c y a n i d e ( l v ) »  ar e  r e c t a n g u l a r »  and t h i s  c a n  he 

ass umed as s u c h  f o r  t h e s e  p u r p o s e s .  T h e  e q u a t i o n  of  t he 

e l l i p s o i d  i s :

2 2 2
Z Z  + * ?  + Z 2  = 1 4 *3 ( i i )
r  ra  b c

( i f  i t  i s a s s u me d  t h a t  t h e  c e n t r e  o f  t h e  c y a n i d e  i on

i s  t h e  o r i g i n )  wh e r e  r  » r, and r  a r e  t h e  t h r e e  b a s i ca  b c

r a d i i  o b t j i n e d  f r om o u r  ' s p h e r i c a l  ani o n *  model  and x»  y 

a n d  z a r e  r e c t a n g u l a r  c o a r a i n a t e s .  T he  d i r e c t i o n  of  t he 

i n t e r  a c t i m  b e i n j  c o n s i o e r e d  can be p a r a « e t e r i s e d  b y :

y = u x f z = ▼  x

R e s u l t s



« h e r e t and v a r e k now n p a r a m e t e r s .  I f t he

c c or rl i na t a c of t i e  p o i n t  of i n t e r s a c t i o n  b e t w e e n  t he a h c v e

l i  ne and f he e l l i  p s o i d a r e  ( x ̂ • y j . Z j )  t h e n  t h e • b a s i c

r a d i u s '  r e o u i r e d  ( r ^ T ) i s !

-  2
r Cf!

2 2 2 
* 1  + yj. + * ! 4 . 3 ( i v )

and s n

-  2
rcr Xj ?(1 + U2 + T2) 4 . 3 ( v )

A l s o :

c o n s  j q u e n  11 / »

-  2
r CI! »  - 2 -2  ( r .  r  ' b o

- 2- 2- 2/. 
r ar b r c(1

2- 2-2 
+ u r or a

2 2\ + u + v ;

2-2-2\ 
v r ar b)

4 . 3 ( v i )

i f . 3 ( v i i )

The r  e p u l s i  v p i r t  er oc t io  ns i n c l u d e d ( e x c l u d  i r  j
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ca  t i c  r i -c - i  t i o n w h i c h  j r e  s t r a i g h t f o r w a r d )  f o r  e a c h  c r y s t a l  

s t r u c t u r e  e r e  l i s t e d  i n  T a C l e  4 .  ? f i i )  .  P n l y  t h e  ma j o r  

i n t e r a c t i o n s  ar e i n c l n o e d  t c  f a c i l  i t  at e c a l c u l a t i o n .  The 

c a l c u l a t i o n s  f or  p o t a s s i u a  c y a n i d e  ( I V )  a r e  o r l y  

a p p r o x i m a t e  ( d u e  t o  t h e  n o n * r e c t a n  g u t a r  s t r u c t u r e )  h j t  no 

appr < c i a b l e  e r r o r  i s D e l i e v e d  t o he i n t r o d u c e d .

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

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

p r o d u c e d  f o r  e a c h  s t r u c t u r e  r i t h e r  t h a n  t h r e e  ( o r  t w o »  as 

f o r  a m m o n i u m  c y a n i d e ) .  H o w e v e r  t h i s  i s  u n a v o i d a b l e .  The 

c u r v e  i s  o b t a i n e d »  a t  e a c h  v a t  up  of  t h e  c h a r g e  

d i s t r i b u t i o n »  by t a k i r j  t h e  v a l u e s  f c r  t he  t h r e e  e a j r r  

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

' s p h e r i c a l  a n i o n *  mo d e l  j n d  f o r  each i n t e r a c t i o n  c o m p u t i n g  

t h e  a c t u a l  b a s i c  ' d i s t a n c e *  f” c K ) f r  011 E c u a t i o n  4 . 3 ( v i i )  

and h e n c e  t h e  r e p u l  s i v e  e n e r g y  o f  t h e  i n t e r a c t i o n .  I n  a l l  

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

t h e  c yani  de* cy ani  de r e p u l s i o n s  t h e  two b a s i c  ' d i s t a n c e s '  

i n v o l v e d  a r e  e q u a l .

l !

The r e s u l t a n t  c u r v e  o l  t he l a t t i c e  e n e r g y  v e r s u s  

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

F i g u r e  4 . 3 ( i i ) »  t h o s e  f or  p o t a s s i u m  c y a n i d e ( I T )  and ( I V )  

i n  f i g u r e  t . ’ ( i i i )  and t h a t  f o r  a t i o n i  u i  c y a n i d e  i n  F i g u r e

l e s u l t s



Figure 4 . 3 ( i i )  L a t t i ce energy o f  the pleomorphs o f  sodium cyanide 
fo r  the e l l i p s o id a l  re p u ls io n  model.

U (NaCN) (kJ.mot )
POT
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T d b l e  A . i ( i i )  C a t i o n - a n i o n  and a n i o n - a n i c n  c o n t a c t s  i n  

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

C l o s e s t  I n t e r a c t i o n s

¿ a l t
£ at i on r e l a t i v e  
t o  c y a n i  de i o n No.

r ya ni  de r e l a t i v e  
t o  cy a n i  de  i o n Mo,

NaCN(  i l  ) ( 4 1 / 2 »  t i  / 2 » '  ) A t i l  / 2 .  t . 1 / 2 * * l / 2 ) 8

¿nd ( o . o * t u 2) 2 t±I  * 0 » C > 2

KLfl ( 1 1 ) r o* .*1 *0 ) 2

(0* 0.  ¿1 ) •J

Kc i (  I V ) c a.  ( i l  /2 * D * l l / 2 > A /n,  o.  *.1 )

c a. ( 0»  ♦! /2 » 1 1 / 2 ) A (¿A /2 » ¿1 / 2 . 2  > 4

Nli, C N 
A-

( ¿ 1 / 2 »  ±1 /2 » ¿ a / 4 ) 8 ( 0 ,  0* t l / 2 ) 2

( ♦ ’. »P . r ) 2

(0 »  ¿ 1 * 0 ) 2

e s u 1 1 s
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f o r  

i n

p a r

en

- I  « 7 -

( i v ) .  a h e r e  a p p l i c a b l e  t h e  a p p r o n i u t e  l a t t i c e  

c u b i c  s a l t s  »1 th r c t a t i r s  c y a n i d e  i cns ar e , 

t h e s e  f i g lir e s .

f he r e s u l t s  t o r  t he h a i e l u n g  e n e r j y  ( (  

ar et er  i s c d  oy ■

i = 0

t he s e l f  e n e r g y  < U „ >  fc 7

J3S L  W
i=1

t h e  e l e c t r o s t a t i c  c n e r q y  ^'- 'e L E C 1

ELEC ■  E  W
i = 0

and t h e  c e l l  l e n g t h  d e r i v a t i v e s  of  t he  el  e 

?r p y ( j  = a » b * c i  b y :

P H .

*
V

f

e n e r  g i e s 

si  so shewn

¡M ) ar e 

4 . 3 ( v i i i )

4 . 3 ( i x )

I

k . % x )

c t r o s t a t i c

l f .3 ( x i )

i e s  u I t s
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[ h e s a v al lies a r e  g i v e n  i n T a b l ° 4 . 3 l i i i ) .  A l o n g  w i t h  

t r i e d i p o l e - d i p o l e  ( J  ^  ) and d i p o t e - o u a d r u p o t o  C U ^  J 

d i s p e r s i o n  e n ^ r a i e s  anc d e r i v a t i v e s *  t h e  c a t i o n  b a s i c

r a b i e s  an I t h e  c i t i  o n - c a t i o a  r e p u l s ’ on e n e r g y

The l a t t i c e  e n e r o y  r e s u l t s  sh o wn  i n  F i g u r e s

4 . 3 ( i i ) - 4 . 3 ( i v )  c a n  he c i m c i n e d  on t o  or e g r a p h  hy 

c c n b i  d e n t  i o n  of  a t he rmoc h e i  ic al  - y c l e  w h i c h  r e l a t e s  t h e  

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

c y a n i d e  i o n .  T h e  e q u a l i t y  p r o d u c e d  ' r o «  t h i s  c y c l e  i s :

A Hf ( Cl O U )  = » W ^ ' )  + A Hf ( MC" K ° )  - A ? f ( M+) ( g )  +fRT 4 .3 ( x i i )

wher e n =P f a r  mo n a t o mi c  f* and n = ?/2 f r r  ant it o n i u as •

The n o s t  r e c e n t l y  a v a i t a o l e  t her mo c he m i ca I d a t a  i s  

l i s t e d  i n  T a b l e  4 . 3 < i v >  and t h i s  i s  c o mb i n e d  w i t h  t h e  

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

f o r m a t i o n  of  t h e  g a s e o u s  c y a n i d e  i o n  v e r s u s  t he c h a r g e  on 

t h e  n i t r o g e r  at om g i v e n  i n  F i g u r e  4. 3( v ) • He r e  t h e  p l c t s  

c o r r « sp on 1 i n g t o  t h e  r e s u l t s  f or  not  as s i u »  c y a n i d e ( I I T )  

a n d  ( I V )  a r e  g i v e n  as t r o t  en l i n e s  as t h e y  ar e i n a c c u r a t e  

b y  t h e  unknown amount  of  t h e i r  t r a n s i t i o n  e n t h a l p i e s  f r om 

t i l e I I  f o r m.

i e ; u I t s
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4 . 5 ( v) Enthalpy of formation of the gaseous cyanide ion

;  (c n ‘  ) (g ) ( k j . m o r 1)



T u b l e  4 . 5 ( i i i )  I n t e r m e d i a t e  r e s u l t s  f a r  c y a n i c e  s a l t s

n a t  t r e a t e c  i r  J e n k i r s  and Pr  a tt  (  1 97 7 b )  .

Ter m
NaCN 
( I I  )

KCN
( I D

*0 « 3 5 .  4 7 5 9 .  3

iu A1 1 5 7 9 . 2 l 3 5 c . 5

A2 1 3 7 9 . 2 1 3 5 c  5

'ST5 -  1 3 2 6 . 2 - 1 2 8 7 . 1

-2 -  13 2 6 . 2 - 1 ¿ 8 7 .  1

« 3 5 . 4 7 5 9 .  3

C 1 5 3.  0 4 5 . 4

C2 5 3 . 0 4 3 . 4

' aO - 4  7 . 8 - 4  c • 7

\  ckx )iQt r .  3 - c . 7

Da? 0 .  3 - C . 7

r,bO - 7 2 . 9 - 5 7 . 5

V ^  iA °bl - 1 . 8 - t . 4

!>b? - 1 7 .  3 - 1 2 . 8

- 5 5 . 2 - 4 7 . 3

U c k D”’
-  1 3.  6 - 9 . 7

» 02 -  13.  6 - 9 . 7

u dd 9 .  5 14.  5

KCN KC'l 
( I I I )  ( I V  ) NH^C'I Uni t s

742.  6 ’’ 7 4 .9 71 1. 2

1 3 8 2 . 4 1 3 1 9 . 9 k J  .  m o l

1 7 7 1 . 4 1 3 1 9 . 9

-  - 1 7 1 8 . 5 - 1 2 9 6 .  6 k J . n o l

-  - 1 7 1 6 . 5 - 1 296.  6

742.  6 774 .9 7 1 1 . 2

6« . 9 50.  3 k J .  n o l -1

54 .9 50 . 3

•195.  )  - 5?  . 8 - 1  3 1. T

- 3 . 7 - 1 9 . 7 k J .  n o l T 1

- 5  .6 - 3 5 .  4 r 1

- 5 7 . 1 -

- 1 9 . 0 - k J .  mol

- 1 5 . 0 - r 1

- 5 2 . 5 - 2 1 .  9

2 . 4 C . d k J .  mol  T 1

- 1 5 . 5 0.  0 r 1

19.  2 25 . 5 21.  « k J .  mol -1

c a n t  intaed ot er

! fcs ul ts
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z z

A  *

t f )

j b l t  L . 3 (  i i  i > c o n t i n u e a

T er ni

ì ^ / à o

V

IJ R

e s i l i  ts

Narri 
( l i  )

KCN
( l i )

KCN 
( I I I  )

KC4 
( I V  ) NH*CN Uni t s

“ 4 . 6 - 5 . 9 -  30.  3 “ 7 . 1 “ 19.  5

" 3 . 9 3 - “ 9 . 2 - k j .  n o l i 1

“ 3. 3 “ 5 . 6 - " 1- 1. 9 “ 5.  9 r 1

. 5 1 . 1 1.  4 l . 5 1 . 9 k J .  n o l - ^

- 0 .  3 - 0 .  5 - 3 .  0 -  .7 “ 2 . 2

- r .  2 “ w . 5 - - 1 . 9 -

"T"1 •oe•-X

- 0 .  3 “ c . 6 - “ i .1 “ 0 .  7 s - 1

■>.5 i . O 3.  9 4 . 2 3. 3 k J .  noi  “ 1

O OD v.n 1 . 1 9 7 1 . 19 7 1. 1 » 7 1 . 2 7 1
o
A

;



T o b l e L .  i ( i V > Th i n  oc he ji i ca l dat a f o r  c y a n i d e  s a l t s  ( i n

A J . no I >

Mt i

N a C N ( ! )

¿ ^ H ® ( MC N ) ( c >  S o i r e e  ¿ ^ u® ( M + ) ( o )  S o u r c e

N« : f. ( i i )

<L'« i n

M . K I I )

^ 4 Cf.

a J * açir an o t

D ) St ut l an ri 1

C ) » a^ir an o t

d ) Je n l i n s in

- 8 7 .  8 a 5 0 9 . 8 b

- 9 0 .  8 a 6 0 9 . 8 b

- I l  3.  8 a 5 l  A • £ b

- 1 1  A.  6 a • b 5 1A . 2 b

Ü.  A c 6 8 0 . 2 d

a l  C r» T b  )

e s u t t s



The r e s u l t s  f o r  ammoni um c y a n i d e  ar e  s o me wha t  at  

v a r i a n c e  « r ath t he  o t h e r s .  T o i s  i s  p o s s i b l y  due t o an 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  the s a l t  ( t h e  U n i t e d  

' t a t e s  N a t i o n a l  S u r e n  o f  S t a n d a r d s  q u o t e  a v a l u e  i n  

T e c h n i c a l  Not e  2 7 v . l  ( Wa j ma n  at  al  f l T h i ) )  anc e x c l u d e  i t  

i r  t h e  l a t e r  2 7 C . 3  ( Ha g ma n  at  at C 1 9 5 8 ) ) )  or  sc*e 

i n t e r  i o n i c  h y d r o j e n  b c n c i n g .  the r e s u l  t s  i r e  e x c l u d e d  f r om 

t h e  l a t e r  c o n s i d e r a t i o n s  b e c a u s e  of  to i s u n c e r t a i n t y .

I n  o r d e r  t o  p r o c e e c  t o  t h e  a s s i g n me n t  of  l a t t i c e  

e n e r g i e s  and t h e r m o c h e m i c a l  d a t a  i t  is n e c e s s a r y  t o  ha v e  a 

me a s u r e  o f  t h e  c h a r a e  d i s t r i b u t i o n  i n  t h e  c y a n i d e  i c n .  

N o r m a l l y  u p  w o u l i  e x p e c t  t o t e  a b l e  t o a s s i g n  t h e  c h a r a e  

d i s t r i b u t i o n  f r om o n e  of t he p * ot s a l r e a d y  p r o d u c e d *  

h o we v e r  due to t o e  a n i s c t r o p y  of  t h e  s y s t e m we have been 

r e s t r i c t e d  in t h e  amo u n t  of  l a t t i c e  e n e r o y  c a t s  t h a t  can 

b e  o b t a i n e d »  h e n c e  no i n t e r s e c t i o n  p o i n t s  and r o  

p o s s i b i l i t y  of  a s s i g n m e n t .  I t  i s  n e c e s s a r y  t h e r e f o r e  t o 

make some e s t i m a t e  o f  t h e  c h a r g e  c i s t r  i b u t i o n and i t  i s  

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

Two guant um m e c h a n i c a l  e s t i m a t e s  of  t he c h a r j e  on t he

n i t r o g e n  at om seem t o  a g r e e  w e l l ?  I)e e n y n c k »  V e i t l a r d  a r d

V i n o t  ( l > 7 1 )  f i n !  q . 5 7  ana d i 11 i er a n d  S u n d e r s  ( 1 > 7 2 )
N

f i n d  n N = - C . 5 9 .  T h e s e  a l s o  a g r e e  w i t h  t he  e s t i m a t e  f r om

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

r e s u l t s  i r e  o m i t t e d )  of  - 0 . 5 7 5 .  T h i s  v a l u e  i s a b o u t  what  

wo ul d  be e x p e c t e d  f r om s i m p l e  e l e c t r o n e g a t i v i t y  j r o v r c s .  

t h e  n i t r o g e n  atom h a v i n g  o n ’ y a s l i g h t l y  h i g h e r  

e l e c t r o n e j a t  i v i t / t h a r  t h e  c a r b o n  a t on . So I have d e c i c r d  

t c  i se an a v e r a g e  o f  t h e  above t wo ousnt um m e c h a n i c a l  

e s t i m a t e s  h e r e  (  j ^ - h  .  5 fi )  .  T he  l o w v a r i a t i o n  of  l a t t i c e  

e n e m y  w i t h  c h a r g e  s hown by  a i l  t h e  s a l t s  c o n s i d é r é e  i s  a 

b o n u s  i n t h e  s e n s e  t h a t  any e r r o r  i n c u r r e d  oy t h i s  

e s t i m a t e  mu s t  De s m a l t .

a n o t u e r  i n j i c a t i o r  t n a t  t he c h a r g e  d i s t r i b u t i o n  i s  

a p p r e c i a b l y  c o r r e c t  i s  t h a t  i t  i s  s hown as a t u r n i n g  p o i n t  

i n  t h e  c u r v e s  o b t a i n e d .  H i t h  the l ow v a r i a t i o n  i n  c h a r o e  

and t ne a p p r o x i m a t e l y  p ur e  p a r a b o l i c  n a t u r e  cf  t h e  c u r v e s  

o r e  c o u l d  n o t  h s v e  one i n t e r s e c t i o n  w i t h o u t  a s e c o n d »  t h i s  

wo u l d  i n d i c a t e  t wo p o s s i b l e  s t a t e s  a n d  i s  an u n r e a l  

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

be  t h a t  t h e  p a r a b o l i c  c u r v e s  s h o u l d  t o u c h  t h e  s t r a i g h t  

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

p a r a b o l i c  c u r v e s  s h o u l d  show an e s t i m a t e  f o r  t h e  c h a r o e  

d i s t r i b u t i o n  i n  t h e  c y a n i d e  i o n .

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

c o r r e s p o n d i n g  t o  Qj^ - C . 59 »  a r e s

f esults
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UPOT( i I a C r ( l l ) )
= 739 k j . m o l “ 1 4 . 3 ( x i i l )

U p ^ K C T i i i ) ) = 677 k j .m ol""1 4 . 3 ( x i v )

UpOT( K C r ( l I T ) ) = 675 k j . m o l -1 4 .3( yrr )

Up o t (KC” ( I V ) ) = 687 k j . m o l -1 4 . 3 ( x v i )

W ™ A . C r)
= 636 k j .m o l -1 4 . 3 ( x v i i )

A h * (ciO ( 6) = 43 + 5 k j .m o l -1 4 . 3 ( x v i i i )

f he r e s u l t s  t o r  t he  r o n  te imps r  at ur e c u b i c  s a l t s  ar e  

q u o t e d  i n  J e n k i n s  and P r a t t  ( 19 7 7 b > .  T he  d e v i a t i o n  q u o t e d  

i n [ o u a t i o n  4 . 3 ( x v i i i )  i s  a s t a n d a r d  d e v i a t i o n  o f  t he 

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

p o t a s s i u m  c y a n i d e  ( 1 )  and ( I I )  s a l t s  and n o t  a me a s u r e  

of  t h e  a a s o l u t e  e r r o r .  T he  v a l u e  o f  t h e  l a t t i c e  e n e r g y  of  

p o t a s s i u m  c y a n i d a ( I V )  seems s l i g h t l y  h i g h  i n  r e l a t i c n  t o 

t h e  o t h e r  p l eo a or ph s.

O t h e r  r e s u l t s  t h a t  can t e  e x t r a c t e d  a r e .

( a )  T h e r e  a ppear s  t o  Ce no c o r r e l a t i o n  b e t we e n  t h e  r a c i i  

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

P r e s u m a b l y  aue t o t h e  d i f f e r  i ng e n v i r o n m e n t s  o f  t he  

c y a n i d e  i o n s  and t he  l a r j e  ’ c l o u d *  o f  e l e c t r o n  d e n s i t y

h esults
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a r c u r d  t h e  i o n .  T he r a d i i  

s t r u c t u r e s  a r e  q e n e r a l l v  l o n e r

( b )  T he  h y d r a t i o n  e n t h a l p y  of

b y :

f o u n d  f o r  t he  h i g h  p r e s s u r e

t h a n  f o r  t he o t h e r s .

t h e  c y a n i d e  i cn i s  g i v e n

¿ y ^ y d(c i:~ )(g ) = A P * ( H+X a q ) + A H * ( c O ( a q )  - A Hf ( H+^ ( ^  -

A P f ( w " ) ( s )  -  A £ yd ( H+) ( e )  4 . 3 ( ^ x )

and t e k i n a  ^ H j ( H + ) ( a a )  = r co nv e n t i o n)  » A 1f (r-i' ) 

( J Q ) = 1 5 . 6 k j  .  i  o l~1 ( b 3 j  man et  al  t 1<» 68 ) )  .  A  Hf  (  H+ > < 9 1 =

1 5 3 b .  c k J .  mo l _1 ( f a q mar et at  C 1Q 6 6 > "* and A Hhyd(M ) ( J >  = C 

we o b t a i n  t h e  co i v e n f  i onat  h y d at i on e n t h a l c y :

A h * u = -1429 k J .m o l“ 1 4.3(xxr)
‘-¡r conv hyd' ,x

U s i n g  A H *  ( H  + K g )  = - 1 1 0 0 . 6  k j . m c l “ 1 ( J e n k i n s  and 
*—* hyd

M o r r i s  ( 1 9 7 6 ) )  ne o b t a i n  t he  a b s o l u t e  h y d r a t i o n  e n t h a l p y :

A H* b 3 hyd(C K _)(g) = “ 328 k J *mo1" 1 4 .3 (x x i)

( c )  The p r o c e s s  c o r r e s p o n d i n g  t o  t h e  p r o t o n  a f f i n i t y  of  

t h e  c y a n i d e  i on»  A H-( '  *s :

H+( g )  + C T " ( g )  -------------------- *  HCK(g)

P e s t i t i



U s i n g t he dat a ( 4 ag m a n e t  al  (  19 6 8 ) ) A . ' I ® ( HCM) Cg ) =

13 5-1 and ^ H « ( H + ) ( g )  = 1 r j f . 2 k J . <rol“  ̂ e 10 r j w i t h  t he

r e s u l t  f o r t he c y an i i  e i on  we es t in ate :

A h1 = -14W- kJ.m ol” 1 4 .3 (î= d -i)

( a )  T h e  e l e c t r o n  a f f i n i t y  o f  t he c y a n i d e  r a d i c a l  ( EACC*<*) > 

i s  g i v e n  b y :

-KA(CN*) = A h* ( ctO ( 6) -  A » f ( CT’ * ) ( e )  + f  RT 4 .3 ( x x i i i )

l i s i n j  t h e  d i t a  ^ * î (  LN* ) ( -j) = '«56.1 k J . me l  1 ( dag »  an r t  

a I (1 968 )  > we oht  ai n:

SA.(CT*) = 407 k J.m o l"1 or 4 .2 2  eV 4.3(3od.ar)

The r e s u l t s  i n  ( t a ) ~ ( d )  ar e a l l  s i m i l a r  t o  t h e s e

o b t a i n e d  i n  t he e a r l i e r  w o r k ,  wher e t hey  ar e c o mp a r e d  t o  

t h e  l i t e r a t u r e  v a l u e s .

The c y a n i d e  i o n  i s u n i q u e  i n t h i s  s t u d y  *n t h a t  t he

m i n i m i s a t i o n  f a i l s  t o y i e l d  t h e  w e a l t h  of  i n f o r m a t i o n

whi c h  u s u a l l y  e n a b l e s  t he e v a l u a t i o n  of t h e  u n k n e wn

Results
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p a r a m e t e r s .  H n n e v e r  i t  coes p r o v i d e  a way o f  t r e a t i n g  

n c n* s ph er  i c .a l i o n s  ( o r  i o n s  whi c h  c a n n o t  be a p p r o x i m a t e d  

b y  a r r a y s  cf  i d e n t i c a l  s p h e r e s )  much mor e a c c u r a t e l y  t h a n  

i n p r e v i o u s  m e t h o d s .  I h e  a g r e e me n t  w i t h  t he  r e s u l t s  f r om 

t h e  e l d e r  me t hod  i s a t e s t a m e n t  to t he ' a c c u r a c y '  o f  t h e  

b a s i c  r a d i i  e s t i m a t e s  made i n  t h a t  wo r k .

4 . 4  The A z i d e  I o n

r p u t l i s h e l  p a r t  of  t h i s  r e s e a r c h  o r o g r a mme  ( J e n k i n s  

and T r a t t  ( 1 9 7 7 c ) )  i s  t h e  a D p l i c a t i o n  of  t he f i r s t  s t a g e  

of  t h e  J e n k i n s  and H a c d i n g t o n  a p p r o a c h  ( s e e  S e c t i o n  2 . 5 )  

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

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

t h i s  met hod of c a l c u l a t i n g  l a t t i c e  e n e r g i e s  and t h e  cne 

whi c h  c o n s i d e r s  t h e  a z i d e  i on a s  an e l l i p s o i d  of  

r e v o l u t i o n ,  used oy 0 i x c n .  J e n k i n s  and H a d d i n g t o n  ( 1 9 7 1 ) .  

S i n c e  t h a t  work t h e  new me t h o d  has been q u a n t i f i e d  anc i t  

i s  new p o s s i b l e  t o  a p p l y  t h i s  to a l l  t h e  a b o v e  s a l t s ,  p l u s  

some o t h e r s  not  p r e v i o u s l y  c o n s i d e r e d .

The use o f  a s i m p l e  H u g j i n s  and k a y e r  p o t e n t i a l  

c o mb i n e d  w i t h  t h e  c o n s i d e r a t i o n  of t h e  a z i d e  i on as an 

e l l i p s o i d  s u f f e r s  f r o m t wo ma j o r  f a u l t s .  T he abs enc e cf  

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

K e s u l t s



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

t h e  i o n .  T he  J e n k i n s  a n c  h a d d i n j t o n  e q u a t i o n  r e mo v e s  b o t h  

of  t h e s e  o b j e c t i o n s  b u t  l i m i t s  t h e  f o r m c f  t he  r e p u l s i o n  

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

r e s u l t s  i n  a c e r t a i n  i n f l e x i b i l i t y  i n t h e  ca l c u l a t i o r  s.  

T h e  r ew met hod p r o p o s e d  e a r l i e r  s a t i s f i e s  a l l  t n e  abov e 

o p j e r t i o n s .  I t  s h o u l d  be n o t e d  h o we v e r  t h a t  a l l  t h r e e  

me t h o d s  have p r o d u c e d  q u i t e  s i m i l a r  r e s u l t s ,

Ver y  r e c e n t l y  a c o l l e c t i o n  of  r e v i e w s  c o n c e r n i n g  t he 

a z i d e  i o n  h a v e  b e e n  p u b l i s h e d .  Two of  t h e s e  r e v i e w s  ( C h o i  

( 1 V 7 7 )  a n j  G e r a ,  D o wn s ,  Kemmey and Shar ma c o n t a i n

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

t o  he r e p o r t e d .  C h o i  g i v e s  a r e v i e w  o f  t h e  c r y s t a l  

s t r u c t u r e s  o f  me t a l  a z i c e s .  Gor a et  al  g i v e  a compi l a t i o n  

of  t h e  t h e r n o c h e  m i s t r y  o f  t h e  met a* a z i d e s .  Cot h  w o r k e r s  

p r o v i d e  v a l u a b l e  e x p e r i m e n t a l  d a t a  *or t h e s e  s t u d i e s .

C r y s t a l  s t r u c t u r e s  ar e  s e l e c t e d  f o r  c o n s i d e r a t i o n  

f r om G o r . i ' s  wo r k  i f  t h e v  a r e  c o m p l e t e l y  r e s o l v e d  and 

c o n t a i n  s y m m e t r i c a l ,  l i n e a r  a z i d e  i o n s .  »11 t he  d i v a l e n t  

s a l t s  q u o t e d  do n o t  f i l l  t n i s  l a s t  c r i t e r i o n .  The a z i c e  

s a l t s  s e l e c t e d  h i v e  t h e i r  u n i t  c e l l  d e t a i l s  l i s t e d  i n 

T a b l e  k . < * ( i ) .  Some p o i n t s  c o n c e r n i n g  t h e s e  s t r u c t u r e s  a r e  

maoe o e l o w .

P e s u 11 s



T a b l e  4 . < , ( i >  D e t a i l s  of  t h e  u n i t  c e l l s  o f  a z i d e  

c r y s t a l s  .

’■ ‘‘5

S p a c e  
•jr ouo z

C e l l  c o n s t a n t
a 0

s ( i >
c

hi  St .  
N - N ( A ) Re *

L i  ! j C2/* -> 5 . 6 2 7 3.  319 4 . 9  -»9 1 0 7 . 4 ° 1 . 1 6 2 1

NuV 3 ( A) C2/n 2 6 . 2  11 3. 658 5.  3 - 3 1 0 8 . 4  3° 1 . 1 6 8 1

Nw f j (P>) * P 3n X 3 . 646 ( = a ) 1 5 . 2 1 3 9C° 1 . 1 6 2 1 » •*

hi , 3 I*« / me n 4 6 . 1 1 2 9 ( =a ) 7 . 0 9 4 3 90° 1 . 1 7 4 2* 3

r ^ * 3
U  / r e  s 4 6 •3 C9 6 (  =a ) 7 . 5 1 88 9C° 1 . 1 7 3 2 r 7

Cs

N3 *

I / 4 m c n 4 6 . 5 41*: ( - a  ) 3 . 0 9 0d 90° 1 . 1 7  3 3

P n a n 4 8 . 9  31 8. 642 3. 0 90 9 0°
1.170
1. 157

4

T l N '3 I 4 / w c n 4 b . 2 C 8 ( = a ) z . 3 8 5 9 0° 1 . 1 6 5 2

A -**!3 I h a" 4 5 . 6 1 7 c 5 . 9 1 4 6 6 .0  957 90° 1 . 1 3 0 5» 6

C uN* I 4̂  / a 8 8 . 6 5 ( =a ) 5 . 5 ° 90° 1 .  173 7

* n e g l e c t i n g  any o r i e n t a t i o n  d i s o r d e r  of t h e  a n i o n  

« a t o n i c  c o o r d i n a t e s  i n c o r r e c t l y  q u o t e d  by C h o i ( 1  9 7 7 )

1 .  P r i n g l e  and Noakes ( 1968 )

2.  Choi  and F r i n c e  (1 9 7 6 )

5.  M u l l e r  (  197 2)

4 .  F r e v e l  (  1 93 6)

5 . P f e i f f e r  ( 1 9 4  8 )

6 .  H a rr  and S t a n f o r d  J n r .  (  19 6 2 )

7 .  k i I s  d o r  f ( 1 94 d )

'esults
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( a )  The s t r u c t u r e s  f o r  l i t h i u m  a z i d e »  t h e  m o n o c l i n i c  l ew 

t e m p e r a t u r e  for m of  s o d i u m»  ammoni um»  s i l v e r  and c o p p e r ( I )  

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

( b )  T he  r oom t e m p e r a t u r e  t r i g o n a l  s t r u c t u r e  of  s o c i u m  

a z i d e  has t e e n  r e p o r t e d  ( C h o i  anc  P r i n c e  ( 1 9 7 6 ) )  as h a v i n g  

some d i s o r d e r  amo n g s t  t h e  o r i e n t a t i o n  of  t he a z i d e  i o r s .  

4s i n  t h e  p r e v i o u s  s t u d i e s  c o m n l e t a  o r d e r  i s  h o w e v e r  

a s s u i e d .

( c )  The t e t r a g o n a l  f o r ms  o f  p o t a s s i u m .  r u b i c i u m »  c e s i u m  

a n d  t h a l l i u m  a z i d e s  a r e  h e r e  u s e d  w i t h  s l i g h t l y  d i f f e r e n t  

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

( d )  The a t o m i c  c o o r d i n a t e s  a s s o c i a t e d  w i t h  t he s t r u c t u r e  

f o r  ammoni um a z i d e  a r e  i n c o r r e c t l y  q u o t e d  by C h o i  ( 197 7 ) »  

t h e y  ar e  c o r r e c t  i n Wycf cof f  ( 1 9 6 5 ) .

( e )  K y c k o f f  (  1 9 6 5 )  r e p o r t s  t he l i k e l i h o o d  o f  h y d r o g e n  

b o n d i n g  i n  ammoni um a z i d e »  u s i n g  t h e  c r y s t a l  s t r u c t u r e  as 

e v i d e n c e .

( f )  Soma of t h e  bond l e n g t h s  q u o t e d  by Choi  a r e  

i n c o r  r e c t .

I f  we d e n o t e  t h e  c h a r g e  on t h e  c e n t r a l  n i t r o g e n  at em

o f  t h e  a z i d e  i o n  by q and t h a t  on t h e  t e r m i r a l  n i t r o g e n s
N'

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

t h e  e t o m s :

+ 2 %  * - 1 4 .4 < i)

R e s u l t s
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de c a n  p a r  j n e t e r i  se t h e  e l e c t r o s t a t i c  e n e r g y  and i t s  

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

c h a r q e  on t he t e r m i n a l  n i t r o g e n  a t o ms .  T he  r e s u l t s  a r e  

g i v e r  i n  T a b l e s  4 . 4 ( i i )  and 4 . 4 ( i i i >  u s i n g  s y m b o l s  e x a c t l y  

a n a l o g o u s  to t q u a t i c n s  4 .35 ( v i  t i )  - 4  • JC xi  ) u s ed i n  

c c n s i d e r a t i o r  of  t h e  c y a n i d e  i o n .

The d i s p e r s i o n  e n e r g i e s .  3n d d e r i v a t i v e s .  ar e  

c a l c u l a t e d  u s i n g  c a t i o n  pol  ar  i sa b i l ’  t i  es f r om P i r e n n e  and 

K a r t h e u s e r  (1 964 ) w h i l s t  t he  c a l c u l a t i o n s  i n J e n k i n s  and 

P r a t t  ( 1 9 7 7 c )  use t h e  v a l u e s  o f  Tes-.iaon. Kahn a n d  S h o c k l e y  

( 1 9 5 3  ) .  T n i s  c a t i o n  s e t  has c h o s e n  f or  u s e  wi t h  t h e  a n i o n  

p a l a r i s a b i i i t y  t a k e n  f r o m F r e e h  and d e c i u s  ( 1 9 6 9 )  as t h e y  

a p p e a r  t o  u s e  c a t i o n  v a l u e s  f r om F i r enne ano K a r t h e u s e r .  

T h e  o n l y  s a l t  f o r  w h i c h  t h i s  makes a l a r g e  d i f f e r e n c e  i n 

r e s u l t s  i s  t he t h a l l i u m  s a l t .  see l a t e r .  T h e  c a t i o n  

c h a r a c t e r i s t i c  e n e r g i e s  we r e  t a k e n  as 90Z cf  t h e  s e c c r d  

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

a n i o n  was t a k e n  f r o m  t he wor k of  A r c h i b a l d  and S a b i n  

( 1 9 7 1 ) .  A l l  e l e c t r o n  n u mb e r s  wer e t a k e n  as e i g h t .  a p a r t  

f r om l i t h i u m  ( t w o )  a n d  t h a l l i u m  ( e l e v e n  -  A l c o c k  and 

J e n k i n s  ( 1 9 7 4 ) ) .  The r e s u l t s  f or  t h e  d i s p e r s i o n  e n e r g i e s  

and c e l l  l e n j t h  d e r i v a t i v e s  a r e  g i v e n  i n  T a b l e s  

4 . 4 ( i i ) - 4 . 4 ( i i i ) .

P e s u l t s



p o t a s s i u m  and r u b i c i u m  a z i d e s .

T a b l e  /. i n t e r  « e d i d t e  r e s u l t s  Tor l i t h i u m ,  s o d i u m ,

Ter m L i N , \ aM j  (oL) N aN^Cfc) K'J3 RoN^ Un i t s

*0 £5 9 .1* 6 52 . ) 6 30. 0 67 5 .  0 6 5 3 . 3

■v *1 1 9 6 5 . 9 2:  69 . 6 2 ) 8 5 . 0 ■'39 3. 2 2 3 51 . 9 k J  .  .mo 1

A? 9 06 9 .7 9 0 9 2 . 9 9 1 0 1 . 1 9 1 7 7 . 9 91 7 5 . 2

'ss S1 - 2  290. 9 - 2 2 7 9 . 3 - 2 3 9 0 . 7 -  ’  36 6 .  3 - 2 3 6 7 . 9 k J . mo 1

° 2 • 9 16 3 . 2 -  4i  64 • 6 - 9 1 8 3 . 7 -  9 1 9 1 . 9 - 9 1 9 3  . 9

f 0 £5 9 . 9 6 3 2 . 2 6 30.  9 67 5 .  0 6 5 5 . 3

C1 -  9 0 5 .9 - 2  95 • 2 -  3 0 5 . 6 - 2  3.  7 -  1 6 . 1 k J . mo •"

C2 -  I t  2. 5 -  7 2 . 2 - 8 2 .  5 3 5 .  5 31 .  3

(clOtlEai uaO 2c). 2 2 5 . 1 7 1 . 6 - 1 1 2 .  1 - 1 0 9  .9

I  J?*. °al 1 5 8 . 5 1 11 . 9 3 5 1 . 0 - 5 6 .  9 - 9 9  . 7 k J  .  no 1,

°a? 9 6 . 9 27 . 0 10 6.  7 - 9 2.  2 -  39 .  6 9 _1

|cJ5eis^ DbO 5 1 . 3 31 .9 - - -

/Q
/\

<r
\

P 0 2 2 2 . 9 1 5 6 . 7 - - - k J  . mo I,

° M 3 2 . 5 5 0 . 0 - - - r 1

DoO - 2 1 0 . 2 - 1 69 . 7 - 5 9 .  6 1 . 5 - 2 . 7

U r  V D«1 -  112. 9 - 8 9 . 1 -  30.  5 9 6.  9 3 3 . 8 k J . m o t

Q —1
0o2 - 8 . 1 - 5  . 6 - 2 .  9 9.  9 6 . 8

U dd 3 5 . 1 2 7 . 2 26.  2 3 9 . 0 3 5 . 9 k J  . m o *'

fcSUlt s



Tübl fc 4 .<4 ( i i ) c o n t i n J e i l

■ m U N , N a N , ( £ ) KN3
3b\¡, U n i t s

^ A a - 1 7 .  i -  1C. 2 -  Ï 3 .  9 - 2 0 .  3 - 2 1  . 4

-••s.l -  1 7 . 5 - - -
. -1

k j . n o ' .

íAtó/ác “ A 1 -6 . -3 - 2 .  3 -1 1 . ? - 1 1 . 3 r 1

V 4 . 0 2 . 5 2.  3 7.  0 3 . 2 k J  . no *

^ / ò  a

^ty/í fc-

-  2 . 9  

- 4 . 5

- 1 . 3 

- 2 . 2

- 4 .  2 -  2.  7 - 2 .  6
-1

k J . n o ) .

- 0 .  i «  ,■% 7 - 0 .  2 - 1 . 4 -1 . 3 r 1

r M C.  4 24 0 . 8 7 5 0 . 8 7  5 1.  191 1 . 3 1 7 ?

•3. 3 1 . 0 0.  9 3.  1 3 . 7
- i

k J . n o *
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Tati l e ‘ . U i i i ) I a te r  Ji eil i a t e r e s u l t s  f o r  c e s i  u i i  

3 n inoni um> t h a l l i u m »  s i l v e r  and

c o p p e r ( T )  a z i o e s .

n 3 " H4*5 T I N 3 At m_ Cu’l j

62 9 .2 6 6 3 . 0 6 6 A • 6 70 8.  1 6 9 2 . 8

2 36 1 . 3 23 81 . 9 2 3 6 7 .  3 •’ as 9 . o 2 1 9 9 . 2

A 17 2 . 3 A 2 16 . 2 A 2 C 6.  6 A15 6.  0 A 1 2 9 . 9

- 2  26 8 . 3 “ 2 3 7 5 . 2 - 2  385.  0 “ ? 35 A . A - 2 3 6 9 . 2

1 •C” ►-» X* \-n • -  A1 56 . 6 - A  17 3 .  3 - A12 0.  3 - A 1 A 8 . i

62 9 . 2 6 6 3 • 0 6 6 A. 6 7 1 8 .  1 6 9 2 . 3

- 7 . 1 - 6  . 9 - 1 7 .  7 - 6  5.  5 - 1 7 0 . 0

2 7 . 3 35 . 9 3 2.  3 35.  8 -  1 6 . 2

- 8  6 . 9 “ 3 8 . 2 - 1 0 A . 3 - 8 A .  0 - 3 . 1

“ A 3. 1 -  19 . 5 - 5 2 .  5 - 6 1 .  A 3 5 . 3

“ 2 7 . 5 -  11 . 7 - 3 7 .  1 - 2  9.  6 IA . 6

- -  31 . 6 - - 6 5 .  8 -

- -  10 . 3 - - 1 0 .  8 -

- “ 11 . 1 - - 3  2.  0 -

- 7 . 5 -  1 2 . 9 - 1 . 9 2 5 .  5 - 1  1 9 . 2

3 0 . 7 60 . 7 * 1 .  3 7 8.  8 -  38. 1

A . 5 5 . 3 7.  5 2 3.  8 - 11  . A

* 1 . 2 38 . 9 85.  A 9 1 . 0 6 2 . 3

c o n t  i nu ed ovs r

dn i t s

k J . mo'

k J . mo'

k J . mo 1

k J . m o '

o-1
A

k J . mo*

9 - »

k J . mo I

r 1

k J . mol
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I, V

ip C s h 3 n V ‘3 T I N 5 a j N5 Cu'i 5 Un i t s

'â^ôà/àa. -?<* . 0 - 8  .4 - 5 2 .  9 - 3  0 .  4 1 ro o

- - 8 . 7 - - ■>4. 6 - k J . n a 1

- 1 0 . 7 - 2 1 . 8 - 2 5 .  0 - 3  3.  0 - 2 9 . 7 r 1

ti 4 . 4 3 . 3 9.  8 1 1 . 2 6 . 7 k J . ma'
qd

^ V / ò a -  3 .5 - 1  . 1 - 7 .  5 - 4 . 8 - 3 . 0

- - 1 . 1 - - 3 . 6 - k J . n o

r 1-  1 . 5 - 2  . 9 - 4 .  0 -  6 . 9 - 4 . 9

7 1 . 4 6 5 1 . 2 6 5 1 .  37 1 1 .  1 * 1 . 0  * ?
V

ur 4 . 1 2 . 6 6 . 0 3.  1 3 . 0 k J . n o

-1

-1

Ä J 6
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I n a l l  t he met al  a z i d e 3 c o n s i der  ed h e r e  ( i n c l u d i n g

a ir l o r  i urn ) t he c a t i o n i s t a k e n  as s p h e r i c a l  and a b a s i c

r a d i u s  i s r e o u i r e d .  F o r t he al k a l i net a l »  ammoni  u m ar d

t h a M i um i o n s  v at ue s a r e t ak on fr on J e n  k i n s  and Pr  e 11

C l V / 7 a ) .  He v a l u e s  as y e t  e x i s t  f or  e i t h e r  t h e  s i l v e r  or  

c o p p e r ( I )  i o n s *  i n  v i e w  of  t h e  r e s u l t s  shown i n  F i g u r e  

2 . 8 ( v i i )  h o we v e r  i t  was f e l t  an e s t i m a t e  was s u f f i c i e n t  at  

t h i s  s t a g e  ( t h e  r e s u l t s  o b t a i n e d  made t h e  a s s i g n me n t  cf  

a c c u r a t e  r a d i i  u n w a r r a n t e d ) .  The v a l u e s  us ed f o r  t he 

c a t i c n  b a s i c  r i d i i  and t h e  s u b s e q u e n t  c at  i o n - c a t  i c n  

c o n t r i b u t i o n s  t o  t he r e p u l s i o n  e n e r g y  a r e  g i v e n  i n T a b l e s  

4 . 4  ( i i ) and a .  4 ( i i i ) .

■fp»am

A r e p u l s i o n  model  o f  t h e  a z i d e  i o n  has t o he 

d e v e l o p e d .  C o r . s i d e r i r g  t h e  i o n  as c o mp o s e d  of  t h r e e  

s p h e r e s  we c an w r i t e  a H u g g i n s  3nd Pay er  t y p e  e x p r e s s i o n  

f o r  t h e  r e p u l s i o n  e n e r g y  i n a me t a l  a z i d e  ass
C M  t o s s

icr\% kw4

- v i V c i r t , » ? ( ^ ' ) £ +

^cn*»^(^) ? > r ^ )  + ^ u >
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t h e  a z i d e  i o r  an I H t o  a t e r n i n a l  a t o t .  The *et  al  i o n  i s  

as s u i r ed  t o  h a v e  a known o a s i c  r a d i u s  so t h e r e  a r e  two 

u n k n o wn  r a d i i  i n  t h e  a b o v e  e q u a t i o n .  T h e  me t h o d  can a r t y  

d e a l  w i t h  one u n k n o w r  and so a f u r t h e r  a p p r o x i m a t i o n  u s t  

be made,  o n e  o b v i o u s  p o s s i b i l i t y  i s  to ass ume t h e  r  a c i i 

a r e  eq tia l » i . e .  a r e p u l s i o n  mo del  of  t h r e e  e q u a l  s p h e r e s  

c e n t e r e d  on t he n i t r o g e n  a t o ms .  T h i s  n o d e l  w i l l  e x a j d e r a t e  

t h e  c o n t r i b u t i o n  f r om t he  c e n t r a l  n i t r o j e n  as  t h i s  w i l l  

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

a s m a l l e r  n e g a t i v e  c h a r g e .  T ha o t h e r  p o s s i b i l i t y  i s  t o  put  

rr , = C .  T h i s  i s  p r e s u m a b l y  t h e  o t h e r  s i c e  of  t h e  ' t r u e *  

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

h e r e  u s i n g  b o t h  i o d e t s .

The c u r v e s  o f  l a t t i c e  e n e r g y  a g a i n s t  c h a r g e  on t he

t e r m i n a l  n i t r o g e n s  c a n  now be s l o t t e d «  f o r  each

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

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

o r d e r  on t h e  l e f t - h a n d  o r d i n a t e  ( f r o m  l e w t o  h i g h  I j t t i c e

e n e r q y )  i n  b r a c k e t s .  r e f e r s  to t h e  h s a l t »  t he

d e r i v a t i v e  in t h a  i d i r e c t i o n  u s i n g  mo d e l  j ( l  i s  t he

t h r e e  s p h e r e  mo d e l  and 2 i s  t h e  t wo s p h e r e  m o d e l ) .  The

. . .2c u r v e s  f o r  l i t h i u m  a z i d e  a r e  shown in F i g u r e  4 . 4 ( 1 )  ( L i  » a
L i 1 » L i ? »  Li  i »  L i 1 » L i 2 ) .  T h e  c u r v e s  f o r  t h e  p l e c m o r p h s  cf  

a  D D o o

s o d i u m a z i d e  ( t h a  m o n c c l i n i c  f o r » »  N a ( M ) »  end t h e  t r i g o n a l

R e s u l t s



Figure U*U(i) L a t t i c e  energy o f lith iu m  a z id e .



The a s s i g n n e n t  of  v a l u e s  f r om t h e  abov e f i g u r e s  i s  

made f r om t h e  i n t e r s e c t i o n  p o i n t s .  Ho we v e r  i t  i s  a p p a r e n t  

t h a t  some i n t e r s e c t i o n s  can ce t a k e n  a s  mor e r e l i a b l e  t h a n  

o t h e r s »  f o r  i n s t a n c e  i n  F i g u r e  4. 4 ( i )  t h e  i n t e r s e c t i o n  

b e t we e n  t h e  c u r v e s  r e s u l t i n g  I r o n  t h e  a anc b d e r i v a t i v e s  

c a n n o t  be c o n s i d e r e d  a n y wh e r e  as n e a r  as r e l i a b l e  as 

b e t we e n  a and c and b a n c  c due t o  t h e  a n g l e s  of  

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

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

I n t e r s e c t i o n s  b e t w e e n  c u r v e s  r e s u l t i n g  f r e s  d i f f e r e r t  

mo n e l s  a r e  a l s o  not  c o n s i d e r e d »  t h e i r  i n c l u s i o n  c o u l d  r o t  

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

c o n s i d e r e d  f o r  t h e  t h r e e  s p h e r e  model  a r e  l i s t e d  i n T a b l e  

4 . M i v )  and t ho s e  f o r  t h e  t wo  i n h e r e  model  i n T a b l e

tJ e s u 11 s

2 2
f o r m»  Na ( T ) )  a r e  s h o wr  i n F i g u r e  4.  4 ( i i ) ( N a ( e )  < Na ( T )  »

N a t h ) 1 » f a ( T ) 1 » N s ( " ) !  . ' ¡ a i T ) 2 » N a l T I 1 » Hat « *) 1 »a a b b c o o
2 2 1 2  1ia < 5 ) .  f  i | ur e 4 . 4 ( i i i > (K > K * K > K 1 shows t h e  c u r v e sc c c a a

f o r  ( o t a s s i u i r  a z i d e .  T he c u r v e s  f or  r u b i d i u m »  c e s i u m and 

t h a l l i u m  a z i d e  a r e  n o t  shown as t h e y  a r e  v e r y  s i m i l a r »  cue 

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

2 1 2 1 2 1
F i g u r e 4 . 4  (  i v ) ( N H .  .  

i*.o N h 4 e '  NHV b  '  N H V h  '
NH4 a ,  MH s h e w s

c t r v t s f o r a if. n 3 n i u'll a z i d e ,  f i g u r e 4 • 4 (  v  )  (  A g.^ # A g 2v  A c 2 »

. 2 
A g p

a '  A 1
1 > s ’i o w s t  he c i r v e  s f o r s i l v e r a z i d e  a n d

c a c

r i g u r e 4 . 4  (  v i ) ( C  u 1 » 
a

2 2 1 
C u  » C j , .  C u ) a  o o

f  o r c o c p e r C  T > a z i d e .

. -k













T a b l e  ¿ . 4 ( i v )  C o o r d i n a t e s  of  t he i n t e r s e c t i o n  p o i n t s  on 

F i j u r e s  4 . 4 C i >“ 4. 4 ( v i o j s i r g  t h e  t h r e e

sph er e i tode l o f t h e  a » i  1 e i o r .

u l t C u r v e s % r K ( $ > :ipOT (k .!• mol

' ' ' 3
ac -  1 . C 3 9 1 . 1 7 ’ 8 3 2 . 1

to * 1. 10  9 1 . 1 5 6 6 5 4 . 7

I d' 4 , 0 0 * ac - 4 . 9 9 4 1 . 161 7 4 6 . 5

tc -  1.1.51 1 . 14 e 761 . 4

’¡a I I I  I ) * ac -  C . V 35 1 . I p '’ 7 4 5 .  3

Kw 3 ac - C . 6 6 0 1 . 07  3 6 5 7 . 4

Ft  I j ac ” m .  ol  5 1 . 0 7 6 6 3 3 . C

C s ’i ^ ac - 0 . 7 0 3 1 . 0 8  T 6 0 6 .  2

ac - u . 0 3 6 1 . 1 0 3 6 3 9 . 2

be — 'j .  6 7 6 1 . 1 1 ’ 6 7 9 . 5

TIM X ac - 0 . 7 7 6 1 . 0 8 6 66 3.  2

Cu 1 j ac - 1 . 4 6 4 1 . C l  5 74 3.  3

* ( M) in di  c at  es t h e mo noc l i n i c pi  s o l o r p  h and

( T ) t he t r i y o n a l

• e s u ( t s
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4 . 4 ( v ) .  T h e  v a l u e s  f o r  t he  b a s i c  r a d i u s  of  t he  n i t r o g e n  

at oms o b t  l i n e d  at  t h e s e  p o i n t s  a r e  a l s o  l i s t e c .

T a b l e s  4 . 4 ( i v )  and 4 . 4 ( v )  show some i n t e r e s t i n g  

p o i n t s .

( a )  S i l v e r  a z i d e  s h o ws  no i n t e r s e c t i o n s  whi ch c o u l d  t e  

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

d e r i v a t i v e  i s  a b j v e  t h e  o t h e r  t wo  ( s e e  F i g u r e  4 . 4 ( v ) ) .  

T h e r e  s a r i s  to h i  n o  o n v i o u s  r e a s o n  f o r  a b r e a k d o w n  i n  t he 

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

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

some d o u b t .  E v e n  i t  a t e n t a t i v e  v a l u e  was a s s i g n e e  a 

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

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

( b )  T h e r e  i s some d i f f e r e n c e  i n  t h e  v a l u e s  o b t a i n e d  f r om

t h e  a and h d e r i v a t i v e s  ( a t  i n t e r s e c t i o n )  of  t be

m c n o c l i n i c  f or ms o f  l i t h i l » and s o d i u m a z i d e .  T h i s  i s  

p r o b a b l y  due t o some a n i s o t r o p y  c a u s e d  by t h e  g r e a t e r  

p o l a r i s i n j  oower  of  t h e s e  s m a l l  i o n s .

( c )  T he  p o l a r i s i n g  power  o f  t he i o n s  i s a l s o  s e e n  when

n o t i c i n g  t h e  g e n e r a l  t r e n d  o* d e c r e a s i n g  c h i r a e

d i s t r i b u t i o n  g o i n g  down t he s e r i e s  f r o m l i t h i u m  t o  c e s i u m .  

T he  mor e p o l a r i s i n g  t he i o n  t h e  g r e a t e r  i t s  e f f e c t  of  

s e p e r a t i n j  t h e  c h a r g e  i n  t he  a n i o n .  The e f f e c t  i s  r o t  

h o we v e r  v a r y  t a r j e .
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7 u b l e  4 . 4 ( v  ) C oor d i n s t e s  of t h e  i n t e r s e c t i o n  p o i n t s  on

c i j u r e s  4 . 4(  i ) - 4 . 4 (  v i  ) u s i n g t he t wo  sp her

mode l f o r  t h e 1 2 i de i o n .

,ol t C u r v e s dp UPOT ik J * >

L i N j 3C - ü . o 2 3 1 . 2 5 3 8 0 0 . 4

te - C •65 3 1 . 24  ° 8 1 0 . 6

M a N j ( M ) * ac - 0 . 9 3 2 1 . 2 2 ^ 7 3 9 . 9

te -  C . 9*. 4 1 . 2 2  4 7 4 3 . 2

Na f j ( I  ) * ac - 0 . 8 9 9 1 . 2 2 5 7 3 6 . 5

KW , ac “ C . 63 2 1 . 1 7  5 65 6 . 7

r L U ac - 0 . 6 7 3 1 . 17  9 6 3 4 . C

Csfl 3 ac - 0 . 7 7  e 1 . 17  6 6C 7 . 4

‘H n 3 ac -  0 •o7 3 1 . 2 0 1 6 3 9 . 4

fcc - 0 . 9 2 9 1 . 21 4 6 3 9 . 9

u n 3
ac -  0 . d4 9 1 . 1 8  T 6 6 4 . 5

tu' l  T ac - 1 . 2 1 7 1 . 11 9 7 5 6 . 4
3

* ( P )  i n d i c a t e s  t h e  m o n o c l i n i c  p l e o m c r p h  i n d

( T )  t he  t r i g o n a l



( d ) The p o t a s s i u m . r u b i d i u m ,  c e s i o m and t h a l l i u m s a l t s

whi ch a l l ha ve s i m i 11a r  s t r u e  t u r  es ( w i t h s p a c e g r o u p

U / t c i ) l i v e  s m a l l e r v a l u e s  f o r  t h e b a s i c r a d i i  th an t he

o t h e r s  ( e x c l  u l i n j  t h e  c c p p e r ( I )  s a l t ) .  T h i s  i s  p r e s u n b l y  

i  m a n i f e s t a t i o n  o f  some p r o p e r t y  of  t he  s t r u c t u r e .

I n  o r d e r  t o  a s s i g n  a c t u a l  v s l u e s  a c h o i c e  has t o  t e  

made b e t we e n  t h e  t wo r e p u l s i o n  m o d e l s .  T a b l e s  U . (  i v )  and 

4 . 0 ( v )  snow t h a t  b o t h  ar e f l e x i b l e  enough t o  g i v e  s i m i l a r  

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

be  e x p e c t e d  as t h e  c e r t r a l  n i t r o g e n  p l a y s  a much s m a l l e r  

r o l e  i n  t n e  r e p u l s i o n  e n e r g y  t h a n  t h e  t e r m i n a l  a t o ms .  The 

• t r u e '  r e p u l s i o n  e n v e l o p e  i s  e x n e c t e d  t o  l i e  s o mewher e 

b e t we e n  t n e  t wo m o d e l s .  w i t h  t h e  t h r e e  s p h e r e  r o c e l  

i n t u i t i v e l y  n e a r e r  t o  i t .  Ho we v e r  t h e  r e s u l t s  of  t h e  two 

s p h e r e  mo d e l  a p p e a r  more i n t e r n a l l y  c o n s i s t e n t  ( much 

c l o s e r  i n t e r s e c t i o n  r a n g e s )  a n d  so i t  i s  f e l t  t h a t  a 

s t r a i g h t  a v e r a g e  of  t h e  r e s u l t s  f r o m t h e  t wo model s  i s  t he 

b e s t  a p p r o a c h  t h a t  c a n  be a d o p t e d .

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

T a b l e  W . i ( v i )  a l o n g  w i t h  the s t a n d a r d  d e v i a t i o n  ( S D  

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

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

a v e r a g e  ( w i t h  s t a n d a r c  d e v i a t i o n )  f o r  t h e  c h i m e
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d i s t r i b u t i o n  h o w e v e r  i s :

n = - 0 . 9 0  + 0 .10  4 . 4 ( i i i )

o b u i n s d  f r om t h e  v a l u e s  f or  t h e  t h r e e  s p h e r e  mocel  

( - l  . 9 2 4 .0 . 1 3 )  end t h e  t wo s o h e r e  model  ( - 0 . 8 8 * 0 . 0 5 ) .  The 

a v e r a g e  b a s i c  r a i i i  ( w i t h  s t a n d a r d  d e v i a t i o n )  o b t a i n e d  ar e  

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

j i v e  s m a l l e r  v a l i e s ) .  f o r  t h e  t h r e e  s p h e r e  mo d e l :

= 1 .12  + 0 .0 4  8 4 .4 ( iv )
IT —

and f o r  t h e  t wo s p h e r e  mo d e l :

= 1.21 + 0 .0 3  £  4 .4 (v )
rT —

a t h er  to c he mi Ca l c y c l e  c a n  be us ed t c  c o mb i n e  t he  

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

t h e  l a t t i c e  e n e r g y  and t he  e n t h a l p y  of  f o r m a t i o n  o f  t he 

j a s e o u s  a z i d e  i o n  p r o d u c e s  t he e q u a t i o n s

AHfOÇ(s) -  + A h*(»-3)(°) -  APf(*+)(s) ♦ **T

wher* n=C f or  mo n a t o mi c  H and n = 1/ 2 f o r  ammoni um.  T h i s
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i s  a p p l i s d  t o  t h e  i n i i v i d u a l  l a t t i c e  e n e r g i e s  a n d  the 

r e s u l t s  i r e  g i v e n  i n  t a b l e  i > 4  ( v i  t .  T h e  t h e r m o c h e m i c e l  

dat a  i s  l i s t e d  i n T a b l e  4 . 4 ( v i i ) .

I n  f a t i l e  < t . 4 ( v i )  t he a l k a l i  me t a l  s a l t s  show a 

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

e n t h a l p y  of  f o r m a t i o n  o f  t he  g a s e o u s  a z i d e  i o n »  a l t h o t q h  

t n e y  a r e  p e r h a p s  not  as c o n s t a n t  as one n i g h t  h o p e .  The 

v a l u e s  f a r  t he a t n e r  s a l t s  h o w e v e r  show r f  s u i t  s v e r y  much 

at  v a r i a n c e »  one w i t h  a n o t h e r .  T he  e x t r e m e l y  l a r q o  

d i s c r e p a n c y  f o u n d  i n  t h e  c a s e  o f  t '■e c o n p e r ( I )  s a l t  c o l  I C 

ne t  p o s s i b l y  be e x p l a i n e d  i n  t e r ms  of  m e t h o d o l o g i c a l  

e r r o r s  a r i s i n g  i n  t he  c a l c u l a t i o n »  i t  mu s t »  t h e r e f o r e »  he 

a c o n s e q u e n c e  of  e i t h e r  an e x t r e m e l y  i n a c c u r a t e  v a l u e  f or  

t h e  e n t h a l p y  o f  f o r m a t i o n  of  t h e  c r y s t a l l i n e  s a l t  or  a 

t o t a l l y  i n a c c u r a t e  c r y s t a l  s t r u c t u r e .  Bo t h  c o u l d  be c a u s e d  

b y  l a r g e  a i r o u n t s  o f  i m p u r i t y »  most  l i k e l y  d i f f e r e n t  

o x i d a t i o n  s t a t e s  of  t h e  e l e  r e n t s .  In f a c t  Wy c k o f f  ( 196*5)  

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

n i t r i d e  r a t h e r  t h a n  az i f l e  s a l t s .  T h e  r e s u l t s  f o r  t h i s  s a l t  

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

The l a t t i c e  e n e r g y  of  a mmo n i j m a z i d e  l e a d s  t c  a 

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

i o n  a b o u t  2 C - 3 0  k j . m c r 1 l o w e r  t h a n  f o r  o t h e r  s a l t s .  T h i s
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T a b l e  t  .<• ( v  i i > T h e r  *o c h e n i c i l  d a t a  ' o r  a r i d e  s a l t s  

(  k J .  sno l “ ’' ) .

Sal  t ^ H * (  N3 ) ( =  )
A .  • +

a ¿ ¿ H f ( -  ) ( g ) So i k

L 1 1 3
1 0 . 9 68 7 . 7 b

No 1 ^ * 21 . 3 60 9 . 8 b

Ki‘ 3
- 1 . 3 51 8 .  2 b

^ ' ■ 3
- c . 8 89 <. . 9 c

t s ' , 3 - 1 0 . 0 8 5 2 . 3 b

m‘V %3 11 3 . 1 6 3 0 . 2 d

T l N 3
2 3 3 . 6 77 7 . 7 e

A^ 3
3 1 . 6 l  01 9 . 2 f

Cu l _ 2 81 . 3 1 09 0 . 0 f
3

* e n t f a l p y  of  t r a n s i t i o n  b e t w e e n  t h e  t wo o l e o m c r p h  

i s  un k n o wn ,  i t  i s  ass umed n e g i g i b l e

a t ak en f r o n  G o r a »  g o w n s .  Keni t ey and Sh a r n a  ( 197" ’ ) 

b S t u l l  and P r o p h e t  ( 1 9 7 1 )  

c R o s s i n i  e t  at (  1 952)  

d J e n k i n s  and M o r r i s  ( 1 9 7 6 )

R kaqr  an et  a l  ( 1 9 6 8  ) 

f Ragman et  a l  ( 1 9 6 9  )
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e n e r o y  j a p  c a n  he expl  a i n e d  hy h y d r o g e n  b o n a i n j  

s t a b i l i s i n g  t h e  s t r u c t u r e .  T h e s e  l a t t e r  r e s u l t s  a r e  r e t  

i nc t i . de d i n  t he f i n a l  a v e r a g i n g .

A s i m i l a r  r e s u l t  i s  o b t a i n e d  f r om c a l c u l a t i o n s  on t he 

t n a l l i u n  s a l t  wher e  h y d r o g e n  a on d i n g  i s  n o t  a p o s s i b i l i t y .  

C o mp a r i n g  t h e  c u r r e n t  r e s u l t s  w i t h  t h o s e  cf  J e n k i n s  and 

P r a t t  ( 1 0 7 7 c ) »  wh e r e  t h e  r e s u l t s  f o r  t h a l l i u m  a ? i d e  f i t  i n  

wi t h  t h o s e  f or  t he a l k a l i  p e t a l  s a l t s ,  we see t h a t  a l mo s t  

a l l  t h e  • l i  s cr en i nc y* i s  due t o a t o we r  d i s p e r s i o n  e n e r o y  

i n  t h i s  c a s e »  c a u s e d  by t he a d o p t i o n  of  a d i f f e r e n t  

( l o w e r )  po 1 a r i  s ah i l i t y f or  t he  t h a l l i u m  i o n .  b e c a u s e  cf  

t h i s  t h e  c a l c u l a t i o n s  w i t h  t h e  new me t h o d  wer e r e p e a t e d  

t a k i n g  t h e  pa l ani  s a t i l i t y  us ed p r e v i o u s l y .  T h e s e  

c a l c t l a t i o n s  ga v e  an i n t e r s e c t i o n  ( o n  t he  t wo  s p h e r e  

mo d e l )  b e t we e n  t h e  twe c u r v e s  at qj j  = - ) . 6 0 ,  U p g p f T l N j  > = 674 

k J . m e l ” 1 . The l a t t i c e  e n e r g y  i s  h i g h e r »  a l t h o u g h  net  

s u f f i c i e n t l y  so»  but  t h e  c h a r j e  d i s t r i b u t i o n  now seems 

i n c o n s i s t e n t  w i t h  o u r  o t h e r  r e s u l t s .  C o n s e q u e n t l y  t h i s  

does n o t  s o l v e  t h e  p r o b l e m .  A ma j o r  f a c t o r  t ha t  c o u l d  be 

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

c a u s i n g  a n i s o t r o p y »  t h i s  wo u l d  mean u n r e l i a b l e  

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

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

whi ch needs  a m i j o r  i n v e s t i g a t i o n .  T he  r e s u l t s  ( n o t h )  ar e

R e s u l t s
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or. i t t e o  f r om t h e  f i n a l  a v e r a g i n g .

F i j u r e  4 . 4 ( v t i )  s hows  3 p l o t  o* e n t h a l p y  of  f o r m a t i o n  

of  t h e  g a s e o u s  a z i d p  i o n  v e r s t s  t he c h a r g e  on t h e  t e m i r a t  

n i t r o g e n  at oi r  f o r  a l l  t fe s a l t s  c o n s i d e r e d  e x c e p t  s i l v e r  

a n d  c o p p e r ( I )  a z i d e ,  f r o m t h i s  f i j u r e  we c a n  a s s i g n  ( w i t h  

a s t a n d a r d  d e v i a t i o n ) :

T h i s  v a l u e *  and t h e  c h a r g e  c i s *■ r i  bu t i on and l a t t i c e  

e n e r g i e s  ou o t e d  e a r l i e r *  a g r e e  we l t  w i t h  t h o s e  of  J e n k i n s  

and f r a t t  ( 1 9 7 7 0  s h o w i n g  t h a t  t h e  J e n k i n s  ano O d d i n i t c n  

e q u a t i o n  c a n  be j e n e r a I  I y  u s e d  f o n  t h i s  t y r e  of s a l t .  T h i s  

a g r e r m e n t  r e i n f o r c e s  t he ar gueoi ent  g i v e n  i n  t h a t  work 

c o n c e r n i n  j t he mi ch h i n h e r  v a l u e  f o r  t h e  t h e r mo c h e i mi c a l  

f u n c t i o n  gno t e c  i n  t h e  s t a n d a r d  t he rmo ch e.n i c a l t a b l e s .

U s i n g  a r e l a t i o n s h i p  e q u i v a l e n t  t o  E q u a t i o n  h . 3 (  x i x > 

w i t h  t he dat  a / \ H * ( N T >  C a d )  = 2 75.  1 k J . m o l “ 1 ( Wagman et  at  

( 1 9 t h ) )  e n a b l e s  us t o a s s i g n  t he c o n v e n t i o n a l  and a b s o l u t e  

h y d r a t i o n  e n t h a l p i e s  o f  t he g a s e o u s  az i d e  i o n  a s :

A P * ( NP ( s )  = 149 + 14 kJ.m ol 4 . 4 (  v i i )

, (N ^ (g )  = -1410 k J .mol 4 .4 ( T i i i )

,( lC )(g )  = - 3 1 0  kJ.m ol 4 .4 U * )

R e s u l t s



Figure 2f.4(vii) Enthalpy of formation of the gaseous azide ion.

A  h ;  ( n ;  ) ( g ) ( k J o  m o t  1)
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The l a r g e  3 j a u n t  o f  r e c e n t l y  r e v i e w e d  f at a  c o n c e r n i r j  

a z i d e  s a l t s  p r j m i s e d  an e r c e l l e n t  o a p u r t u n i t y  t o  p r o o t c e  

d a t a  c o n c e r n i n g  t h e  a z i d e  i o n  and t o  t e s t  t h e  n e w l y  

p r o p o s e d  me t h o d .  I n  v i ew c f  t h i s  i t  h a s  t o  b e  s a i d  t h a t  

seme of  t h e  ca l e u  l a t i  cn s» d e a l i n g  w i t h  n o n - a l k a l i  i  s t a t 

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

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

p u r e l y  due t c  u n r e l i a b l e  d a t a .  f o w e v e r  F i g u r e  4 . 4 ( v i i )  

does show t h a t  t o s t  of t h e  c a l c u l a t i o n s  y i e l c e d  

a p p a r e n t l y  good r e l i a b l e  r e s u l t s  s o  v a l i d a t i n g  t h e  r r w  

s e t n r d .

4» .5 The B i f l u o r i d e  I o n

h X K -

I n  t h i s  r e s e a r c h  t h e  J e n k i n s  and W a d d i n g t o n  e q u a t i o n  

has been a p p l i e d  t o  t h e  a l k a l i  me t a l  b i f l u o r i d e  s a l t s  and 

t h e  r e s u l t s  p u b l i s h e d  i n  t he o a p e r  *y  J e n k i n s  and P r a t t  

( 1 9 7 7 a ) .  T h e  a p p l i c a t i o n  o f  t he new me t h o d  t o  t h e s e  s a l t s  

has n o t  y e t  been d e s c r i b e d »  t h e  r e s u l t s  ar e p r e s e r t e d  

h e r e »  w i t h  t he i n c l u s i o n  of  a u mo n i u "  b i f l u e  r i c e .

The o b v i o u s  s i m i l a r i t i e s  b e t w e e n  t h e  a z i d e  a n a  

b i f l u  o r i d e  i ons l e a d s  to s a l t s  t h a t  p o s s e s s  s i m i l a r  

c r y s t a l  s t r u c t u r e s  a l o n g  w i t h  o t h e r  common f a c t o r s .  L i k e

R e s u I t s
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tf i e a z i d e  i o n  t h e  o i f l u o r i c e  i o n  has p r e v o u s l y  been 

c o n s i d e r e d  as c a p a b l e  of  p e i n g  s p o r o x  i » 3 t e  t hy  a s a l i C  

e l l i p s o i d  ( W a d i i n g t o n  ( 1  9 5 8 ) »  D i x o n »  J e n k i n s  and

H a d d i n g t o n  ( 1 9 7 ’ ) )  J e n k i n s  and H a d d i n g t o n  (  1 9 7 5 b ) )  t u t

u n l i k e  t h i s  i on t h e r e  i s  a n o t h e r  o o v i o u s  ap pr  o x i  nat  i nn 

t h a t  c o u l d  be made,  one c f  two s e p a r a t e d  f l u o r i n e  i c r s »  

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

of  t h e s e  mo d e l s  has be e n  b o u g h t  i n t o  d ou b t  b y  t he  

a p p l i c a t i o n  o f  t h e  J e n k i n s  anc H s d d i n o t c n  e q u a t i o n .  The 

work of  J e n k i n s  i nd P r a t t  (  197 7d)  g i v e s  t he r  ¡a o ch e m i ca l 

r e s u l t s  much mor e i n  l i n e  u i th t ho s e  o b t a i n e d  b y  q u a n t u m 

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

n e t h o o  j i v e s  t h “ o p p o r t u n i t y  o f  o b t a i n i n g  a f u r t h e r  s et  of  

l a t t i c e  e n e r g y  r e s u l t s .

The d i s c u s s i o n  r e g a r d i n g  t he t r e a t m e n t  o f  t h e  a z i d e  

i o n  a s  an e l l i p s o i d  ( s e e  S e c t i o n  4 . 4 )  a p p l i e s  a l s o  t o  t he  

b i f l u o r i d e  i o n »  t he  e x a g g e r a t i o n  of  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  c e n t r a l  at om o f  t h e  i o n  I s  he n e v e r  much mer e 

p r o n o u n c e d  in t h i s  c a s e .  The t r e a t m e n t  of  t he i o n  as two 

s e p e r a t e d  f l u o r i n e  i o r s  w o u l d  seem a much mor e r e a s o n a b l e  

mo d e l »  p r e s e n t i n g  an u p p e r  l i m i t  f o r  t he  r e p u l s i o n  e n e r g y »  

w i t h  any  n o n - c l a s s i c a l  di  s t r i h u t i o n  of  c h a r g e  l e a d i n g  t o 

d e v i t t i o n  f r  cm t h i s  i d e a l .  The c h a r g e  i s  a s s u me d  t o  he 

d i s t r i b u t e d  b e t we e n  t h e  h y c r o g e n  ( q ^ )  ar d f l u o r i n e  ( c y)

r e  s u l t s
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a t oms s uc a t h . i t :

qjj + 2 q?  = - 1 4 . 5 ( i )

The c r v s t  3 l s t r u c t i r p s  us ed i n t h i s  s t u l v  i r e  t he

s .1 me as t h o s e  used i r  t h e  o u o l i s h e d  o ar t of  t h i s  r e s e a r c h

w i t h  t he e x c e p t i o n  of  t h a t  f c r  a i T o i i n  h i  f l u o r i d e .  t M s

s a t t  was not  t r e a t e d  i n t n a t  s t u d y .  T he d e t a i l s  of  t he 

u n i t  c e l l s  o f  t h e s e  s t r i c t u r e ?  a r e  l i v e n  i r  T a b l e  t , . 5 ( i ) .

The e l e c t r o s t a t i c  e n e r g y  a n d  d e r i v a t i v e s  ( u s i n g  a 

par am e t e r i s a t i o n  e q u i v a l e n t  to t h e  E q u a t i o n s  ^ . J ( v i i i ) “ 

< t . 3 ( x l > )  f o r  t he  a l k a l i  m e t a l  s a l t s  > r e  q i v e n  i n  T a b l e

4 . 5 l i i ) .  T he  H y d r o g e n  p o s i t i o n s  f o r  t h e  ammoni um i o n s  i n 

a noon i uci f l u o r i d e  ha v e  been e x p e r i m e n t a l l y  o b t a i n e d  and so 

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

t e r ms  o f  t h e  c h a r g e  d i s t r i b u t i o n  i n s i d e  t he ammoni um i o r t

%  ♦ = 1 4 . 5 ( i i )

wher e Ojj i s  t h e  c h a r g e  o n  t h e  n i t r o g e n  and iljj» t he  

c h a r q e  on t he ammoni um h y d r o g e n  a t o ms .  I n t r o d u c i n g  a 

s e c o n d  s u b s c r i p t  t he  n o t a t i o n  b ec omes :

2 2

UM = Y i  Ai J qH ' qF J WherS 1 + 2
i=0 J=0

R e s u l t s
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j b l e  c . b i i )  U n i t  c o l l  d e t a i l s  f o r  b i f l u o r i d e  s a l t s .

Sill t
Sp ace 
j r  oup z

C el  l
a

con st 3 nt  s ( ? )
b c

i l - F
d i s t i n c e Pe

L i H F 2 F T  .1 5 3 . 0 c  3 ( = a) 1 3. 1 8 6 1.  1 34 3

Nil H F 2 R 3m 3 3 . 4 7 6 ( = 3 ) ’ 3. 76 1.  1 54 b

KH F2 U / f C « •4 5 . 6 7 ( = a) 6. 81 1. 1 29 c

RLH F 2 I 4/ r i Ci 4 5 . 9 c ( = a ) 7.  26 1.  129* c

C sH F 2 ¡ 4 / I C I I 4 6 . 1 4 ( = a) 7. 84 1 . 1 2 9 * c

• \ HF2 f ' s a r 4 8 . 4  c 8 8. 16  3 3. 67 T 1.  1 33 c

a s s u me d  f r o m t h e  D O t a s s i u n  s a l t »  s u p o o r t e d  by  t h e  

c o r r e s p o a d i  fv) a z i d e  i o n  s a l t s

R e s u l t s



T a b l e  4 . 5 (  i i ) I n t e r m e d i a t e  r e s u l t s  * n r  a l k a l i  met . i l  

n i f  I j o r i d e s .

V

1 >[ i  l i H F j  N a r l F j  KFFj 2 6liF0 C SHF, Un i t s

J 0 7 G7 .7 7b 8 . 2 7 2 7 . 3 697 . 9 667.  6
II

fl1 1? 2 3 . 2 214 6 . 9 2 4 5 C . 0 2 455 . 6 246 3 . ' '

■
’ 2 4 1 ie .8 4 1 9 7 . 6 4 5 5 4 . 3 4 346 .9 434 1.  3

1
'J „„ 8 . - 2 4  5C .  3 "2 45 v • b - 2 4 6  1. 1 - 2 4 6 1 . 3 - 2 4 6 1 . 5

ST3 1

1 M 2 -  4 2 8R .  0 -4 8 8 8 . 6 - 4 3 0 6 . 9 - 4 307 . 2 - 4 3 C 7 . 6

*- o 7 07 . 7 7b 8 .  t 7 2 7 . 3 697 . 9 667.  6
I I

0 EL2C L 1 - 5  27 .1 -  30 3 . 6 - 1 1 . 1 - 5 . 7 2.  2

¡§1
'-2

- 1  77. 1 - 9  1 . 1 4 7 . 4 3? .7 33.  6

k J . n o ’.-1

-1

k J . mo•

aO

"a1

ua2

oO

- 1 0 / . ?  - 9 2 . 2

Jt=ic "cl

c2

22. 4 2 8 .  J 3 7 . 9

62 . 7 - 5 3 .  3

44 . 2 - 3 4 .  4

- 8 . 4 - 1  3. 0

4 2 . 3 33. 1

7 . 1 4.  6

3 9 . 1 4 6.  1

■28 . 6 - 3 1 .  3

•11 . 3 - 1  3. 3

0 -1

-1

. - 1

, -1

c o s t i n u e d  over

K e s u l t s
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s i m i l ar eq l a t i o n s  ho I d f o r t e e  o t h e r t e r r a s . The

r e s u l t s  f o r th e e l e c t r o s t a t i c  coe f f i c i e n t s  o f j  tn won i v  m

b i f l u  or  i da ar e g i v e n  i n  T a b l e 4 . 5 ( i i i ) .  The l SC k o f a

v a l u e  f o r  t h e  c h a r g e  d i s t r i b u t i o n  i n  t h e  aToioni  urn i o n  hr.s 

meant  r e s o r t i n g  t o  a p o i n t  c h a r g e  o f  *1 a t  t h e  n i t r o g e n  as 

i s  u s e d  i n  o t h e r  c a s e s  wh e r e  t he  h y d r o g e n  p o s i t i o n s  a r e  

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

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

T he l i t e r a t u r e  c o n t a i n s  no ool  ar i sab i l i t y  d a t a  f o r  

t n e t i f l u o r i d e  i o n  and so a G i s p e r s i o n  trcdel  o f  t wo

s e p e r a t e d  f l u o r i n e  i o n s  i s  a do p t e d • T h e  c o l a r f s a b i  l i t i e s  

of  P i r e n n e  ana K a r t h e u s e r  ( 1 9 6 4 )  b e i n g  e m p l o y e d .  The

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

d e r i v a t i v e s  ar e g i v e n  i n T a o l e s  ^ »5 i  i i )  and h . 5 ( i i i ) »

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

( t a k e n  f r o m e a r l i e r  wo r k )  ano t he r e s u l t s  f o r  t he  

c a t i o n - c a t i o n  r e p u l s i o n  e n e r g y .

The o n l y  v i a b l e  r e p u l s i o n  model  f o r  t h e  a n i o n  i s  cne 

of  t wo  s p n e r e s  c e n t e r e d  on t o e  f l i o r i n e  a t oms »  a s  t h e  

e l e c t r o n  d e r s i t /  s u r r o u n d i n g  t h e  h y d r o g e n  atom i n  t h e  i on

g u s t  be n i n  i*n 1 1 . T h e f or m of t he  H u g g i n s  and Ka y e r

r e pu l si  on e re r gy nay b e s i up l y o b t a i n e d  f or m e q u a t i o n

R e s u l t s



I d b l e  4 . S i i l i )  I n t e r m e d i a t e  r e s u l t s  f u r  aneoni um

b i f l u o r i d e ( k j . s o l an d k j . «  o l~^ . < T 1 )

1 0 1 1 2

Ter m j 0 1 ■9 0 1 0

7G2. . 3 2 4 4 7 • Ö 4 324 .4 - 6 3 2 5 . 1  - 6 1 . 1 195 3 5

USE* C ,.0 -2  44 2 . 5 - 4 2 7 4 . 4 6339 . 2 O. C - 1 953 2

' ELEC 7 02,. 3 1 . 9 44 .2 14 .1 - ■ 6 1 . 1 2

-  4b . 9 - 2 4 . 3 - I S . 3 - 2 . 9 1 4 . 7 1

-  34 . 4 - 1 5 . 0 -  1 4 .D - 4  . 3 1 7 . 4 - 0

-  21 .1 7 G . 7 6 . 7 I-* • CD 2 8 . 4 -  5

T = T
ar
d a

dT
d b

dT
d o

dd 4 2 . 5 - 1 0 .  9 - 1 1 . 3 - 2 5 . 5

V 4 . 4 - 1 . 5 - 1 . 6 - 3  .7

~W “ Í . 2 6 5  1 • f  - k J . 3 C  1 ^

* a cc « b i n a t i  on of  t h e  s e l f  e n e r j i e s  of t h e  t wo 

comp l e x  i on s

e s ul  t s
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A d o p t i n g  t h i s  model  we can now o l o t  t h e  l a t t i c e  

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

each d e r i v a t i v e  j f  e a c h  s a l t .  The c u r v e s  f o r  t h e l i t h i u m  

s a l t  a r e  s h c wr  i n  F i g u r e  A . ' ( i )  ( t h e  c u r v e  r e s u l t i n g  f r om 

t he  a d e r i v a t i v e  D e i n g  bel ow t h a t  f r om t h e  c d e r i v a t i v e  f t  

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

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

F i g u r e  4 . 5 ( i i )  ( a  a b ov e c at l e * t ) .  t he  c u r v e s  f o r  t he  

r u b i d i u m  and c e s i u m s a l t s  b e i n g  s i m i l a r .  T h e  c u r v e s  f c r  

ammoni um b i f l u c r i d e .  w i t h  t h e  ammoniun i o n  c o n s i d e r e d  as  a 

p o i n t  c h a r g e ,  a r e  s h e a r  i n F i g u r e  4 . 5 ( i i i )  ( a t  l e f t ,  f r om 

t he  b o t t o m t o  t o p .  c - b - a ) .

r e s u l t s  f o r  t h e  l a t t i c e  e n e r j i » s .  c h a r g e  J i s t r i h u t i o n  

i n  t h e  a n i o n  and t h e  b a s i c  r  a a iu s o* t h e  r e p u l s i o n  s p h e r e s  

c o n s i d e r e d  can be o b t a i n e d  f r o m t he i n t e r s e c t i o n s  on t h e s e  

f i g u r e s ,  t he  c o o r d i n a t e s  o t  whi ch ar e q i v e n  i n T a t t e  

4 . 5 ( i v ) .  Some p o i n t s  c o n c e r n i n g  t h i s  t a b l e  and t h e

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

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

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

t o  c e s i u m.

( b )  Tne b a s i c  r a d i i  shown b y  t h e  t e t r a g o n a l  s a l t s  a r e

l o we r  t h a n  t h o s e  f o r  t he  o t n e r s .  t h ’ s is as was f o u n d  i n

t h e  a a i d e  s a l t s  and mus t  be a p r o p e r t y  o f  t h i s  s t r u c t u r e .

R e s u l t s









T a b l e  .51 i v )

h i f l u o r  i de s i l t s .

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

S a l t I n t e r s e c t i o n qF v S ) UP 0 T C, <J ' m O r

Li  \ f 2 a c - 0 . 8 2 3 t .0 90 8 7 2 .  5

'id 1^2 a c -  . 7  06 1 . 071 7 7q .  e

kh  r  2 a c

•-*HCO•1 1 . 0  31 6 8 3. 9

\ oH F2 3 C - 0 . 7 6 3 1 . 0  31 6 59.  3

C SHFg a c - '  . 6  23 1 .0 34 6 30.  4

: i h4 HF2
3 t - 0 . 8 8 3 1 . ", 80 66 3 .  q

a c -  . 7 4 6 1 . 0  81 659.  6

n c - C  . 7  01 ’ .0 69 68 0 .  1

Des u l t s
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( c ) T he l a t t i c e  e n e r j i e s a s s i g n e d  f o r  t he  a l k a l i «ri e t a t

s a 11 * a rn as g i v an i n t h e  t a b l e .

( c ) F or a ss i g n « e n t o f v a l u e s  f ro «  t he  r e s u l t s f o r

u «mon i u n b i f l u or i d e o r i  y t h e  • a c • and *h c '  i n t e r s e c t i o n s

a r e  t on s i d er  eri due to t h é s i mi  l a r n a t u r e  of t he  a and b

o r "h < (V s.  A c c o r d i n g l y :

U ^-ÌP H . HF„) = 660 kJ.m ol- 1  4 .5 ( iv )
P O T 4  2

( e ) T he  j v » r  i>]fi c h a r g e  a i s t r  i “'■ut i o n > w i t h  s t a n d a r d

d e v i a t i o n »  b e a r i n g  i n  a i n d  o o i n t  f a ' »  i s ?

q_ = -0 .75  + 0 .0 7  4 .5 (v )r  “

( f )  T he i v e r a g e  b a s i c  r a d i u s  of t h e  f l u o r i n e  a t o i s  i n  t he 

a n i o n »  n o t i n g  p o i n t  ( b  ) »  i s s

r_  = 1 . 0 6  + 0 .0 3  i? 4 . 5 ( t i )if ™

A t  h e r  a o c h e * i  c a l  c / c l e  r e l a t i n g  t h e  l a t t i c e  e n e r o y  

of  a b i f l i o r i d e  s a l t  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 he  

j a s e o u s  b i f l u o r i d e  i o n  p r o d u c e s  an e q u a t i o n !

A H * (H P p (g )  = UpoTMH?2) + ¿yi®(KH?2) ( c )  -  AH *(M +) ( g )  + "KT

4 .5 ( r l i )

c o m p l e t e l y  a n a l o j o u s  t o  t h a t  for t h e  a z i d e  ¡ o r » wh e r e  r  = 0

l - es t l  ts
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• 1 M '

f o r  mo n a t o mi c  M and n = 3 / 2  f o r  a m o n i u a .  U s i n g  t h i s  

e g u a t  i o n  we c a r  g e n e r a t e  t h e  p l o t s  i n  f i g u r e  i . 5 ( i v ) > f r om 

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

g i v e n  i n  t ab l e  4 . 5 ( v ) .  T he  o r d e r  o f  t h e  c u r v e s »  f r om 

b o t t o m  t o  t o p »  at  t h e  l e f t - h a n d  o r d i n a t e  i s  ( w h e r e  d 

s y m b o l i s e s  t he rt s a l t  and t o e  d e r i v a t i v e  w i t h  r e s p e c t  t o

C »„

K » f O a  a L i  » Cs i a  a Na » L i .c o fhe r e s u l t s  f r o m t h e  ammonium 

s a l t  a r e  a g a i n  a t  v a r i a n c e  w i t h  t h e s e  cf  t h e  i l k a t i  

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

b e n d i n g »  s i g n i f i c a n t  c h a r g e  d i s t r i b u t i o n  i n  t h e  ammonium 

i o n  o r  an e r r o r  i n t h e r m o  c h e m i c a l  v a l u e s .  T h i s  l a t t e r  

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

r e s u l t s  f o r  t he c e s i u m  s a l t .  I t  i s  f e l t  t h a t  an a v e r a g e  of  

t h e  r e s u l t s  f rom t h e  l i t h i u m *  s o d i u m*  p o t a s s i u m  and 

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

t h i s  l e a d s  t o :

A P f ( OTp ( « )  = -743 + 3 kJ.m ol
-1 4 . 5 ( v i i i )

wher e t h e  q u o t e d  e r r o r  i s  j u s t  t h e  s t a n d a r e  d e v i a t i o n  

o f  t h e  a v e r a g e .

A t h e r m o c h e m i c a l  c y c l e  w h i c h  c a n  be u s e d  t o  e x p l c r e  

w h e t h e r  o r  not  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  j a s e c u s

R e s u l t s





f „ b l e  4 . 3 < v ) t h e r  j i o  ch e i  i c  al  d a t a  f o r  a i f l u c r i d e

f l u  o r  j de s a l t s  ( k J . nol  ) .

M ^ H * (  ^NF2 ) ( c ) A h * ( mf , C c ) ^ i | * (  <5+ ) ( c

L l -  925 . 9a - 6 1 1  . 7 c 68 7 . ?d

fiä - 9C6 . 5a - 5  6 9 .  : c 6 : 9 . e d

K • 9 ? : . 4 a - 5 6 2 .  e c 5 1 4 . 2 d

f b - 9C 9 . 2  a - 5 5 1  . 5 c 4 9 4 . 9 a

Cs - 9 T 4  , 2a - 5 4 5 . 2c 45 2 .  5d

• h - 8C2 . 9b • 4 6 ^  • ) b 6 5 0 . 2 p

a R o s s i n i  s t  al ( 119 5? ) 

b I» a jc an e t  a l ( l 9 6 8 )  

c M o r r i s ( 1 9 t 8 )  

d S t u l l  and P r o p h a t ( 1 9 7 1 )  

e j e n l  i n s  and K o r r i s ( 1  9 7 6 )

f j e n k i n s  and P r a t t ( l ° 7 7 a )
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d » mo r i u r o  o r  c e s i i m  i o n i  are a t  f a u l t  i s  shown i n  r i q t . r e

A . 5 l v ) .  T he c y c l e  i s  i n d e p e n d e n t  of t h e  e n t h a l p y  of  

f o r m a t i o n  of  t h e  g a s e o u s  c a t i o n s .  T h e  q u a n t i t y  A ‘f* ( t h e  

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

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

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

i s :

A»* = UpOT1®) - upor(MH7P + im"n̂RT ■  AH*(MHI,2 ĉ) +

Af£(w)(o) * A/$(nr)(e) 4 .5 ( i * )

wh e r e  m =~ 1 f o r  m o n a t o m i c  M and m = l / 2  f o r  ammoni um.

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

j i v e n  i n  1 ah le 4 . 5 ( v )  and A * ^  * ( h F ) ( g )  = “ ¿ 7 1 . 1  k j . m o l

Chagman e t  a l < 1 9 6 8  ) ) .  The l a t t i c e  e n e r g i e s  f o r  t h e  a l k a l i

me t a l  f l u o r i d e s  i r e  t a k e n  f r c «  J e n k i n s  a n d  P r a t t  ( l <,7 7 a ) .

T he l a t t i c e  e n e r g y  o f  ammonium f l u o r i d e  i s  t a k e n  f r o m  t h e

work d e s c r i b e d  i n  S e c t i o n  A . Z whi ch was c a r r i e d  o u t  i n

o r d e r  t o  e v a l u a t e  t he  t  a s i c r a d i u s  of t h e  ammonium i o n .  A

p l o t  c f ^ H *  v e r s u s  l o r  t h e  s i r  s a l t s  is g i v e n  i n

F i g u r e  k . 5 ( v i )  ( t h e  o r d e r  a t  t he l e f t h a n d  o r d i n a t e  i s  L i e »

N * 0 '  ,  KH4 b ,  NH4 c . C s a . Rba. Ka . L i a , *>„ ,  Naa , h „ .

Cs ) .  T he  d i s c r e p a n c y  f ound e a r l i e r  f o r  t h e  c e s i u m  s a l t  
o

n e s t l t s



TTp^XMHTg) - riRT
! .OT2 ------------------------------------------------------------

* Ap*(KH?2) (o )  -  

| ^ p *(M P )(o )  -

A Hf(H y)(s )
i

iS?(o) + HF(g) ------------------------
W " *  ♦

----- *■  M+(g )  + HP2" ( g )

; A « :

V
-------*■  M+(g )  + ? ~ (g )  + K F(s)
mRT

F igu re  4 .5 ( t ) Thermochemical cy c le  g iv in g  the hydrogen bond 
s tre n g th  o f  the b i f lu o r id e  io n .
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seems t o  De  a b s e n t  h e r e  i n d i c a t i n g  3 o o s s i t l e  e r r o r  of  the 

o r o e r  of  1C k j . n o l “ 1 i n t h e  e n t h a l p y  o f  f o r m a t i o n  of  t he 

g a s e o u s  c e s i u m  i n n  u s e d  t h e r e »  a s s u m i n g  a l l  t he  o t h e r  dat a  

i s  c o n s i s t e n t .  O e s n i t e  some r e d u c t i o n  i n  t h e  d i s c r e p 3 r c y

f ound f o r th e r e s u l t s  f r  c a t he  ammonium s a l t t h e r e  i s

s t i l l a c o n s i d e r i b l e  d i f f e r e n c e net  wee n t h e s e  and t h e s e

f r 0 » t he ;? t ka l i me t a l  s î l t s .  Th 9 r  e d 1 ct i or  c o u l d i n d i c a t e

an e r r o r  i n  the e n t h a l p y  of f o r m a t i o n  of  t he  g a s e o u s  i c n »  

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

s u b s t a n t i a l  i n t e r i o n i c  h / c r o g e n  b o n d i n g  i n  b o t h  an son i ins 

f l u o r i d e  and h i f l u n r i o e .  F r o m F i g u r e  f c . 5 ( v i ) »  n e g l e c t i r g  

t h e  r e s u l t s  f rom t h e  ammonium s a l t »  we c a n  a s s i g n :

A » ?  = 1 9 4  + 4  k J.m ol~ 1 4 .5 (x )

Us i n g  the e< p e r i  inert al data ^  u?(  H F^~ 1 ( aq)  ~ - 6 4 9 . 9

k j . n i o f 1 CWagnan et a l ( l 9 6 d > ) .  t h e  r e l a t i o n s h i p :

A P ?y d(H P p (g )  = A P ? ( H ? P ( a q )  -  A « ? (H +) ( g )  -  A H ?(H ?P (g )  -

A H ^ „ (H +) (g )  ^ -5 (x i)

and t h e  d a t i  u n d e r  C ou 3 t i on 4 . 7 ( * i * )  l e a d s  t o :

h y d ^ ? ^  "  “ 1W-3 k j.m o l“ 1 k.5 (^ i )

A H ?b8 “  "343 k J . » o l " 1 4 . 5 ( x i l l )

t e s u l t s
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S i m i l a r  t o  t h e  v a l j e s  o b t a i n e d  f o r  t he  iz i d 9 i o n »  ss 

w o u i r  b e  e x o  e c t e  l .

J e n k i n s  an I P r a t t  ( l < J 7 7 d )  hav e  r e v i e w e d  o t h e r

1 i t e r  at une v a l u e s  o f t he  r e s u l t s pr  e s p n t e d  her  e . I he

l a t t i c e  e n e r g i e s  and t h er mo c h e m i c a l r e s u l t s  o b t a i n e d a r e

a b o u t  1 j - ? . r k J . m o l  ̂ C i i f e r e n t  to t h o s e  r e p  or t e d  i n t h a t

wo r k »  m a i n l y i t t  r i  Du t a b l  e t o t h e  s m a l l e r  c h a r a e

d i  S t r  i b u t  i on fo ind i n  t h i s  s t u d y . T h e  h y d r o g e n b cod

s t r e n  gt h i s s t i l l i n  l i r e  w i t h q u a n t u m  m e c h a n i c a l

e s t i r a t e s .

Th e d i ff er eno e b e t w e e n  t he r e s u l t s  o b t a i n e d  f r o m t he

new me t h o d  and t h e  J e n k i n s  and H a d d i n g t o n  e q u a t i o n

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

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

A l t h o u g h  i t  s h o u l d  be n o t e d  t h a t  t h i s  e q u a t i o n  s e e r s  t o  

p r o a u c e  b e t t e r  r e s u l t s  t han e a r l i e r  w o r k  w h i c h  d i d  r o t  

u t i l i s e  t h e  c o n c e p t  o f  e n e r g y  mi n i » i s n t i c n .

4 . 6  Hex ah a l o n e t a 1 1 a t e f I  V ) Ions

On t h e  i n c e p t i o n  of  t h e  me t h o d  d e s c r i b e d  i n  S e c t i o n

2 . 7  t he  m a j o r  p r o b l e m  t h a t  p r e v e n t e d  i t s  i m m e d i a t e

r e s u l t s
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a p p l i c a t i o n  t o  c o m p l e x  s a l t s  was t h e  n u m e r i c a l  e v a l u a t i o n  

uf  t h e  c e l l  I on i t h  d e r i v a t i v e s  o f  f ade l u n g  c o n s t a n t s  ( i . o .  

of  e l e c t r o s t a t i c  e n e r g i e s ) .  T ne  i a p l e i e n t a t i o r  as r e g a r d s  

s i m p l e  non*co" , ' )  l e «  c u b i c  s a l t s  ( s u c h  as t h e  a l k a l i  

h a l i d e s *  J e n k i n s  and k r a t t  ( 1 , 77 a ) )  was p o s s i b l e  

i m m e d i a t e l y *  b u t  o n l y  f o r  the f ew e a s e s  wh e r e  m u l t i p c l e  

i c i t r  t e x p a n s i o n s  e x i s t e d  ( o r  c o u l d  oe c a l c u l a t e d  at t h a t  

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

o b t a i n e d .  F o t a s s i u m  h e x a c h l o r o p l a t i n a  t  e was an o b v i o u s

J e n k i n s »  H e r y i g  and N e c h e l  ( 1 ) 7 6 '  h a d  c a l c u l a t e d  i t s  

m u l t i  p o l e  moment e x p a r s i o n  w i t h  a v i e w t c  c a l c u l a t i n g  j u s t  

t h e  sane d e r i v a t i v e *  i n  o r d e r  t n  a p p l y  t h e  J e n k i n s  and 

d a a a i n g t o n  e c u a t i o n  t c  t h i s  s a l t  ( J e n k i n s  ( 1 9 7 7 ) ) .  T h i s  

m u l t i p o l e  moment e x p a n s i o n  was o f  t h e  f o r ms

wher e a i s  t he  c u b i c  c e l l  s i d e ,  d t h e  p l i t i n u c  t o  

c h l o r i n e  l i s t a n c e  i n  t h e  he x * chi  or  o n l a  t  i n at  e i on* a n c  3^ 

a r e  t h e  c o e f f i c i e n t s  o f  t he e x p a n s i o n  and i s  t h e

c h a r o e  on t h e  c h l o r i n e  a t o ms *  a s s u m i n g  a c h o r e e  

d i s t r i b u t i o n  i n  t h e  i c n  w h e r e :

c a s e . j u s t  p r i o r  t o  t h e  e n v e l o p m e n t  of  t he  new met hod

4 .6 ( 0

«Pt + 6 «ci = "2
4 . 6 ( U )

R e s u l t s
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and I - .  i s  t h e  c h a r q e  an t h e  p l a t i n u *  j t o q . The 
r t

c o e f f i c i e n t s  a r e  l i s t e d  in T a b l e  A . f c ( i ) »  a l l  cdd 

c o e f f i c i e n t s  e r e  z e r o  and a f ew e a r l y  e v e n  t e r . n s  c a n c e l  as 

w e l l »  due t o  s y ' i e t r y .  T he s i i n a t i o n s  i n  F q u a t i o n  A •5 ( i ) 

a r e  s t r i c t l y  i n f i n i t e  s e r i e s »  but  t h e  n u mb e r  of  t e r m s  i s  

s u f f i c i e n t  t c  3 <ve c o r v e r g e n c e  t o  f » v e  d e c i m a l  p l a c e s  i n 

t h e  N a d e l u n g  c o n s t a n t .  T h e  e x i s t e n c e  of t h e  e x p a n s i o n  

meant t h e  ne w met hod c o u l d  he a p p l i e d  t o  t h i s  s a l t »  u s i n g  

t h e  d e r i v a t i v e  e x p a n s i o n :

l +  l > .m V M 4 .6 (1 1 1 )

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

o n l y  i n d e p e n d e n t  of t h e  u n i  t cel  l s i d e »  a »  but  a l s o  t he

i n t e r n a l  d i s t a n c e  o f  t h e  3 n i o n »  d .  T h e s e  t wo p a r a m e t e r s

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

of  any  he x a ha l o.i et al  l a t e ( I  V ) s a l t  w h i c h  c r y s t a l l i s e s  w i t h

t h e  h - f t C l y .  s t r u c t u r e  ( s p a c e  g r o u p  F m j m ) .  T h i s  i m p l i e s  
2 6

t h a t  F qua t  i on s A. 6(  i ) and A .  6( i i i '  c a n  be a p p i i e d  t o  any 

such s a l t  a n d  so t h e s e  s a l t s  c o u l d  a l s o  he  t r e a t e d  b y  t he  

new me t h o d .  T h e  f i r s t  o b v i o u s  u s e  of  t h i s  p r o p e r t y  was i n  

t h e  e x t e n s i o n  t o  o t h e r  s a l t s  of  t h e  h e x a c h l a r o p l a t i r .  a t e  

i or . »  s p e c i f  i c a l l y  t he  r u h i d i u m »  c e s i u m »  anmoni um and

Restlts



T a b l e  ¿ . ò l i ) i C o e f  f i  c i  e n t s  f o r t h e  mu I t  i p  o l e  moment

exp ins i o n of  t h e Ma d e l  un 9 c o n s t a n t  of

p o t a s s i  il ir h e x a c h l o r o p l a t i n a t e  s t r u c t u i

i A i 9t
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t h a l l i u m  s a l t s .  t h e  r e s u l t s  t e i n g  g i v e n  i n  J e n k i n s  ar d 

P r a t t  ( 1 9 7 7 a )  i s  an e x a m p l e  of  t he a o p l i c a t i o n  o f  t h i s  

me t h o d .  d o w e v e r  t h e r e  a r e  v a r y  many o t h e r  s a l t s  o f  g e n e r a l  

f o r m u l a  i j  M g  of  t h i s  s y m m e t r y  wh i c h  h a v e  h i d  t h e i r  

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

a n o  ma i n  j r o u p  •* w i t h  * as h a l o g e n .  T h e s e  hav e  been 

t r e a t e d  i n  a s y s t e m a t i c  nay  i n t h i s  r e s e a r c h  a n d  t he  

r e s u l t s  p r e s e n t »  I i n  j e r k i n s  and P r a t t  ( 1 9 7 € c ) .  I t  vas 

f o u n d  d u r i n g  t h i s  wo r k  t h a t  t h e  l a t t i c e  e n e r g y  f o r  s i l t s  

wher e o n l y  t h e  u n i t  c e l t  s i d e .  and n o t  t h e  a t o m i c  

c o o r d i n a t e * .  had b e e n  e x p e r i m e n t a l l y  o b t a i n e d  c o u l c  he 

e s t i m a t e d  f r om t h e  o t h e r  r e s u l t s  ( s e e  l a t e r ) .

fhe d e v e l o p m e n t  of  t he  met hod t o  c i f f e r e n t i a t e  

a n a l y t i c a l l y  t h e  B e r t a u t  met hod of  e l e c t r o s t a t i c  e n e r g y  

c a l c u l a t i o n ,  and t h e  s u b s e q u e n t  c o i n u t e r  p r o g r a m  ( J e n k i r s  

and P r a t t  ( 1 5 7 S a > >  meant  t h e  g e n e r a l  a v a i l a t i t i t y  o f  t he

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

t h e  c u b i c  s a l t s  d i s c u s s e d  above t he  r e s u l t s  wer e

c e n t  i r u e d ,  and now n o n * c u b i  c s a l t s  c o u l d  be c o n s i d e r e d .  

T h e s e  s a l t s  i n c l u d e  t h e  added c a s e  wher e M i s  a l a n t h a n i d e  

o r  a c t i n i d e  e l e m e n t *  b u t  are m a i n l y  s a l t s  wh e r e  X i s  

f l u o r i n e  and t h e  m e t a l s  a r e  ¿3 b e f o r e .  T h e  r e s u l t s  f o r  t he  

n o n - c u b i c  s a l t s  ar e c o l l e c t e d  i n  J e n k i n s  and P r a t t  

(  19 7 f d ) .

h e s u l t s
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t h a l l i u m  s a l  t s .  t he r e s u l t s  t a i n g  g i v e n  i n  J e n k i n s  ar d 

P r a t t  ( 1 9  7 7 a)  i s  a r  e x a m p l e  of  t he a p p l i c a t i o n  o f  t h i s  

met hoC* H o w e v e r  t h e r e  a r e  v a r y  man/ o t h e r  s a l t s  of  g e n e r a l  

f o r m u l a  Aj * Xg o f  t*1 i s s y m m e t r y  wh i c h  ha v e  had t h e i r  

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

a n o  ma i n  j r o u p  * w i t h  X as h a l o g e n .  T h e s e  hav e  been 

t r e a t e d  i n  a s y s t e m a t i c  way i n  t h i s  r e s e a r c h  a n d  t he  

r e s u l t s  p r e s e n t s  1 i n  J e r k i n s  and P r a t t  ( 1 9 7 e c ) .  I t  vas 

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

wher e o n l y  t h e  u n i t  c e l l  s i c e *  and n o t  t h e  a t o m i c

c o o r d i n a t e * .  had b e e n  e x p e r i m e n t a l l y  o b t a i n e d  c o u l c  he 

e s t i m a t e d  f r om t h e  o t h e r  r e s u l t s  ( s e e  l a t e r ) .

fhe o e v e l o p n e n t  of  t h e  method t o  d i f f e r e n t i a t e  

a n a l y t i c a l l y  t h e  B e r t a u t  m e t h o d  of  e l e c t r o s t a t i c  e n e r g y  

c a l c u l a t i o n ,  a n d  t h e  s u b s e q u e n t  c o a n u t e r  p r o g r a m  ( J e n k i n s  

and P r a t t  ( 1 9 7 8 a ) )  meant  t h e  g e n e r a l  a v a i l a b i l i t y  o f  t he  

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

t h e  c u b i c  s a l t s  d i s c u s s e d  above t he  r e s u l t s  wer e 

c o n f i r m e d ,  and now n o n * c u b i  c s a l t s  c o u l d  be c o n s i d e r e d .  

T h e s e  s a l t s  i n c l u d e  t h e  added c a s e  wher e  M i s  a l a n t h a n i d e  

o r  a c t i n i d e  e l e m e n t .  but  are m a i n l y  s a l t s  wh e r e  X i s  

f l u o r i n e  m d  t h e  m e t a l s  a r e  ¿5 b e f o r e .  T h e  r e s u l t s  f o r  t he  

n o n - c u b i c  s a l t s  a r e  c o l l e c t e d  i n  J e n k i n s  and P r a t t  

(  19 7 P d )  .

1 I j r p 1
P e s u l t s

my
*



- i  e>: -

I he  c r i t e r i o n  f o r  s e l e c t i o n  c f  s i l t s  f r r

c c n s i d e r a t i o n  a r e :

( a )  t h e i r  c r y s t a l  s t r u c t u r e  i s  c o s i o l e t e l y  r e s o l v e d  

( a l t h o u g h  f o r  c u b i c  s a l t s  w i t h  K=C»  e s t i m a t e s  c a n  h e  made 

u s i n c  a e r u l y  a u n i t  c e l l  l e n g t h ) »

Cb )  t he  a t o it m i s  i n t h ?  o x i d a t i o n  s t a t e »

C c )  t he n e x a h a l o m e t a l l a t e  i o n  i s  a p u r e .  o r  n e a r  p u r e ,  

o c t a h e d r o n  ( i . e .  n e a r  i t s  f r e e  g a s e o u s  c o n f i g u r a t i o n ) .

T h i s  l a s t  p o i n t  i s  g u a r a n t e e d  *or t h e  c u b i c  s a l t s  b u t  

n c n - t u b i c  s t r u c t u r e s  bad t o  be c l o s e l y  s t u d i e d  b e f c r e  

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

s t r u c t u r e s  e x t r a c t e d  from t he l i t e r a t u r e  a r e  g i v e n  i n

T a L l e  A . o ( i i ) .  i n a l l  c a s e s ,  e x c e p t  wher e o t h e r w i s e  

s t a t e d ,  t h e  b u n i t  c e l l  l e n g t h  i s  e q u a l  t c  t h e  a .  T h i s  

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

p r i m a r i l y  by  t h e  me t a l  a t o m ( t r a n s i t i o n  met al  ( v e r t i c a l  

g r o u (  s ) ,  a a i r  g r o u p ,  l a r t h a n i d e ,  a c t i n i d e )  and f u r t h e r  by  

t h e  h a l o g e n  ( f l i o r i n e  to i o d i n e )  and c a t i o n  ( a l k a l i  me t a l  

f o l l o w e d  Dy a l l  o t h e r s ) .  T h e r e  a r e  118 s a l t s  i n  t h i s  

t a b l e .  f i v e  w i t h  t wo p l e o m o r p h i c  s t r u c t u r e s ,  g i v i n g  123 

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

The e l e c t r o s t a t i c  e n e r g y  and i t s  c e l l  t e r g t h  

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

r e s u l t s



T a b l e  ¿ . & < i i )  U n i t  c e l l  d e t a i l s  f o r  b e x a h a l o -  

■net al  l a te l !  V)  s a l t  s .

Sal t
S?ace 
■Tr oj  p z

C e l l  c o n s t a n t s  C A > 
a c

H - X
0 i st ance " e t .

a 2 i ' 1 g Pi n i i 9. 20 5 . 1 3 1. °89 1

K2 T i F 6 P i a l 1 5.71 5 4 . 6  56 1. 917 O

* 2 T i C < 6
Fu 3» 4 9 . 79  2 - 2. 350 1

Fl 2 Ti  L Ig Fui * 4 9 . 92  2 - 2. 332 1

Cs 2T ’ c *6 Fa in b 10.21 9 - 2. 350 1

(NH4 ) 2T i C l g Fa 3* b 9. 89 - 2. 37 4 1

PL 2 T i rtrg F a 3a b 10. 39 - 2.  59 3 3

Cs2 T i l f 6 Fa 3a b l o .  57 - 2. 64 i 3

L , 2 Z r F 6
P i l a 1 il . 9 7  3 4 . 6 5 6 2 . 0 1 6 4

> L 2Z , r 6
Pimi 1 6•16 4 . 8  2 2. 04 0 1

Cs2 Lt f 6 Pimi i 6.41 5 .0 1 2 . ^ 3 5 1

V U 6
F a 3a b 1 0. 08 - - 5

Rt2 2 r C l 6 F a 3a b 10. 17 8 - 2. 443 1

CS2 Z r C , 6
F aia b 1 0 . 4 0 7 - 2. 44 6 1

RL2 HfF6 Pimi 1 6 . 1 3 4 4 . 8 1 5 2. 033 6

t s 2 H f F 6
Pimi 1 6. 39 5 . 0 0 2. 029 6

K 2H f U 6 Fa ia b 10. 06 - - 7

KgNbCl g Fa 3« b 9. 97 - - 3

s b j N b l l g F a 3a b 1 0 . 1 0 - - 3

Cs2 Nt Cl g F a 3a b 10. 31 - - 8

KgT a C l g F»  3 a b 9. 95 - - 8

r» on t i nued 0 ver

He î  u l t s



T a b l e  t . b ( i i )  c o n t i n u e d

S a l t
Sp ac e 
q r o u p 2

C e l l  c o n ? t  ant s (  X ) 
a c

H - X
d i st i n c e ?e f

Pti2 l l g F « ia It 10. 11 - - 8

C i 2 I a : t g F a 3a 4 1 0 . 3 2 - - 8

Ci 2 Crf  g Fu 3a it 9 . 0 2 - 1 . 7 3 2

L >2 “ oF 6 P4 22 2 <..68 8 9 . 1  91 1 . 9 3 9 <»

r>28o t  i g F «  3a it 9 . 8 5 - 2. 30 5 1

RLj  f o t  1g F » 3b it 9 . 9 9 - - 1

C i 2 MoClg Fa Sa it 1 0 . 2 7 - -

K 2 '< C 1 g F "i 3a it 9 . 8 7  5 - 2. 360 10

H 2 hCl g F n 3a H 1 0 . C - 2. 360 10

C s»2 b C l g Fa 3a <t 1 0 . 2 7 - 2. 3 6 2 10

hl2 fcer6 F a 3a It 1 0 . 5 0 - 2.  4 7 3 10

Cs2 btìrg Fa 3a It 1 0 . 7 0 - 2. 482 10

V n F 6 p S ^ i c L. 5. 6 7 9 .  35 1. r  55 1

R t j H n f g d  ) F 6 j  a c L 5 . 8 5  5 9 . 5 0 3 1.  7 2 0 1

f"L p MnF g ( 11 ) Fa 5a It 8 . 4 3 - 1.  6 8 6 1

c V " f 6 F a 3« It 8 . 9 2 - 1 . 7  39 1

K2 1 n C l 6 Fa 3a It 9 . 6 4  5 - 2. 27 8 11

Pt2 MnCl g F a 3a k 9 . 8 3  8 - 2.  2 8 2 12

Ci gMn Cl g Fa 3a 4 1 0 . 1 7 - - 11

( l .H4 ) 2-  n C l g Fa 3a It 9 . 8 2 - 2. 2 39 12

* 2 T c C l 6 Fa 3a it 9 . 8 3 - 2.  350 13

" L2 I c ~ *6 Fa 3a It 9 . 9 5  5 - - 14

c o n t i  nued ever

R e s u l t s



■ I IJ  « J

• ' T o b l e  ». . t C i i ) c o n t i  n u e l

J J ü? i a l  t
Sp ac e 

ou p z
C e l l  c o n s t  i n t  s ( ?  )

a c
M- X

d i st a ne e P e f .

Ô* * Í gl* K2KeF6
P3ml 1 5 .  «F o A . 61 1 1 . 9 5 3 15

Ö*3 KgR eCl g Fm 3a i* 9 . 6 4 - 2.  ’ 53 16

à ’ 1 D n¿ 3 RC« «  et  t g F B 3» 4 9 . 9 7  4 - - 17

° "  s* J C ^ f t e d g F B 3» 4 1 3 . 2 b - “ 17

à * JO Hçj| ( L H ^ ) 2P eCl g PB 3b 4 9 . 9 8 - • 18

j » s a* V e B r 6
F .b 3« H t 3 . 3 8  5 - 2.  A 5 3 16

V u C , 6
F b 3« 4 9 . 7 3 3 - - 1

V J s t l 6
F b 3» 4 9 . 7 2  9 - 2.  3 6 A 1

C i 2 Cs l L g F b 3b 4 1 0 . 2 3  1 - - 19

à 1 )ft 0¿3 ( 1(1I4 ) 2C 5 C l é F* 3b 4 9 . 8 8  1 “ • 20

SJ* KgO Sbf g Fm 3» 4 1 0 . 3 3 - 2. 51 3 1

à ’ « çc3 HtgCof g F b 3b 4 8 . 4S - 1 . 7 0 0 21

in ç * c s2 C°f g F « 3b 4 6. 91 4 - 1 . 7 0 0 21

) ^ ir K 2^ hFé Pi mi 1 5 . 7 3 A . 5  A 1.  °7 2 22

PL jjRhfg Pi mi 1 5 . 9 0 A . 5 0 1 . 9 6 3 22

Ò 1n * } (¡.H4 ) 2I r C l g F B 3b 4 9 . 8 7 - 2.  4 63 1

ò 1 Jn i4 * * *2N i f 6 Fm 3n 4 6 . 1 0  9 - 1 . 7 7 6

j i a n H SJ * Pt N 1 F 
2 6

F b 3b 4 8 . 4 b  2 - 1 . 7 0 9 1

à J J<1M 3
S K 2p a c i g F b 3» 4 9 . 7 4 .4.

" V P t g P d c l g F b 3« 4 9 . 8 7 - • 1

a , J 0 T S .»
Cs2 PdC» 6

F b 3b 4 1 0 . 1 8 - - *

V  3***** C ^ J ^ d C l g F b 3b 4 9 . 8 4 " 2. 300 23

s o n t i nued o v e r

PfcSUlts



w  F "  |Kr

• i l d b l T a b l e   ̂ * 6 ( i  i ) c o n t i  nu ed

i U 2 j  a l t
8? ac R 
gr ouo z

C e l l  c o n s t  m t  s < ? >
a c

R-X
d i st anca Re f

K 2P U 6
p “ *1 X 5 . 7 5 A . 5 A 1.  893 1

^ J J 9 /ipX V t C , 6 Fit 3" A 9 . 7 5  5 - 2.  3A1 1

4 1 J 9 R N j i RL2 H t C l 6 F 9 3a A 9 . 9 2  1 - 2. 227 *

<, 1 j-» H j i  3 C S g P t C l g Fn3n A 1 D.21 5 - 2. 3A 9 1

V p h«*>
( N H ^ g P t C l g F a i n A 9 . 8 5  5 - 2. 366 1

T l 2 F t C , 6
Fa 5a A 9 . 7 9 9 - 2. 30 3 1

^ O u i i g ) ) V t e r 6
Fa 3« A 1 0 . 2 9  3 “ 2.  A 61 23

j j «U  j « 3 ,la ? S i r 6 P321 3 8 . 8 5  9 5 . 0  38 1.  683 2A

s ‘ * M ) V i f 6 Fa 3a A e - 13 3 - 1 . 7 A 9 1

r b2 S i f 6 Fa 3a A 9 . A 5  2 - 1 . 6 9 0

o3*a>io s Cs2 s l f 6 F a 3a A e . 9 i  9 - 1 . 6 9 5 1

a ^ s * 3
cN'<, ) . S  i F , (  I )  

A- 2 b
P % i 1 5 . 7 6 A . 7 7 1 . 6 5 9 1

virt ■<■* & <RH^ >2£ i F g (  I I ) Fa 3a A e .  39 5 - 1 . 6 8 8 25

*\ id dfi<3 S U 2 S i f 6
F a 3a A 9 . 5 6  8 - 1 . 71 A «

:« ( / * °
K2r>eFg ( R1 ) ° T a l 1 5 . 6 2 A . 6 5 1 . 7 6 7

H g ?l KgSeFgt  HI  ) P6 j A  c 2 5 . 7 1 9 . 2 7 1 . 7 9 2 1

i f /  J d RbgGefg CRT ) »Tai l 1 5 . 8 2 A . 7 9 1 . 7 7  A 1

^  1 iD<is )! Rl ^GeF , ( H  T ) P6 ^a c 4» 5 . 9A 9 . 6  3 1.  963 1

Mt>V * G i  2 Geig F a 3a A 9 . 0 2  1 - 1 . 8 CA 1

CtlH^)  gC. eFg ( I ) P 3ial 1 5 . 8 5 A . 7 75 1. 7 7  3 1

V  C .Hit) <HH. >2G e F g (  I I ) Fa 3a A £ .  A6 - 1 . 7 1 7 1

c o n t i n u e d  e ve r



T i b l e  t . t ( i  i ) c o n t  in ue d

0
Sp ac e C e l l  co n st m t S ( A ) M- X

R e f .
C a l l qr  O'J p z a c d i st a nee

C i j G e J l g Fs 3a 4 l 0. 21 - 2.  348 1

5 2$nt  l g Fs3s 4 9 . 9 6  2 - 2 . 4 1 1 26

R t 2 S»nClg Fa 3* 4 1 0 . 0 9  6 - 2. 4 22 26

C S j S n C l g Fs 3s 4 1 0 . 55 5 - 2 . 4 2 3 26

( I . h^  " C l g F a 3» 4 1 0 . 0 4  4 - 2. 4 22 26

T l 2 S n L l g F .1 3s 4 9 . 9 7 - 2.  39 3 1

Rt 2 SnBr g F a 3s 4 1 0 . 6 4 - 2.  607 1

Cs 2 S n i r g Fs 3s 4 1C .81 - 2.  648 1

( hH4 ) 25 n n r g F s 3s 4 1 0 . 5 9 - 2.  59 5 1

r 02 S n 1g Fs 3s 4 11 .  60 - 2. 84 2 1

C s2 5r i l g F i  3s 4 1 1 . 6 3 - 2.  849 1

Pt>2 F-t)U1 g Fs 3s 4 1 0 . 1 9 7 - 2 . 4 9  3 1

C i 2 P t C l g Fa 3* 4 1 0 . 4 1 5 - 2.  600

( U H ^ ) ? F b C l g F a 3s 4 1 0 . 1 3 5 - 2.  48 3 1

R C j ¿ b C 1 g* Fs 3# 4 1 0 . 1 4 - - 27

F L 2 S e : i g F n 3s 4 9 . 9 7  8 - 2.  39 5 1

c s2 S eC 1 g Fs 3s 4 10 • 26 6 - 2.  41 3 1

( N H ^ i e C l g Fs  3s 4 9 . 9 3 5 - 2.  384 1

K g S e & r g Fs 3s 4 1 0 .  36 3 - 2. 539 1

<NH4 >2i e B r g F a 3s 4 1 0 . 4 6 - 2. 563 1

IT 2T e C i g Fs  3s 4 1 0 . 1 4  3 - - l

Rb2 T e C « g Fs 3s 4 1 0 . 2 3  3 - 2. 526 25

c o n t i n u e d  over

' t s i l t s



i „ b ( e  t . t  < i i > 

: « a  t

co nt  in ue d

Sp ac e 
ar o'J p z

C e l l  co n st  nnt
a

s
c

0
( A )  M- X  

d i st anc e R e f ,

C ^ G e . ' l g Fn 3n I» i : .  2i - 2.  34 8 1

' 2S n C l 6 F s 3s 1* 9 . 9 6  2 - 2 . 4 1 1 26

r!L p i n C I  g F n 3s 4 1 0 . 0 9  6 - 2. 4 22 26

C i p  SnC l g Fn 3ts 4 1 0 . 35 5 - 2.  423 26

( ) £  nC l g F d 3» 4 1 0 . 0 4  4 - 2. 4 22 26

l 2 3 n l 1 g F > 3s 4 9 . 9 7 - 2.  39 3 1

' l 2 S n l r g F » 3s 4 10. 64 - 2.  60 7 1

Cs 2 Sn^r g Fs 3» 4 1 0 . 6 1 - 2.  648 1

( mi r  g Fs 3s 4 1 0 . 5 9 - 2. 69 5 1

r ü 2 £ n l g Fs 3s 4 1 1 . 6 0 - 2. 84 2 1

c i 2 S n l 6 F s 3» 4 1 1 . 6 3 - 2.  64 9 1

pG2 Pt)L1 g Fs 3s 4 1 0 . 1 9  7 - 2 . 4 9 3 1

C b p P t C l g F * 3s 4 1 0 . 4 1 5 - 2.  500

( l tH4 )? F hC l g F s 3s 4 1 0 . 1 3 5 - 2.  48 3 1

R L g i b C l g * Fs 3s 4 1 3 . 14 - - 27

* L 2 S e ; i g F s 3s 4 9 . 9 7  6 - 2.  39 5 1

C ï 2 SeG1 g Fs 3s 4 1 0 . 2 6  6 - 2.  41 3 1

( h H ^ i e C l g Fs  3s 4 9 . 9 3 5 - 2.  384 1

K 2 Se6r  g Fs 3s 4 1 0 .  36 3 - 2. 539 1

( N H V > 2 f erir 6 F s 3s 4 1 0 . 4 6 - 2. 563 1

K 2 i e C I g F s 3s 4 1 0 . 1 4  3 - - l

Rb2 l e C . g F s 3 s 4 1 0 . 2 3  3 - 2. 526 25

c o n t i  mi ed ov e r

r « s u i t s



T a b l e  ¿ . 6 < i i )  c o n t i n u e d

o a 11
So ac e 
•ir ou n 2

C e l l  co nst  ant s ( ?  >
a c d i

v - X  
st ance Ref

l ^ T e . l g F n 3 m 4 1 0 . 4 1 7 2.  53 7 11

( i . H ^ J g T e C l g F m 3m 4 1 0 . 2 0  0 2.  528 29

T l 2 T e C , 6 F m 3m 4 1 0 . 1 3 7 2.  476 1

K 2Te6r  g + P i  /n 6 7 . 5 2  1 13 . 7 30 2. 69 3 30

Ci»2 ,ec' r 6 F i  3m 4 1 0 . 9 1 8 2.  69 5 31

O . H ^ l e b r g F ,i 3m 4 1 0 . 7 2 8 2.  651 32

Ci  2T e i 6 F a 3m 4 1 1 . 7 2 1 2. 907 1

( Wrl  ̂ )#>F oC l g Fm 3m 4 1 0 . 3 5 2.  331 1L

C i 2 Poer g Fm 3m 4 1 1 . Cl 2.  642 l

( i , H4 ) 2Pofi r 6 Fm 3» 4 1 3 . 8 4 2. 60 2

Cs2 C e i l g P Tml 1 7 . 4 7  6 6 . 3 3 9 2.  711 33

C i 2T h“ , 6 P?mi 1 7 . 6 2 9  6 . 0 5 C 2. 81 6 1

C i 2 U l 6 P % 1 1 7 . 5 3 7  6 . 0 5 0 2 . 7 4 3 1

C&2 PuC1g P % 1 i 7 . 4 3  6 . 0  ! 2.  657 1

Cs2 e k Cl g P6j mc 2 7 . 4 5 0  12 . 0 9 8 2.  550 34

* p r e s u m a b l y a m i x t u r e 0 f Sb ( I I I ) a n d  S b (  V )

* none cl  i n  i c w i t h  b= 7. 574* ,  £  = 89.  40*

1 .  W y c k o f f < 1 9 6 5 )

2.  Si  eg e l ( 1952 )

3. K o r o l ' k o v  and l f i n o v { 1 9 6 b )

c o n t i n u e d  over

N t i l i l  ts



l u b i e  ‘  . b ( i  i ) c o n t i n u  ert

u .  6r u nt on ( 1 9 71 )

5 .  L i s t e r  and I" l e n g a  s (  19fc4 )

6 . Eode and T e u f e r ( l  9 5 6 )

. Gel  bo an and rfes11 a n d (  1 1 74 ) 

ft. Lai  and We st l a n d (  19 74 )

9 .  6r u nt on ( 1  9 7 1 )

l c .  Ke r n e d y  and Pe a co ck ( l  9$ 2)

1.  .  Moe w s ( l 966 )

l _ .  L a l a n c h e t t e  et  a l C 1 9 7 i . )

13.  M d e r  et  a 1( 1 9 6 7 )

1 4 .  Set  moc h a w(  1964)

1 5 .  Pea cock ( 19 77 )

16.  G r u n d y  and t i r o u n (  19 7 0 )

1 7 .  6 er t h ol  J and J j k o b s o n ( l 9 6 4 )

1 6 .  C o t t o n  and J o h n s o n t 1 9 b 4  ) 

l v .  Swanson et  a ( ( 1 9 6 3 )

2 c .  Swanson et  a l ( 1 9 6 2 )

2 . .  C u a i l  and R i v e t t (  1 9 7 ?  )

2 c .  k*ei se and Kl 001  ( l  95 3 )

2 3 .  B e l l  et  a ( ( l 9 6 b  )

2 4 .  Z a l k i n  e t  ¿1 ( 1 9 6 4  )

2 6 .  H a r i c ( 1 9 6 6  )* S c h l e o p e r  and H a o i I t o n (  19 66 ) 

2 b .  f r i l l  e t  a l (  197 4)

c o n t i n u e d  ov e r

R e s u l t s



T¿b U  4 .fcC i i > c o n t i  nu ed

¿ y .  j e r s e n  and R a s n u s s e n ( 1 9 55 ) 

T e.  Webst er  and Col  l i  ns ( 1 96 3)  

Z9 . Ha? el  t l l 96 6)

3u.  6 r c w n ( 1 9 f c 4 )

i j . .  Cas and Pr ownC¿ 966)

i._ .  S t e p i n et  al ( ’ 9 68 )

Ì S .  Ka a t ?  and Va r  co vi eh ( 1 96 6 ) 

Î 4 .  Mor ss and f u g e r ( J . 9 6 5 )

f- e s u 11 s



c o m p u t e d  f r o t  t h e  c o e f f i c i e n t s  g i v e n  i n  T a t l e  k . 6 ( i )  u s i r g  

£ c u a t  i o n s  £( i ) and V . f c ( i i i ) .  1 he c o r r e s p o n d i n g  t e r m s  f o r  

n o r r c u b i c  s a l t s  a r e  g i v e n  i n  T a b l e s  l » . 6 ( i i i )  a n d  4 . 6 ( i v ) .

p a r a * e t e r  i se d  as:

2

4 . 6 ( i v )

i =0

and

2
i 4 . 6 ( v )

o

They  have b a en c o m p u t e d  u s i n g  t h e  p r o g r a m  M A C E L l ^ G  

D E R I V A T I V E S  ( J e n k i n s  and P r a t t  T he  mo d e l  o f  t h e

a n i o r  f o r  m e  c i s p e r s i o r  e n e r g y  c a l c u l a t i o n s  has no v i a b l e  

a l t e r n a t i v e  and i s  one of  s i x  h a l o g e n  a t o ms *  T h i s  moc el  

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

an a mo u n t  d e p e n d i ng on t h e  c h a r g e  d i s t r i b u t i o n  i n  t h e  

a n i o r .  Hovi ever  ev en f o r  s m a l l  c h a r g e  d i s t r i b u t i o n s  t he  

e r r o r s  s h o u l d  n o t  be g r e a t ,  i he i o n i c  p o l ar  i sa b i l  i t  i e s c f  

P i r e r n e  and K a r t h e u s e r  ( 1 9 f A )  a r e  used t h r o u g h o u t  a n c  a l l  

t h e  o t h e r  p a r a m e t e r s  a r e  t a k e n  as u s u a l .  T he  r e s u l t s  f o r  

t h e  o i p o l * d i  p o l e  and d i p o I e _ q u a d r u p o le d i s p e r s i o n  e n e r g i e s  

of  t f e  s a l t s  a r e  g i v e n  i n T a t l e  k . 6 l v ) .  T he  c e l l  l e r g t h  

o e r i v a t i v e s  ar e  not  q u o t e u  h e r e .

I< es u l t s



T j D t e  4 . 6 ( i i i >  E l e c t r o s t a t i c  e n e r j y  f o r  n o n - c u o i c

h a x a h a  l o m e t a  l l a t e ( I V )  s a l t s  ( k j . m o l  ) .

t c o C 1 ^ 2

' “ 2 H  F6
I S 5 6 . 4 - 7 3 . 5 4 4 . 3

k 2 t 5 f 6
1 8 2 7 . 5 1 2 2 . 9 - 5 4 . 5

l i 2 ¿ r i g 1 8 4 7 . 0 - 4 9 2 . 5 2 9 . 9

- D 2 i r F  g 1 6 9 5 . 4 - 21 . 0 - 1 1 2 . 2

1 52 Z r F 6
1 6 2 8 . - 2 4 . 5 -  9 5 . 9

l 2 H f F 6
1700 .4 - 1 6 . 2 - 1 1 1  . 0

C ¿2 H f f ^ 1 6 3 3 . 0 - 2 3 . 1 -  3 5 . 7

L , 2 Mof 6 2D 11 .C - 2 0 6 . 5 4 3 . 1

V " F 6
19 5 7 . 6 2 5 3 . 8 -  14 .  j

f>b2 Hnf g 18 8 9 . 1 2 2 3 . 7 - 7 . 7

*2 ' e f 6 17 7 9 . 5 3 6 . 1 -  30 .1

K2fihF6
1823 . 5 6 0 . 9 - 1 0 9 . 6

RV F 6
17 6 6 . 3 5 0 . 2 -  8 3 . 7

V t F g
1841 . 3 211 . 3 - 4 2 . 1

:iV i F 6
2D 1 8 . 6 - 2 . 1 2 6 . 0

( h H 4 , 2 S , F «
1 8 4 7 . 3 1 2 0 . 6 -  2 0 . 2

K2 &e F g ( h T ) 1 8 5 6 . 1 1 0 0 . 6 -  3 7 . 7

K Gef  ( HT > 2 6
1 9 4 0 . 3 279 . 5 - 3 . 6

Rt Gef (F T )  
2 6

17 8 9 . 3 7 7 . 6 - 3 0 . 3

H U g G e F g ( H T ) 1 6 6 5 . 9 2 7 9 . 3 - 3 . 1

c o n t i n u e d o v e r

s e s ul  t?



Table t #6(i i i ) c o n t i n u e d

Sdl  t c o C 1 C 2

C l . H ^ G e F g 17 SI . 4 7 4 . 1 -  2 9 . 0

r, 2 Tebr g 1 5 1 6 . 3 39 3.  3 -  6 6 . 7

C i 2 Ce“ ' 6
14 21 . 0 171 . 6 - T 3 . 9

CSgThGI g 13 94 . 3 1 3 9 . 3 - 1 0  6 . 9

C s 2 CC tg 1 4 1 4 . 2 1 2 1 . 1 - 1 1 3 . 9

C i 2 l g 14 3 2 . 2 1 6 6 . 0 - 7 6 . 7

C i  2  ̂ ' g 1<. ° 4 . 4 2 9 3 . 1 -  1 4 . 6

A



fcjble 4 « 6 ( i  v ) C e l l  l e n j t h  d e r i v a t i v e s  of  t he

e l e c t  

hex an

r o st  a t  ic 

al  o «  et  al

€ n er ?y 

i a t e i  I V )

*or n c n - c u b i c  

sa I t s  { k j . r ç o l ” 1. r 1 , .

Gal t DaO Ua1 °a2 ’cO °01 °o2

' - 2 Tir6
- 1 2 4 . 2 5 1 . 5 - 4  2.  6 - 1 3 5 . 2 - 4 5 . 5 - 1 8 . 8

* 2 T i f 6
- 2  96.  9 -  1 4 3 . 9 7 6 .  5 2 3 . 1 94 . 4 - 0 .  *

L i 2 2 r f 6 - 1 3 6 . 9 3 1 3 . 6 - e 7 .  7 - 2 5 0 . 4 1 3 6 . 2 6 1 .  T

l 2 ¿ r r 6 - 2 6 4 . 6 -  2 1 2 . 2 56.  8 - 1 3 . 2 25* .  8 7 6 . ' '

C s 2 Z r  F 6 - 2 4 5 . 2 -  17 3 . C 36.  7 - 1 1  . 2 2 C 6 . 4 6 0 .  6

‘ L 2H f , 6 - 2 6 5 . 2 - 2 1 3 . 5 57.  7 - 1 4 . 6 246 . 4 7 4 . 5

( J 2 h<f 6 - 2 4 6 . 4 -  1 7 4 . 0 37.  0 - 1 1 . 7 2 C 6 . 3 6 0 .  4

U 2 d ° l 6 - 2 1 9 .  0 2 8 5 .  6 16.  1 - 1  0 7 . 1 - 7 4  .  ! - 5 9 .  ’

«2 InFg - 2  3 1 . 8 -  1 2 3 . 0 36.  1 * 6 6 . 7 - 4 7 . 1 - 1 0 .  »

^ 2 Mnf6 - 2 2 6 . 9 -  Ì U . C 2 1 . 7 -  5 9 . 0 -  3 8 . 8 - 6 . 0

V e f 6
- 2 9 4 . 2 -  1 9 1 . 2 6 1 . 7 -  10 . 9 2 0 2 . 6 4 5 . 9

V F 6
- 2 9 7 .  7 -  24 Ö . 6 8 9 .  5 - 2 5 . 4 2 31 . 5 5 8 .  ?

RL 2fihF6
- 2 7 6 . 0 -  20 3 . 9 6 4 . 0 -  2 3 . 8 1 89 . 0 4 5 . 3

V ' tFg
- 3 1 9 . 7 -  1 7 6 . C 6 7 .  4 0 . 0 64 . 4 - 1 2 . 5

‘“ 2 Si F6
- 1 8 2 . e - 4  t  .  1 - 2 6 .  9 - 7 9 . 2 7 2 . 2 1 . 9

<hH4 > 2 S i F 6
- 3 1 6 . 8 -  1 4 1 . 4 2 2.  7 - 4 . 7 5 9 . 1 7 .  t

h g G e F g l R T  ) - 3 0 0 .  8 -  1 3 4 . 8 4 7 .  6 -  3 5 . 6 8 0 . 5 8.  3

K j G e r ^ t  HT ) - 2 4 6 . 1 -  1 7 1 . 4 39.  3 - 5 7 . 7 - 3 2 . 6 - 1 7 . 8

Rt gGef  g ( F T ) - 2 7 9 . 2 -  Î U .  4 34.  6 -  34 .  3 7 3 . 2 9. 1

c o n t i  nued ov e r

I' e s u ( t s



l ob  l e •> . 6C i V ) c o n t i  nu er!

ì j I t 'aO ü . a1 Da ? •’ oO 0 o2

KL 2GeFg * H ^ * -2 2 7 . 5 -  15 6 . 6 36 .  3 - 5 3 . 4 - 35 . 1 - 1 6 . 6

(,,H4 ) 2r - 2 7 9 . 5 -  1 ö .  5 32 .  7 -  3 ? .  6 7 3 . 2 8 .  «

V tìrr6 '
- 6 5 . 7 - 7 5 . 9 2 3 .  4 - 4 9 . 1 - 5 2 . 2 2 2 .  ?

C S j C e C l , - 1 9 0 . 8 -  1 6 9 . 4 7 8 .  3 1 . 0 1 0 6 . 3 5 .  ?

Cs T hCl - 
2 6

- 1 8 7 . 9 -  1 9 ¿ . 4 35 .  3 5 . 4 1 4 3 . 6 2 4 . 2

CV t l 6
- 1 8 9 .  1 - ¿ 0 C . 4 84 .  0 0 . 8 1 5 2 .  3 3 4 . 9

Cs 2 P u t l 6 - 1 9 3 . 9 -  1 7 5 . 2 7 1 .  3 1 . 5 1 0 7 . 2 11 . o

CSg dk C1 g - 1 4 0 .  1 - 1 1 2 . 0 4 2.  7 - 3 6 . 4 - 3 5 . 7 - 1 6 . ^

* a l s o  Db 0  = - 6  5 . 5 »  Pb1 = - 8 1 . 1 »  0 ^  = 2 4 .  Í

K e s u l t «



T a b l e  < * . 6 ( v )  d i s p e r s i o n  e n e r g i e s  f o r  h ex ha I omet a 11 at  

( I V )  s a l t s  ( k J . m o l  ) .

1 al  t kd ,J aqd S3 U Udd

' -  2T i , 6
74 t C s 2 W B r 6

1 52

K2T i f 6
9? 7 K 2 HnF6

87

V U , 6
1 16 n Rb „ M n c ,< I )  

2 6
93

2T ’ l' * 6
127 h Pp 2 Mn r g(  I I  ) 97

C s 2T i L l g 1 45 15 Cs2 H n r 6
99

( ' ‘\ > 2T i C l 6 1 4; i p K 2 Mn C I g 1 23

°l 2 U  ! , 6 1 55 15 Pb2 M n r i 6 1 32

Cs 2T i er g 1 92 2 o ( N H 4 ) 2N n C l g 1 36

L ! 2 Z r ( g 57 4 *<2T c C , 6
113

d L 2Z r r g 66 Ö K2 9eFg 84

c s 2Z r l g 102 12 K2 ReC l 6 111

Pb 2Z r C l  g 1 1 3 U K2 R e 9 r g 119

Cs 2¿ r C l g 1 33 14 « 2 0 s C I g 1 24

R l 2h f fg 89 Ò K2 3 s 3 r 6 1 30

C s 2Hf Fg 104 12 R b j C o t g 96

C s 2C r f 6 92 l c C s 2 C o r 6 98

U 2H o f 6 5) 3 R2 RhFg 95

K2 M oC l g 107 6 Pb2 P h r 6 1 12

V C *6 I D 9 CNH4 ) 2 I r C l g 1 51

Rt 2 l»C l g 122 11 K2 H i F g 84

Cs2 h C l 6 1 41 15 Rd Ni  T, 
2 °

96

Rb2 t,Brg 1 30 11 ( N H ^ P d C l g 1 33

de s u l t s



. i  4 j  4|I Tab l e  <« . b (  v ) c o nt  i n ue <3

j a 11 Jdd ‘J j  qd Sa I t u dd U ,qd

2 Ift-r

V t f 6
8 ) 7 cs2 c e r i 6 1 46 16

v 1 i T -  41^ f 2'> t U 6
1 19 I t K 2 3 n C l 6 105 0

i R L j P t C l g 129 ! 1 Pbg 5 n r l g 119 l b

J r Tt > I : C Sft P t C ! £ 1 *6 16 Cs 2 ?nC l g 1 37 1 4

•v ) .j 1 ?q ^  r t “ V 2a t c fc
142 1 3 ( N H ^ > 2 Sn Clg 1 28 l  ■>

a 1 ) l T s*° T12 p t c ' 6
2 47 27 Tl2  '  ° r  *6 224 24

Tc ( .HU)i  4* •> V t b r 6 1 25 1 1 R O g S n P r g 1 28 1 1

Cs 2 Sn n r  g ) 54 16

' d2 S ’ f 6
65 5 CNH4 ) 2 S n B r g 1 36 \ ^

> i -»Ss ; J V i f 6
31 b RV " T 6

1 2 6 I t

a R t 2 £ i f 6
86 0 C s 2 S n ^ g 1 54 1 6

n h U i ) L S 2 S’ f 6
93 1 1 Rb2 F b n 6 115 l b

 ̂ 1 , i W  4* c i . - y ^ i F g U ) 55 b C s 2 Pb r i g 1 36 1 4

n i . i i  & d<3 cuH 4 ) 2s i F 6 c i n 96 9 ( N H ^ 2 P3 Cl g 1 25 I t

aU M s J f * U 2 S i F 6
173 2b Ri)2 $ e r  t g 127 1 ’

a itHs f 5 K j G e F g i  R T ) 93 7 C s 2 S e r i g 1 45 15

a n 3s * 3
I ^ G e F  6 < H T ) 87 7 ( N V 2 S e C l 6

1 36 1 3

n *OH« f JO 3»
Pt  gGeF g ( S  T  ) 97 9 R2 S e B r 6

127 1 *

d , j 0 ' V Rt 2 Gef g ( H T  > 94 9 ( N H ,  ) _ S e B r .  
4  2 6

1 47 14

a ' ;> "s * C s 2 G e f 6
93 1 1 R3 „ T e P l  -  

2 6
115 l *1

"S i J fll ~ 4Ha s <liH^ >2GeFg (  I ) 101 10 C s g T e P l g 1 32 1 3

\ 1 v) i  3 ( NH ) 2G e F g C I I ) 92 y ( N H 4 ) 2 T e C l g 122 11

a i HrfgJ*
c o n t i n u e d o v e r

’ i 1 u r  • W Pfesul ts





A r e p u l s i o n  mod el  f o r  t h e  h e x a h a l o m e t a l l a t e f l V )  i cns

h as  t o  be a s s i g n e d .  The i o n s  c o u l d  he c o n s i d e r e d  as 

s p h e r i c a l »  i . e .  a n o d a l  at  a s i n g l e  s p h e r e  c e n t e r e d  an t he  

m e t a l .  T h i s  h a s  t h e  a d v a n t a g e s  t h a t  i t  a s s i g n s  an o v e r a l l  

b a s i c  r a d i u s  t o  t h e  i o n »  g i v i n g  an i d e a  ot  i t s  r e l a t i v e  

s i z e  and r e o u l s i o n  p r o p e r t i e s »  and e a s e  of  c o n  put  a t i c n .  

F o r  t he  s a l t s  p o s s e s s i n g  t hr a n t i  f l  u o r  i t e p o t a s s i u m  

h e x ac hi  or o p l  at i n a t e s t r u c t u r e  t h i s  model  a p p e a r s

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

e q u i v a l e n t  r e s u l t s  t o  t h o s e  g i v e n  by t h e  s i x  s p h e r e  i i c c e l  

d i s c u s s e d  n e x t .  T h i s  r e a r  e q u i v a l e n c e  i s  shown by  t h e  p l o t  

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

v e r s u s  c h a r g e  on t h e  c h l o r i n e  at oms f o r  t h e  t wo m o d e l s »  

shown i n  F i g u r e  4 . 6 ( i ) .  T he cne s p h e r e  mc d e l  ( l e a d i r g  t o  

t h e  l o w e r  of t he  t wo c u r v e s )  i s  u s e d  f o r  al t  s a l t s  w i t h  

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

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

s p h e r e  a p p r o x i m a t i o n  i s  n a t  suc h  a g o o d  one ( s e e  S e c t i o n  

2 . 8 ) .  So a model  of s i x  s p h e r e s  c e n t e r e d  cn t h e  h a l c c e n  

at oms o f  t he  i o n  i s  a d e p t e a  i n  t h e s e  c a s e s .  T h e  f o r m o f  

t h e  F u g j i n s  anc  l a y e r  r e p u l s i o n  ener gy  e o u a t i  cn for  t h i s

model  i s : teat iqm

Or *  1 « * « ?

r e s u l t s





•1 fl 3
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wh er  e a l l tf le t e r ms ar e d e f i ned u n de r  pr  e v i cus

aqu n t i o n s .  T he on e s p h e r e  « o d e l i s how ev er a l s o  adop t e d i n

o r d e r t o  a t t a i n v a l u e s  f o r t h e  a ppr  ox i mat e q u a n t i t y  o f t b e

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

A s i d e  f r o m t h e  b a s i c  r a d i u s  a s s i g n e d  t o  t he  a n i o n *  cr  

p a r t s  o f  i t *  a n o t h e r  p a r a m e t e r  n o t  known e x p e r i m e n t a l l y  i s  

t h e  c h a r g e  d i s t r i b u t i o n  i n  t h e  a n i o n .  A c i s t r i b u t i c n  of  

t n e t or  mt

+ 6 = -2  4 . 6 ( v i i )

c o m p l e t e l y  anal  c i o u s  t c  E q u a t i o n  A . o f i i )  i s  a s s u me d .  

I n  t h e  c a s e  of s i l t s  w i t h  n o n - c u b i c  s y m m e t r y  t h e  c h a r g e  

d i s t r i b u t i o n  can u s u a l l y  t a  o b t a i n e d  by  i n t e r s e c t i o n  

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

t c  t h e  d i f f e r e n t  u n i t  c e l l  s i d e s .  ! n  o n l y  a few c a s e s  i s  

t h a t  not  p o s s i b l e  h e r e .  H o w e v e r  f o r  c u b i c  s a l t s  t h e r e  i s  

o n l y  one c u r v e *  h e n c e  no p o s s i b i l i t y  o f  i n t e r s e c t i o n  and 

so a v a l u e  h as  t o  he a s s i g n e d  i n  o r d e r  to o b t a i n  l a t t i c e  

e n e r g y  and t he r  bo ch e m i c  al r e s u l t s .  T h e r e  a r e  t h r e e  

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

C a )  A v a l u e  can be o t t a i o e d  f r om c a l c u l a t i o n  on o t h e r  

s a l t s  o f  t b e  sane a n i o n .  F o r  t h i s  t o  be p o s s i b l e  a

R e s u l t s



-X “ A

n o n - r . u b i c  s a l t  has  t o  be a v a i l  a b l e .  I d e a l l y  i t  s h o u l d  t e  

p o s s i b l e  t o  a s s i j n  a v i l u a  f r o t  t wo or mor e s a l t s  w i t h  a 

c o t i t i n  a n i o n  by  i n t e r s e c t i o n  c f  c u r v e s  of  b a s i c  r a c i i  

a g a i n s t  c h a r g e  ora t h e  h a l o g e n  at on»  h o w e v e r  t h e s e  c u r v e s  

a r e  so s i m i t a r  i n  f o r a  f o r  a l l  c u b i c  s a l t s  ( J e n k i n s  and 

P r a t t  ( 1 9 7 6 c ) )  t h a t  i n t e r s e c t i o n  c a n n o t  be r e l i e d  cn 

w i t h o u t  a n o n - c u o i c  s a l t  as a d i s c r i m i n a n t .

( b )  N u c l e a r  g j a d r u p o l e  r e s o n a n c e  s t u d i e s  p r o v i d e  an 

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

H o we v e r  t h e  l i t e r a t u r e  c n l y  c a n t  s i n s  r e s u l t s  f o r  a few 

a n i o n s »  m a i n l y  i n v o l v i n g  mai n g r o u p  m e t a l s .

( c )  F a i l i n g  ( i )  .and ( t  ) i t  i s n e c e s s a r y  to e s t i m a t e  a 

v a l u e .  J o r g e n s e n  ( 1 *6 2» l 9 6 3» 196 t ) and c o - w o r k e r s  

( J o r g e n s e n »  H o r n p r »  H a t f i e l d  and T y r e e  ( 1 9 5 7 ) )  hav e 

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

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

as a me a s u r e  o f  e l e c t r o n e g a t i v i t y .  A s i m r l e  me t h o d  was 

s u p p o s e d l y  i m p r o v e d  by a ' h a d e l u n g  c o r r e c t i o n '  h o we v e r  i t  

i s  f o u n d  t h a t  an a v e r a g e  of t h e  two me t h o d s  g i v e s  u c h  

b e t t e r »  and c o n s i s t e n t »  a g r e e m e n t  w i t h  t h r  e x p e r i m e n t a l l y  

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

no v a l u e  can o t h e r w i s e  be e s t i m a t e d .

The t wo p u b l i c a t i o n s  ( J e n k i n s  and F r a t t  ( 1 P 7 Sc » c ) )  

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

R e s u l t s
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l a t t i c e  e n e r g y  and t h er  m oc h e t ic a I f u n c t  i o r  g r a p h s  f o r  t he 

many s a l t s  con s i  t e r e d .  I hey  a r e  not  i n c l u d e d  h e r e  a s  t he 

J u p l i c a t i o n  a n d  h u l k  i s  n o t  c o n s i d e r e c  j u s t i f i e d  by t he  

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

d i s t r i b u t i o n s .  b a s i c  r a d i i  an c l a t t i c e  e n e r g i e s  a r i s i n g  

f r om each s a l t  a r e  q i v e n  in T a b l e  4 . 6 f v i ) ,  t o g e t h e r  w i t h  

an i n d i c a t i o n  at t h e  s o u r c e  of  *he c h a r g e  d i s t r i b u t i o n  

v a l u r .  T hu  t a b l e  i s  f e l t  to g i v e  s u f f i c i e n t  i n f o r m a t i o n  

f o r  t h e  p a r p o s e s  of t h i s  a c c o u n t .

I t  was f o i n d  i n  t he  s t u d y  o f  s e l t s  w i t h  c u b i c  

s y mi r e t r y  t h a t ,  when X was c h l o r i n e  and wh e r e  s u f f i c i e n t  

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

a p p r o x i m a t e l y  l i n e a r  d e p e n d e n c e  on the c u b i c  c e l t  s i d e  f o r  

c o n s t a n t  c a t i o n ,  e s p e c i a l l y  f o r  l a r g e r  c e l l  s i d e s .  Ry 

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

wer e  o b t a i n e d !

w w = - 3 ? 9 a o + 4655 k J.m o l“ 1 4 .6 (  v i i i )

= -339 a o + 4795 k J.m o l“ 1 4 .6 (  ix )

W Cb2 * V
= -3^8 a o + 4969 k J.m o l“ 1 4 .6 (x )

-  -309 a o + 4486 k J.m o l“ 1 4 .6 ( x i )

T hese can ha u s e d  t o  o b t a i n  l a t t i c e  e n e r g i e s  f o r

r e s u l t s



Tufole t . 6 ( v i )  C a l c j l s t e a  l a t t i c e  e n e r q i e s  f o r  

hex ail al omet  al I at  e(  I V ) s i l t s .

d i t °X S 0 ur ce
W á  1

u roT._.
( k j . n o ’

iu 2I i F 6 -  C.  42 a - 1632

K 2 T i f g - 0 . 7 3 a 2.21 1 6 1 ’

" 2 r i c l 6 — .  • 6 1 b ?.  4 a 141?

F L 2 I i C l g - O . t l 3 2 . 4 7 1415

Cs 2 ' >L , 6 - C . 6 1 b 2 . 5 0 14: - »

( l * V 2l i c l é -  0 . 6 1 3 2.  50 141 3

RL2 T i b r 6 - 0 . 5 9 b 2.  62 1 34 *

C b 2 I i , J r 6
- 0 . 5 9 3 2. 61 1 33"

U 2Z r f 6
-  0 . 9 0 a 2 . 5 2 1965

F V F6 -  C.  42 a 2.  32 158«

Cs Z r f 6 - 0 . 4 6 a 2.  34 1 53’

' I t j Zr C  lg - C . 6 6 3 2 . 4 5 134 «

C s ^ r d g -  0 • 66 b 2 . 49 134 «

Rb2HfF6
- 0 . 4 4 a 2 . 3 0 158«

r s 2Hffg * C » 4 6 a 2.  33 1541

Cs 2Cr fg -  0 . 6 5 b 2 . 0 8 160 3

L , 2MoF6 -  C.  33 a 2 . 44 18”

K 2 t o d g - 0 . 6 0 3 2 . 84 1413

K2HCl g -  0 . 6 2 c 2 . 5 0 13«  8

h o 2 wc. g -  C . 6 2 c 2 . 4 7 1 3 9 ’

C s 2 kCl g - C . 6 2 c 2 . 5 1 1 3 9 «

l o n t i n u i d 0 V er

Ff c s u l t s



ra o le <•. 6 ( v  i )  c o n t i  nue i

j S a l t q X Sour  co

RL2 " , r 6
* C « 35 d 2 . 7  3 1 3 6 1

à i n s 1 ; CSgWBrg - 0 . 5 5 d 2 . 7 2 1 36->

^ i r T . X  I
V n , 6

-  0.  95 a 1 . 9 6 I B S ' 1

j 912  'inf g l i ' -  1 . 1 2 a t .«>7 1 5S'<

R bn MnF g< 11 ) * “ 0.fa3 b 1 . 9 9 168*»

a» » ; s *3 C S j Mn F g . “ 0 . 6 3 b 2 . 0 5 162"»

' rs ( 4 M|° V n C l 6 -  C.  55 3 2 . 5 1 146"*

- , ’ i f „ ait FL2 v 1̂ - 0 . 5 5 b 2.  50 145 t

v i i  T -  £ D c 5 “ • > W n C l 6
“ 0 . 5 5 b 2.  56 14 6 4

K j T c t l g “ C . 4 0 3 2 . 5 9 144 1

* 2 * ef6 - O .  56 3 2 . 2 6 16 2r

K 2R e C l 6 - 0 . 5 6 C 2.  54 1414

V 9 b r 6
“ 0 . 5 1 2 . 0 1 137 5

K . O s C t , -  0 . 5 1 Q 2.  H 144 T
2 6

t 0 sBr , “ C . 4 5 d 2.  80 1396
2 6

s i t H . l j R t 2 Cof g
-  0 .  59 b 2 . CO 16 0 5

Cs„ Cof ., -  Ù . 5 9 b 2 . 0 7 16 3 ”
2 6

v i o H-  i J
K 2 ' h F 6

- 0.40 a 2.  23 1 6 6 8

N J JUT  «  A
- ■ RL2 fih,6

“ 0 . 4 3 a 2 . 2 3 1 6 2 4

| ( ( ' V 2I r C l 6 - Q . 4 7 c 2 . 5 6 144 7

à l 3 « S «J» K2N i f 6 “ C . 5 7 3 1 . 9 4 1 7 2 ’

Ò1 ) - s “ 3 Rb2 Ni F 6
- 0 . 5 7 b 2 . 0 1 1604

c o n t i  n u e d  o v e r

i^e sul  ts



Tub l e <> . 6 ( v  i ) c o n t i nu e 1

u l t 0 X 5 o ur  ce
IJF0T_1 

( k J . m o <

( N H ^ J ^ d C l g - 0 .  A3 e 2 . FI t A 9 1

* 2 PtF6
- C . o 6 a 2. 1 5 156' »

^ 2 J t t l é
■ C • AA a 2 . 6 0 I A 6 9

PV t C , 6
-  C* AA a 2 . 5 6 1 A 6 A

C s 2 l t t ( 6 -  c .  AA P 2 . 5 9 1 A A A

( i ,  t4 ) 2f t c i 6 • 0 • Ali e 2 . 6 2 1 A 6 B

T l 2 P t l l 6 - f l . A A e 2 . 6 0 15A6

*' 2p t B r 6
- 0 .  39 e 2 . 8 5 l  A 2 3

' “ 2 s *r 6
“ 0 • t  3 a 2.  23 1830

K 2 Si F6
- O . ö A t) 1 . 7 9 1670

f' t 2 S ’ t6 -  SA 3 1 . 8 7 1639

C s 2 S i , 6
-  0 . 8A b 2. 0 1 163 A

( I í H ^ ) 2 $ i F g (  I ) - C .  V3 a 2 . 0  A 1618

( I . H ^ ) 2S i F g d l  ) “ û • cA b 1 . 9 6 1665

U 2 Si f 6
-  0.  6A D 2 . 0 5 1678

It 20eFg ( ST ) -  : . 7 5 a 2 . 1 7 165 8

K g G e f g t H T ) - O . A O 3 2.  0 A 1 7 ) 8

PL 2Cefg ( S T ) - 0 . 7 7 a 2. 1 8 161 A

PL j Gef g  ( H T ) -  0 .  A l a 2 . 0 3 1 6A 0

C s 2Gef6
-  c -  7 a 0 2 . 0 2 1573

( i . H,  ) „ C . eF ¿ (  I ) 
K 2 6

- 0 .  80 3 2 . 2 3 1607

c o n t  i n u e d ov e r

r e s u l t i





Tub l e  t . 6 ( v  i ) c o n t i  nu ed

àâl  t ° X
So u r  ce "MXg2- 1* ’ o j Ü S S T - ' )

( N H ^ J j l e C l g -  C.  69 e ? .  4 1 i s a ' 1

T l 2 î e-  l 6 -  C.  69 e 2 . 5 4 1 3 9 ’

K 2 Tfifcr 6
-  G . 56 a 2 . B 6 1 2 9 ’

C s j T e t r g - 0 . 5 3 e 2 . 7 0 1 2 9 ’

1 *«h4  )  21 e* r6 - 0 . 5 9 e 2 . 7 6 129 4

C i>p T e — ¿•99 e 3 . 1 0 1246

Cl. 1̂  ) 2 ' oC Ig - C . 7 f 2 . 6 0 1339

C i 2 f-odr g -  t .  6 f 2 . 7 4 1286

U V 2  00r6 -  Û • b f 2 . 6  3 1 2 9 ?

L i g C e C l g -  C.  52 a 2 . 9 0 131 3

C s J  I h r. 1 g - 0 . 4 2 a 2 . 9 4 1315

C i 2 L C l 6
-  C.  34 a 2 . 9 2 1 3 5 ’

C S j P u t l g -  0 . 9 9 a 2 . 6 7 1 3 3 ’

CSgükC t g - 0 . o 9 a 2 . 7  0 129 5

* - C . Í 3  p r e f e r r e d  to « . l i n t a i n  gen er a l t r e n d s

4 a s s i g n e d  f r o m i n t e r s e c t i o n c f  c u r v e s

b e s t i m a t e d  f r o m t h e w o r k  of j o r j  ens en ( s e e  t ext )

c Br o wn «  M c P o u g l e  and K e n t ( 1 9 7 0 )
, 2 -

d es t i  mat ed f rom t he r  e s u l t f o r  M C l g

e ICuho and N a k a n u r a ( l ? 66 )

f e s t i a a t e j  f r o m  o t h e r  r e s u l t s

K  ", ul  ts



s a l t s  w n p r e  

ex per  ¡ m e n t a l  1'/» 

p e r l r r i i  ( .  Th e 

d a t a  c o n t a i n e d  

. t (  v i i ) .

o n l y  t h e  c u b i c  c e l l  s i c e  i s  kncwn 

ind s o  t he  f u l l  c a l c u l a t i o n s  c a n n o t  t o  

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

in f a b l e  i > »  ar e  l i v e n  i n  T a b l e

T he t h er moc he « i  c a l  c y c l e  wh i c h  r e l a t e s  t h e  l a t t i c e  

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

i o n s  p r o d t c e s  t ha  e q u a l i t y :

^ ( K g2“ ) ( g )  = U pOT(A ?M3C6) + /^H*(A2M Xg)(c) -

- 2 ^ ( M +) ( g )  + nRT 4 .6 ( x l i )

wher a n *0 f a r  » o n a t o r i  c » a n d  n = 3 f c r  a m o n i u n .

The p a u c i t y  o f  t her  no c he m i c  a l d a t a  f o r  t h e s e  s a l t s  

a l l o w s  E q u a t i o n  4 . 6  < x i i » to t e  a p p l i e d  i n  o n l y  some c a s e s »  

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

H o we v e r  i t  i s  an i n d i c a t i o n  of  t h e  d i f f i c u l t i e s  i n h e r e n t  

i n  ma k i n g  t h e  d e t e r m i n a t i o n  o f  t he r  mo ch e n i c a 1 p r o p e r t i e s  

of  t h e s e  s a l t s  w h i c h  makes t h i s  s t u d y  o f  i m p o r t a n c e  as a 

r e v i e w  of  t h e  a v a i l a b l e  dat a  3nd as a o u i d e l i r e  t o  t he 

t h e r m o d y n a m i c s  >f t h e s e  s y s t e m s .  T h e  a v a i l a b l e  e n t h a l p i e s  

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

a r e  g i v e n  in T a b l e  h . 6 ( v i i i >  a l o m  w i t h  t h e  v a l u e  of  t he

R e s u l t *



l u t i l e  t . f c ( v i i )  L a t t i l e  e n e r g i e s  of  ' u r t h e r  h e x a -

ha l o me t  a 11 at e (  I  V) sa I t a  e s t  i mat e d by

. -1
' g u a t i  on s <i. 6 (  v  i i ¡ ) - 4 . 6 ( x i )  ( 4 J . m o l

S a i  t iPOT S a i  1 U P0T

V r C t 6
l 33 9 R b 2  ° ®C l g 1414

V U t , 6
1 34 5 Cs2 n 9C L 6 1 l i «

V D C l 6 l 37 5 ( N H ^ > 2 R<?Clg 1 4 0 ?

F t j N b l l g 1 37 1 Kj Ru Ct g 1451

C i j U b C l g l 38 1 Cs 2 T s :  I g 14 0 p

K 2 Tat 1 6
1 37 tì ( N H 4 ) 20 s C l g 14 37

RLgi  3C t £ t 76 8 « 2 M C t 6
1 45 P

C i 2 I a ; , é
1 37 a R b ^ d S l g 1 4 4 ’

P t 2 N 0 L , 6
1 40 a C s 2P d C l 6 1426

Cs 2MoCI6
l 3? 5

C i  .*tnC l - 
2 6

1 4 3 0 Rb 2s b r i g 1 3 5 ”

RS2 , c U 6 1 4 1 7 V , C l 6
131 8

t s u l t s



T a b l e  4 . 6 < v i i i )  E n t h a l p i e s  o f  f o r m a t i o n  of  g a s e o u s

h ex ah a l on et  a l l at e(  I V ) i o n s  ( k j . m o l  ^ ) .

T a U
A " f C V V(  c l S o u r c  e

A hÎ « m x / * i 
c J )

* 2T ’ f6
- 2 9 1  0 8 a ubii r o v  719 63 ) - 2  321

■ 2 r i C * 6 -1 74 7a 11 c r o l  ' kov  a n d - 1  361

Rt 2  ̂i î* l g - l  76 7a E f i n c v ( 1 9 6  6 ) - 1  34 2

C s 2 r i - * 6 -1 79 7 a - 1  300

t-l; 2Î i tir g -1 51 7 a - 1 1 6 6

C S g T i B r  g - l  55 3a - 1  119

V r C , 6
-1 93 2 G e Ibm an and - 1 6 2 1 h

C S j i r o l g - l  99 2 west l a n d ( l  97 4 ) - 1  549

V m , 6 -1 95 7 - 1 6 4 Oh

V ' o C , 6
- l  59 4 L a i  and - 1 247h

R L 2 N t  L l - -1 61 9 West l a n d l l  97 4 ) - 1 2 3 8 6

Cs 2 N b C l 6 -1 66 3 - 1 1 8 7 6

K 2T a C , 6
-1  6« a - 1 2 9 3 6

* V a C l 6
- l  66 9 - 1 2 9 1 6

C52 T a C l 6
-1 71 1 - 1 2386

K2M0 Cl g - 1 4 7  5 d a r n e s  et  a l ( 1 9 7 4 ) - 1  085

h b j H o L l g -1 *9 5 £ f i mo v and - 1 0 7 7 6

C S j M o t l g -1 52 7 3 e l o r  uk a l l  96 7 ) - 1  0 376

V C l 6 - i  380 P e a co ck ( 197 7 ) - 1  010

Rb2wc i g -1 42 9 Ba r  n e s e * a t ( 1 9 7 4 ) - 1  022

Cs2 wc i g -1 44 6 -  959

c o n t i n u e d  c v er

•a e s u l t s



T a b l e  4 . 6 < v  i i i  ) c on t i nue J

l et  t
A ' f

So ur c  e
CM X , 2"» 

C g j

ftt2 * Pr 6
• 1 1 ) 6 P e a co ck ( 197 7) - 7 3 5

Cs2 hf,r6 - 1 1 3  2 Pe 3 co ck ( 197 7 ) -  675

k2 eCl g - l  33 3 Gagman e t  a l C l  96 9) - 9 4 5

( hm e C l g - 1 0 5  7 G l y  sh k o ( 197 4 ) -  915b

Kj RePr g -1 03 6 P e a co ck ( 197 7 ) - 6 8 9

« 2 i ) sC, 6 - 1 1 7  1 F o s s i n i  et  a l C 1 9 5 2 ) -  752

K j l r l l g -1 1?7 - 7 6 5 c

K2'( i l  g - 2 0 2  1 Hopki  n s ( 1 9 7 0 ) - 1  328

*2 " dCl 6
-1 1*17 R o s s i n i  et  a l ( ) 9 5 2 ) -  734 c

V ' t c i 6 -1 23 7 C c u l t e r  et a l C 1 9 4 0 ) -  797

( t . H ^ J g P t C l g -  99 4 S h i d l o v s k i i  e t  a l ( * 6 l ) - 7 8 6

K2 P t E r 6
- l  04 C R o s s i n i  et a l (  1 9 5 2 ) -  64 5

Nd2 SiC6
- 291 C 4 a gma n e t  a I t  1976 ) - 2  300

S2 S , F 6 - 2 9 6 6 - 2  324

H 2 Si F6 -2 91 9 - 2  270

( s 2$ u g - 2  80 1 R o s s i n i  et  a l t 1 9 5 2 ) - 2 1 0 2

- 2 68 1 Wagman e t  a l ( 1 9 6 8 ) - 2 3 2 6

( t . HK ) 2 ' i F 6 ( t l ) - 2 68 2 - 2  277

K j S e F g t  R T ) - 2  60 0 Hopki  n s ( 1 9 7  0 ) - 1  973

C^2 Get, 1 ^ -1 4 5 2 We l s h  et  a l ( 1 9 7 4 ) -  981

K0 SnC - 1 4 8 5 - 1 1  50

c o n t i n u e d  o v e r

Be s u l  ts



1

’ ‘ l<Jk T a D l c  <• . 6 < v  i i i ) c on t i nu e d

- a l t
A î ; cy v A «

S o u r c e

o SJ hb2 S n : *6
-1 52 9 W e b s t e r  T C o l i i n s ( * 6 3 ) - 1  158

- i ~U g t (,<H^  > 2* nC *6
-1 23 7 Wag « a n  e t  a l ( l 9 6 8 > - 1  127

P la 2 P t) C » g - l  29 3 Wel s h  et  al <1 974 ) - 9 4 0

<r<,HÌÌ> r 2 T e C l g - 1 1 6 7 G c l u t v i n  et a l ( l Q74) -

r ’ 1 F L 2 T e . l 6 -1 25 1 -  925

<Y
r 2T e h r 6 - 9 7 2 S t e p i n  e t  a 1( 1 9 6 8 ) - 7 0 3

■
Cs2 let  r g -1 032 -  645

>> >R9 j* C s 2 i h ; i g - 2 i  2  e F u g e r  a n d  8 r o w n ( 1 9 7 1 ) - 1  718

è * , * V Cs2 UCl  g - 2  01 8 V d o v e n k o  et a 1 ( 1 9 7 4 ) - 1 5 7 1

C ^ H „ Cs2 P u d g - l  95 4 F u g e r  an* 0 r o w n ( 1 9 7 1 ) - 1  527

a quot  ed f r  om g as a ou s at  os Sr c o n v e r t e d  t o  an e n t h a l p y

.-> ' V *
cf f o r m a t i o n  f r o «  s t a n d a r d  s t a t e s

3 1 ’ ? S*
b o b t a i n e d  v i a an es t i *at  e c l a t t i c e  e n e r g y

a m * « f
c u s i n g  t h e  e m p i r i c a l  r e l a t i o n s h i p  UpQp ( K j W C l g )  “ ‘

3 ' ‘ V 3 L P 0 T ( ( N V 2 M C l g ) w hi  ch i s f c u n d  f o r  c u b i c  s a l t s

V ^ H * »

o<4 «* *

3 1* V

eO j i 3

- V

1 i u * » * r e s u l t s



-1 3 7

e n t h a l p y  j f  f o r m a t i o n  o f  t h e  g?s e o u i  hex a h a l o t e t a l l a t e f  I V )  

i o n  f o u n f  f rom t h e  a b o v e  e q u a t i o n .  T h e  s u b s i d a r y  d a t a  

c o n c e r n i n g  the e n t h a l p i e s  o f  f o r ' » H t i c n  of  t h e  g a s e o u s  

c a t i o n s  i s  as was u s e d  f o r  t h e  h i f l u c r i d e  i o n  ( T a b l e  

4 . 5 ( v  ) )  .

i n  t a b l e  4 • 6 (  v i i i ) t h e  r e s u l t s  o b t a i n e d  f or m c e s i u m  

s a l t s  a r e  i n v a r i a b l y  l o w e r  t h a n  t h o s e  f r om o t h e r  s a l t s  o f  

t n e  s a l e  a r i o n .  T h i s  c o u l d  wel * b e  c a u s e d  by  t h e  same 

t h e n  o c n e a i c a l  s o u r c e  o f  e r r o r  a l l u d e d  t o  i n  S e c t i o n  4 . 5  

and so v a l u e s  o u t a i n e c  f r o *  c a l c  u t  at i o n s  on c e s i u m  s a l t s  

a r e  o m i t t e d  wh e r e  e t h e r s  can be  t a k e n .  T h e  f i r a l  

t her * oche.m i c al r e s u l t s  ar e  g i v e n  i n  T a b l e  4 . 6 ( i x ) .  T r e r c s  

b e t w e e n  v a l u e s  a r e  much t he  same as e x p e c t e d .

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

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

r e l at i onsti  i p »

A ^ y d( « / - ) ( g)  = A H * ( ™ 62" ) ( a q )  -  A H * ( « Z 62~ ) ( S )  ‘

2AF*(H+Xs) - 2Ẑ hyd(H+)(g) 4.6(sdii)

The r e s u l t s  o b t a i n e d  a r e  l i s t e d  i n  T a b l e  4 . 6 ( 1 0 »  

i n c o r p o r a t i n g  t h e  '( i t  a A = 1 5 5 6 . 2  k j . t c l “ 1

( wagi r an  et  a l  ( l ? 6 d ) )  and A H *y a <H + M g  ) * - 1 1 0 0 . 6  k j . e o l 1

F, e s u 11 i



Tab 1 fe t . 6 ( a K ) T h a n  oc hemi ca l res u l t  s a nil bond e n e i es

for h e x a t i a l o m e t a l l  at  e ( TV ) i on s (k J .  ,BO l ~1 ) •

m x
t hiT ^ F ( “ - V ) ( R - X ) c be

1 cn t s f b oil he t teV )

T , F 62"
- 2  321 - 5 44 1692 1 0 5 . 2

- 1  35 2 - 4 18 1538 9 5 . 6

- l  166 - 376 1 521 9 4 . 6

2 -
Z r C l 6 - 1 565 - 4 &7 1 365 8 4 . 9

H f C l / ' -1 640 - 4 98 1 336 8 3.1

•iLC l g 2 - 1  24 3 - 4 4 3 14=8 9 0 . 7

T a d / " “ 1 295 - 4 61 l  385 8 6. 1

2 -
MoClg - 1  c e i - 4 07 161 8 1 0 0 . 6

, 2 -  
Htlg - 1 0 1 6 - 4 22 1438 8 9. 4

2 -
^ r 6 - 7 3 5 - 3 66 14*6 8 7 . 4

2 -
= e C l 6 -  94 5 - 6 6 3 399 1 479 9 2 . 0

Refi r  g2" -  66 9 - 3 55 1460 9 0 . 8

O s c i / - -  75 2 - 3 7 8 1 496 9 3.0

i r c i / " -  76 5 - 7 u 6 363 1478 9 1 . 9

2 -
m f 6 - 1  32 6 - 372 1933 1 2 0 . 2

1 o C , 62 -  734 - 735 3 09 17 2 3 10 7.1

P T C t | - 7 9 2 - 7 5 7 348 1577 9 8. 0

-  64 5 -  71 3 315 1567 9 7. 4

S i F g 2 - 2  299 - 961 5 30 l 869 1 1 6 . 2

c o n t  i nued o v e r

R e s u l t s



7 ub t e t . 6 ( i X ) continuel

I on

A H T

( gr

Û “ H ,

i < n

L t F 62"
-1 97 3 -

r’eCl 62"
-  901 -

SnC lg2“ - 1  1A5 - 6 9 6

p . c i g 2- -  9 4 0 -

TeCl g3 - 9 ?  5 -

T t 4 r 62"
-  70 3 —

TbCl g2- - 1  716 -

U L l g 2- - 1  571 -

PuCl g2- - 1  52 7 -

M  - X  )
h o*

E ( M - X )
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( J e n k i n s  j n l  1 o r r i s  ( 1 9 7 6 ) ) .

T he  b o r d  e n e r g y  o f  h e x a h a l o n e t a l  I f t e  i o n s  c a r  be 

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

h e m o l y t i c  f i s i o n  of  t h e  b o n d s :

g)  ---------------------*  M( g)  + 6 *(  g)  + 2e

wh e r e  one s i x t h  of  t h e  e n t h a l o y  c h a n g e  of  t h i s  a b e v e  

r e a c t i o n  can be i e s c r i b e d  as t he h o n o l y t i c  bon d  e r e r o y ,  

C ( f  -  > ) hom c o r r e s p o n d i n g l y :

^ ^ h o m  = ^ - A H * ( ^ 62' ) ( g )  + A HgUb ( M) ( ° )  + 4 *6(X1V)

wher e  t he  s e c o n d  and t h i r d  t e r n s  o r  t he  r i g h t - h a n d  

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

t h e  f e t a l  anc t h e  d i s s o c i a t i o n  e n t h a l p y  of  t h e  h a l o g e n  

r e s p e c t i v e l y .  T h i s  d e f i n i t i o n  is mor e a p p l i c a D l e  at h i o h  

t empe r a t  ur  es .

T he s e c o n d  d e f i n i t i o n  r e f e r s  t o  h e t e r o l y t i c  f i s i o r  of  

t h e  t onds :

mx62~( g) ---------------- M4^  g) + 6 x-(g)

R e s u l  I t
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where on e  s i x t h  o f  t he  e n t h a l p y  c h a n g e  o f  t h i s  p r o c e s s  

i s  r e f e r r e d  t o  is t he  l e t e r c l y t i c  hood e n e r g y »  r  (  M -  X )}je^ » 

wher e :

i ^ h e t  = i [ - A « * ( M X 62- ) ( « )  ♦ A » * ( ^ +) ( g )  -  6 A P * ( 0 ( g ) ]

4 . 6 ( x y )

T h i s  d e f i n i t i o n  has Been g e n e r a l l y  s e l e c t e d  f see 

R a s o t o  a n d  P e a r s o n  (  1*158) )  f o r  use as a b e t t e r  g u i d e  t o  

p r o p i r t i e s  o f  t he  i o n s ,  d a s o l o  and p e a r s o n  q u o t e  t h e i r  

' c o o r d i n a t e  h e n  I e n e r g y '  ( e t a ) »  i n e l e c t r o n  v o l t s »  as s*x 

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

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

t h e  r e s u l t s  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  of  t h e  g a s e o u s  

a r  i on s we o b t a i n  t h e  be n d  e n e r g y  r e s u l t s  g i v e n  i n  T a b l e  

<i .  f l  i x ) .

The r e s u l t s  f o r  t he  h e t e r o l y t i c  bond e n e r g y  can be

s u n n a r i s e l  b y t he  f o l l o w i n g  t r e n d s whi ch a r e  s i mi l ar  t o

t h o s e  t h a t co i Id be p r e d i c t e d fr out s i n p l « ch em i ca l

c o n s i  d er a  t i o ns . T he  s y mt o t  *M- X' s y m b o l i s e s t he  be n d

e n e r g y .

l a )  M- F  > P- C  l >  P - 8 r

( b )  S i - F  >  G e - F

r e s u l t s
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( c )  T i - C t  
V

/ r - n  l <  N o - C l  < v o - C l < P i - C l
V V V V

H f - C l <  T a - C  l < w-ci < b e -  Cl  <  (0 s -  C l >  I r  - C l ) <  P t - C l

wher e t h e t r  ack et s i n d i c a t e  t h a t  t h e  s o n e w h a t  s p u r i o u s

o r d e r  h e r e c o u l d  r e s u l t  f r o i the f a c t  t h a t t h e s e  i r e  o r l y

e s t i m a t e d  q u a n t i t i e s .

( c ) &e - C  I
V

S n - C  i ^  r e - C I
V

P o - C l

C e )  h - f r - <  R e - d r ^  P t - b r

C o n s i d e r a t i o n  of  t h e  ho mo l y t i c  bond e n e r g i e s  l e a d s  t o  

a l m o s t  c o u r t  el  e r e v e r s a l  of  t h e s e  t r e n d s .

T h e  t hemoc he iti c a l  c y c l e !

O g 2“ fa> ■«---------------------------------  M X ^ ( s s )  ♦ ¿ X ~ (  j )

d (  c ) ♦ 1 X j l s s )

wher e ss r e f e r s  t o  s t a n d a r d  s t a t e »  l e a d s  t o  t he  

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

t e t r a h a l i d e  « o l e c u l e »  S ^ x ( s s )  ’  t0

S P x ( a a )  “  A H *(H *6 2~ X « ) - ^ ( « 4 ) ( ” )  ~ 2^ ( 0 ( g )  4 . 6 ( tt1 )

F e i l l t f
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i s e f u  l of  t h e s e  co n eod ot i es i s  wher e s s = g .

r  / l J / -  u •

The » 0  st

U s i n g  t h e  o a t a  ( C o x  e t  al ( 1 9 7 2 ) )  ¿ \ H * ( F  ) f j )  -  “ 2 7 ^ . 7 ,  

A h! ( C I "  ) ( q )  = and ^ ® ( 3 r ' ) ( g )  = -?33. <> k J . it 0 f

we g e n e r a t e  t he h a l i d e  i on a f f i n i t i e s  g i v e r  i n  T a b l e  

4 . 6  i x ) .  i n  c o n s i d e r i n g  t h e  c a s e s  f o r  t he  g a s e o u s  i r e t a l  

t e t r s  ha t i d e s  we f i n d  t he  t r e n d s »  wh»r=> M r e f e r s  t o  t he

j a s e r u s  dauo le h i l i d e i on .

( a )
MF4 <

nr i, <  H ^ r .  
4  4

( b  ) S i F .  <  
e- GpF4

( c ) T i C l ,  
V  4

Z r C l ,  <  
V  4

N b C l ,  <  
It 4

r o d .  
A 4

H f c , 4  < T a C V  < HC l .  
4

a r  i r t e r e » t i r g  r e v e r s a l  i n

t hr ei g r o u p s •

( C )
T 4

T 4 <
T e C l 4

Os'* l,

r’ bCl ,

whi ch shows the o p p o s i t e  v e r t i c a l  t r e n d  t o  t he 

t i t a n i u m  j r o t p  a n d  c o r f i r i r s  the r e v e r s a l  shown b y  t he 

n o l y t c e n u a  ( c h r o i i u * )  g r o u o .  The ’ r i g h t  g r e a t e r  than l e f t ’ 

t r e n t 1 i s  o p s e r v e d  a c r o s s  the oer i o d i c  t a b l e .

Ot her  l i t e r a t u r e  v a l u e s  f or  t he l a t t i c e  e n e r g i e s  and

:« ) V
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Ü b l e  t . ö ( x )  Doubl e  h a l i d e  i o n  a f f i n i t i e s  f o r  s e t  a I 

t e t r a h a l i d e s  ( k j . m o l  3.

Mo l ecui  e s s A d *  c MX, > cs s > Sou rce ss)

1 - 1 5 5 2 a - 2 2 6

c a - 1  3r

T i C14 9 - 7 6 3 a - 9 6

t - 6 0  A a - 5 8

T ' 1 r 4 1 - 5 * 9 a - 1 * 9

c - 6 1 7 a - 8 2

? r C l 4 9 - 6 7 0 a - 2 2 3

c -  y 61 a - 1 1 3

H f C l 4 g - 6 3 9 a - 2 5 9

c - 9 o C a - 1 5 6

'¡l c i 4 9 - 5 6 1 b - 1 9 C

c - o 9 * b - 5 7

T a C l 4 g - 5 6 1 b - 2 * 2

c - 7  0 2 b - 1 0 2

- 0 C 1 4 g -  336 c -  2C3

c - A  7 6 c - 1 1 3

<^U4 g - 3 * 1 c - 1  63

c - * *  7 c - 7 7

Wbr4 c - 1 * 6 d - 1 2 1

R e C ^ c - 3 6 1 e - 9 2

Renn c -  30 3 e 82

: o n t i n u e d  o v e r

R e s u l t s
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M o l e c u l e S 5
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4<1 5ou ree Z S ^ ( 88)

h c i 4 q - 7 9 f - 1  51

c - ¿ 5 5 f - 5

P t c i 4 c “ ¿.6 3 f -  37

Pt t l r 4 c - 1 5 9 f - 1 3

S l K ^ 9 - 1 6 1  5 9 - 1  43

G t r 4 9 - 1 1 9 0 h - 2 4 2

GeC l ^ 9 -  49 6 9 7

l - 5 3 2 9 43

S n C l 4 9 - 4 7 2 9 - 1 3 !

l - 5 1 1 9 - 1 4 2

r L ' C l 4 9 - 2 8 5 3 - 1 6 3

l -  529 3 - 1  19

T fcC l 4 9 - ¿ 4 6 J - i e 7

c - 3 2  6 9 - 1 0 7

Te- c - ¿ 9  0 9 - 2 1

T h t l ^ c - 1 * 9  2 i -  54

U L t v c - U 5 1  i - 2 6

P ü C l 4 C - 9 2 1  i - 1 1 5

a Kay»  an et  3 1 ( 1 9 7  1)

c o n t i n u e d  o v e r

' e s u l t s



T ü b l e  <•. 6 ( x ) cont  i nued

b S t u l i  and 1 rop he t (  1 9 71 ) 

c 8arr . es et  a 1 ( 1 9 7 * }  

d h o s s i n i  e t  a l ( 1 9 5 2  ) 

e Peac oc k (  19 7 7)  

f »agir an et  a l (  1 9 6 9 )  

g kagiran et  a U  19 6 8 )  

h G r o s s »  Hay«>an a n d  9 i n g h a » ( l 9 6 6 )  

i *agr an et  a l (  197 2)

‘■ t s u l  ts



a s soc i a t ed t h e i r o c h n . n i c . i l  f u n c t i o n s  i r e  f o l l y  c i s c u s s e d  i n  

J e n k i n s  and P r a t t  ( 1 9 7 8 c ) .  T he f a c t  t h a t  e m p i r i c a l  

e q u a t i o n s  c a r  y i e l d  w i d e l y  i n a c c u r a t e  f i o u r a s  f o r  l a t t i c e  

e n e r g i e s  ( s e e  J e n k i n s  ( 1 9 7 7 ) )  makes i t  g e n e r a l l y  d i f f i c u l t  

t o  r a k e  m e a n i n g f u l  c ch  p.j r  i son s w i t h  o t h e r  w o r k .  Nc wcr k 

h as  t e e n  p r e s e n t e d  t h a t  a p p r o a c h e s  t h e  e x t e n t  o f  t h i s  ( n o  

e t h e r  s t u d y  d e a l s  w i t h  . » o r e  t h a n  s i x  s a l t s )  and c r l y  

f o u r  use an e x t e n d e d  f o r i  o f  c a l c u l a t i o n  f o r  t h e  l a t t i c e  

e n e r c y  ( t w o  o f  t h e s e  o r i g i n a t i n g  f or m t h i s  l a b o r a t o r y  -  

J e n k i n s  and S mi t h  ( 1 9 7 6 )  and J e n k i n s  ( 1 9 7 7 ) ;  t h e  o t h e r s  

b e i n g  We b s t e r  and C o l l i n s  ( 1 9 6 5 )  and We l s h  et  a l  ( l q7 4 ) ) .  

T h e  e t h e r s  use t he  K a p u s t i n s k  i i  a p p r o a c h  ( P f i m o v  and 

d e l o r u k o v a  ( 1 9 6 7  ) .  T s i n t s i u s  and S m i r n o v a  ( 1 9 6 ° ) »  H a r t l e y  

( 1 9 7 7 ) .  V d o v e n k o  et al  (  19 74 a . b )  and L a i  and W e s t l a n d  

( 1 9 7 7 . ) )  or  t h e  d o r n - L a n d e  a p p r o a c h  ( Oe J o n g e  (1 976 ) ) .  

L i s t e r ,  i y t u r g  and P o y r i t z  ( 1 9 74)  us e  a v a r i e t y  of  s i m p l e  

e q u a t i o n s  f o r  a few s a l t s  wh i c h  i s  s u f f i c i e n t  t o  show t h e  

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

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

1 he s t u d y  of hax a h a l n i e t a 1 1 a t e C  I V )  s a l t s  has b e e r  a 

ma j o r  p a r t  o f  t h i s  r e s e a r c h .  The s y s t e m  has t h e  a d v a n t a g e  

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

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

d i s a d v a n t a g e s  a n  t h a t  some o f  t h i s  d a t a ,  and a l s o  some of
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t h e  t h e r  « o c h e  t i c  al  d a t a  u s a d »  may be i n a c c u r a t e  due t o  

d i f f i c u l t i e s  i n  p r e p i r  i n j  p u r e  co mp o u n d s *  e l s e  t h e  c r y s t a l  

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

o b t a i n e d )  and c h a r g e  di  a t r  ib ut  i ons ar e  d i f f i c u l t  t o  

e s t i m a t e .  H o s P v e r  a l t h o u g h  t h i s  "ay not  be t he  b e s t  

3 i a « [ l e  j f  t h e  a p p l i c a t i o n  of  t h e  new met hod b e c a u s e  of  

such p r o b l e m s »  t h e  i n f o r m a t i o n  o b t a ' n e c  i s  e x t e n s i v e  a r d  

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

a r e l a t i v e  s e n s e .

4 . 7  Th e  P e r c h l o r a t e  I o n

T he p e r c h l o r a t e  i o n  » a s  chosen t o  be t h e  f i r s t  

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

me t h o d  ( J e n k i n s  and P r a t t  ( 1 9 7 e h > )  b e c a u s e  of  t he

e x i s t e n c e  o f  w a l l  e s t a b l i s h e d »  ioa s y m me t r y »  c r y s t a l  

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

j t m o r i u m ) .  The r e s u l t s  o b t a i n e d  show t h e  n f x  method t o  i t s  

b e s t  a d v a n t a g e .  T hey  a r a  g i v e n  i n the a b o v e  r e f e r e n c e  a r d  

n e t  r e p o r t e d  f u r t h e r  h e r o .

4 . 8  The T e t r a c h l o r o a l u a i n a t e  Ion

A f t e r  t he s u c c e s s  o f  t h e  c a l c u l a t i o n s  on t h e

p e r c h l o r a t e  i o n  ( S e c t i o n  4 . 6 ) »  a n d  m o t i v a t e d  hy

Results
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c o r r e s p o n d e n c e  w i t h  w o r k e r s  at  t h e  ' I n i v e r s i t y  o f  L i l l e »  i t  

was d e c i d e d  t o  t r e a t  1 f u r t h e r  t e t r a h e d r a l  i o n »  t he  

t e t r s  ch l or oa lu * i n at e i o n .  T he  c r y s t a l  s t r u c t u r e s  of  s a l t s  

of  t h i s  i o n  ha I b e e n  r e c e n t l y  d e t e r m i n e d  w i t h  g r e a t  

a c c u r a c y »  a r d  we r e  f o u n d  t o  p o s s e s s  l ow sy mmet r y  h e r c e  

b e i n g  i d e a l  f o r  t r e a t  i r er t  by  t he n ewl y  p r e s e n t e d  me t h o d .  

T h e  r e s u l t s  cf e a r l i e r  s t u d i e s  ( G e a r h a r t  ( 1 9 7 2 ) 5  G e a r h a r t »  

deck and f o o d  ( 1 9 7 5 ) »  J e n k i n s  ( 1 9 7 6 b ) )  c o u l d  be c h e c k e d  t y

t n e  a p p l i c a t i o n  o f  t h i s  more r i g o r o u s  met hod c f

c a l c u l a  t i on.

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

s t u c y  hav e  a l l  b e e n  v e r y  r e c e n t l y  o t t a i n e c  by t h e  w o r k e r s  

a t  t i e  U n i v e r s i t y  o f  L i l l e .  T h e  c r y s t a l  s t r u c t u r e  o f  t he  

l i t h i u m  s a l t  i s  j i v e n  i n  H a i r e s s  s»  har b i e r ,  W i g n a c o u r t  and 

J a e r t  C  9 77 ) .  S o d i u m te t r  a c h l o r  o a 1 urn i n a t e had p r e v i o u s l y  

been d e t e r m i r o c  b y  T a e n z i g e r  ( 1 9 5 ’ ) a n d  S c h e i n e r t  and

Wei ss ( 1 9 76 ) .  I t  h a s  r e c e r t l y  Deen n e f i n e d  h y  d a i r e s s e »  

Bar  b i e r  and ki  g n j c o u r t  ( 19 7 6 a ) .  T he  p o t a s s i u m  s a l t  i s

r e p o r t e d  i n  M a i r e s s e »  B a r b i e r  a n d  “ i j n a c o u r t  ( 1 9 7 3 b ) .  The 

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

b y  6 ear h i r t  ( 1 ) 7 2 )  a r d  mo r e  r e c e n t l y  by M a i r e s s e  et  at  

( 1 9 7 6 a ) .  U i o n i u i  t et  r  a ch l o r  o a l u «  i n a te h a s  been d e t e r e i r e d  

( H a i r  es s e »  B a r b i e r »  w i g n a c o u r t »  r u b b e n s  and W a l l a r t  

( 1 9 7 6 ) )  t o  be i s a i o r p h o u s  w i t h  t h e  c e s i u m  s a l t  and t o  have

K e s u I t s
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f r e e l y  r o t a t i n g  anmoni um i o n s .  T h e  i j n i t  c e l l  d e t a i l s  cf  

t h e s e  s a l t s  are j i v e n  i n  l a t t e  A . S ( ' ) .

The p r o g r a m  HA Of LUNG O E f i l V A T I V S  ( J e n t i n s  and P r a t t  

( 1 9 / e a > )  was r u n  f o r  e a c h  s t r u c t u r e  t o  o b t a i n  t he  

e l e c t r o s t a t i c  e n e r g y  ano c e l l  l e n j t h  d e r i v a t i v e s .  T h e s e  

t e r m s  a r e  c a l c u l a t e d  as Q u a d r a t i c  ' u n c t i o n s  cf  t h e  c h a r n e  

on t h e  c h l o r i n e  l t oms ( cc l ) »  fchere t h i s  i s  r e l a t e d  t o  t he 

c h a r g e  on t h e  al  i mi num atom ( o . ^  ) b y :

4A1 + 4 **CX
-1 4 . 8( 1)

T hey  a r e  j i v e n »  p a r m e t a r i s e d  in t h e  n o r ma l  f a s h i c n .  

i n  [ s o l e  9 .  H ( i i ) .

T he m o s t  s u i t a b l e  d i s p e r s i o n  mod el  f o r  t he  a n i o n  i s  

one of f o u r  c h l o r i n e  i o n s .  T h i s  s h o u l d  be a r e a s o n a b l e  

a p pr e x i raa t i o r  e v e n  i f  t he  d i s t r i b u t i o n  o f  c h a r j e  i s  l e v .  

P o l a r i s a b i l i t i e s  are t a k e n  from P i r e n n e  and K a r t h e u s e r  

( 19t >4> anti t h e  o t h e r  p a r a m e t e r s  u s e d  a r e  as u s u a l .  The 

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

d e r i v a t i v e s  ar e  j i v e n  i n  T a t l e  A . 6 ( H ) .

C o m p a r i n g  t h i s  i o n  t o  t h e  h e x a h a l o m e t a l l a t e  i ens  

c o n s i c e r o d  in S e c t i o n  k,  f.> and n o t i n g  t he d i s c u s s i o n

I j , ?  a R e s u 1 1 s

----------------------------------- -—



T a b l e  4 . 8 1  i > U r i t  c e l l  d e t a i l s  f o r  t e t r a c h l o r o a l u n i n  at e

s a 11 s.

S a l t
S p a c e
g r o u p t

C e l l
a

L i U C l ^ P2,  / C 4 7 .  CC7

N a A l C l ^ P222 4 1 C . 3 2 2

f u i c i 4 P2, 4 1 0 . 4 8 1

C s A l C l ^ P n « a 4 1 1 . ¿41

Nh4 A l C l 4 P n « a 4 1 1 . C22

* t h e  a n j l e  a Ip ha

co n s t an t s ( ? )  
t  c A r  j l e

M- C l
Oi St  .

6 .  5 C4 12 . 9 9 5 93. 32° 2 . 1 4 3

9 . 6 6 6 6 . 1 6 7 90° 2 .  136

7 . 1 8 3 9 . 2 7  3
o

9 3 . 1 C  * 2.  131

7 . 1 1 6 9 . 3 7  3 9C° 2 . 1 1 9

7 . C 7 2 9 . 2 5  7 9C° 2 .  117

Re s u l t s



T a b l e  4 . f l i i i  ) I n t  er ne d i a t e r e s u l t s  for  t e t r  achl  o r o -  

a l ' j i i  na t e  s a l  t s .

T ere L i A 1C l, 
4

Na At Cl
4 " A *c v

Cs H C  l, 
4

NH . A l C l .  
4 4

U n i t s

A o
5 6 9 . 2 5 5 6 . 5 5 1 5 . 5

sO •ooV

5 1 C.  2

* M A 1
2 5 9 9 . 3 2 59 1 . 5 2 5 6 4 . 7 2 6 0 9 . 4 2 5 9 6 . 9 k J . n o ! “

A 2
8 0 1 0 . 6 8 0 6 7 . 0 8 C C 7 . 9 8 052 . 9 e C 5 1 . 9

U SB B 1
- 2 5 9 A . 9 - 2 6 0  1 . 4 - 2 6 1 C . 9 - 2 6 2 2 . 5 - 2 6 2 4 . 4 k J . « o f

* 2
- 7 9 9 0 . 0 - 8 0 1 5 . 1 - 8 0 4 5 . 9 - 8 0 7 9 . 7 - 8 C 6 6 . 0

c o
5 6 9 . 2 55 6 . 5 5 1 5 . 5 600 . 6 5 1 C.  2

S l e c C 1 4 .4 - i  c .e - 4 6 . 2 - 1 3  . 0 - 2 7 . 4 k j  . « o r 1

C 2 2 0 . 5 5 1 . 9 - 3 6 . 0 - 2 6  . 9 - 3 4 .  1

DaO - 4 7 . 7 - 1  3 . 5 - 1 1 . 4 - 12 . 7 - 1 2 . 0

l i t , °a1
- 2 4 . 2 - 3 . 6 1 7 . 1 6 . 5 1 5 . 1 k J  .  a o C 1

0a2 - 4  . 5 - 1 3 . 0 1 1 . 3 6 . 4 9 . 4 r 1

°bO - 9 . 2 - 1  7 . 6 - 3 4 . 6 - 2 7  . 1 - 3 1 . 1

Db1 7 . 5 1 C . 6 - 1 7 . 9 - 1 6 . 2 - i s .  e k J  .  ■ o C*

\  0V> C u .
°b2 - 1 2 . 7 5 . 6 1 5 . 9 16 . 2 1 7 . 6 r 1

DoO -  1 5 . 0 - 3 S . 4 - 1 5 . 9 - 1 7  . 0 - 1 7 . 1

( H °01 - 1 1 . 3 - 2 2 . 9 4 . 4 - 1  . 9 - C .  3 k J  .  M 0 C
\ ib i.

D02 - 6 . 6 - 3 5 . 7 2. 4 - 0 . 5 1 . 4 ?  - 1

U dd 5 5 . 6 6 C .  5 6 3 . 6 7 2 . 2 69.  2 k J . n o !

c o n t i n u e d  o v e r

R e s t i t i



T a b l e  * . 8 ( i  i ) c o n t i n u e d

T e r r L i A t C l ^ M A l C l ^ K A I C l ^ Csft 1C NH^A I C l ^  U n i t s

-  2 0 . 2 - 1  j . e - 1 5 . 6 - 1 5  . 7 - 1 6 .  !

a w / * - - 2 0 . 1 - 1 5 . 5

JD•C
M

l\J 0
 •inC

M1 • IN) •r* • sO k J . a o 0

-  11. 1 - 2 f t . 5 - 1 7 . 1 - 1 9 . 8 - I f . 6 ?~1

V ft . 2 ft.  7 5. 1 6 . 9 6.  0 k J . ao l  1

^ V / c k i. - 2 . 1 - 1 . 4 -  1 .8 - 2 . 1 - 2 . 0

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

k J . ao t .

^ / < k - 1 . 2 - 2 . 0 - 1 . 9 - 1  . 2 - 2 . 2 r 1

0 .f t  2 ft 0.  875 1 . 1 9 1 1 . 4  65 1 . 2 6  5 8

ur
C . C C . O C.O 0 . 0 C. O k J . n o ' -

R e s c l t s



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

r e a s o n a b l e  r e p u l s i o n  r a c e  I f o r  ‘ h i s  s r i o r  t h a t  c a r  t e  

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

□ t o r s .  T he  f o r »  of  t Op H u g g i a s  and Me y e r  r e p u l s i o n  e n e r g y  

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

C a l c t  1 1 1  i on s a r e  a l s o  p e r f o r m e d  w i t h  a ' s p h e r i c a l  a n i c r '  

model  h o w e v e r .  i n  o r d e r  t o  e s t i m a t e  a b a s i c  r a d i u s  f o r  t he 

t e t r a  ch l or  oa lum i ri at  e i o n .  T h e  c a t i o n  b a s i c  r a d i i  a r e  t he  

same as u s e d  i n  o t h e r  s e c t i o n s  w h e r e  s i m i l a r  i c r i c  

p c ( ar i s ab i l i t i e s a r e  i n v o l v e d ,  a n d  t h “ y ar e  q u o t e d  a l o n g

w i t h  t h e  c a t i o n ” C a t i o n  r e p u l s i o n  e n e r g i e s  i n  T a t l e  

i . M i  i ) .

G r a p h s  o f  l a t t i c e  e n e r g y  a g a i n s t  c h a r g e  o n  t he

c h l o r i n e  a t oms  c a n  new t a  dr awn f o r  each s a l t ,  a n d  f o r

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

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

a r e  g i v e n  i n  F i g u r e  4 . 8 ( i ) .  t h e  o r d e r  a t  t he  i e f t - h a r a  

o r o i r a t e  of  t he c u r v e s  r e s u l t i n g  f r om t h e  d e r i v a t i v e s  w i t h  

r e s p r e t  t o  e a c h  c e l l  l e n g t h .  f r om l o w  t o  h i g h  l a t t i c e

e n e r g y ,  i s  b _c * a .  F i g u r e  v . e ( i i )  shows t h e  c u r v e s  f o r  t he

s o d i u m s a l t  l a r d e r  a - c - b ) .  F i j u r e  A . C C i i i i  f o r  t he  

p o t a s s i u m  s a l t  ( o r d e r  c - a - b i  and F i g u r e  4 . 9 ( i v )  f o r  t he 

c e s i u m s a l t  ( o r d e r  a - c - h ) .  The c u r v e s  f o r  ammoni um 

t e t r e  ch l  or  oa l u » i n at  e a r e  n o t  shown as t h e y  ar e v i r t u a l l y

r e s u l t s
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Figure 4 . 8 ( i )  L a t t i c e  energy of lith iu m  te tra ch lo ro a lim in a te .
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F igu re  4 .8 (  i i )  L a t t ic e  energy o f sodium te tra ch lo ro a lu m in ate

U (NaA 1C l ) (I'<J. mot ' )
POT
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i c e n t i c a l  t o  t h o s e  f o r  t h e  c e s i u i  s a l t .

a s s i g n m e n t  o f  v a l u e s  can now o r c c e e d  f r o *  t he 

i n t e r s e c t i o n  p o i n t s  o f  t h e s e  c i r v e s .  Due t o t he

s i m i l a r i t i e s  b e t w e e n  t h e  s h a p e s  of s o n e  c u r v e s  n o t  a l l  

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

a r e  c o n s i d e r e d  t j  g i v e  most  a c c u r a t e  r e s u l t s  ar e l i s t e d  i n 

T a b l e  A . d ( i i i ) .  f r o m t h i s  t a t l e  we can a s s i g n :

‘fc l = -0 .3 8  + 0 .0 7 4 . 8 { i i )

?C1 = 1 .36  + 0.01 8 4 . 8 ( i i i )

UPOT(L iA lr \ ) = 567 k j.m o l-1 4 .8 { iv )

U p ^ O faA iC ^ ) = 545 k J .mol” 1 4 .8 (v )

= 518 k j.m o l“ 1 4 .8 (v i )

Upot(c« ^ V = 505 k J.m ol~1 4 .8 (n rii)

an d

U p a r ^ V ^ V
= 5 2 2  k J.m ol“ 1 4 .8 ( v i i i )

Ihe th er moc he mi c a l c y c l e  t h a t  r e l a t e s  t h e l j t t  i ce

e n t h !■  l p / t o  t he  en th a I py o f  f a r  n a t i o n  c f  t h e 3 a so cus

t e t r a c h l o r o a l u a i n a t e  i o n g i v e s  t h e  e q u a l i t y :

^p*(AlClv-)(g) - Up^llAiCl^) ♦  AH*(MAlX;i4) - AH"(M+)(g) +

Ixr 4 .8 ( ix )

f- e s u 11 s



T a b l e  A . 8 ( i i i )  I n t e r s e c t i o n  p o i n t s  t o he u s e d  f o r

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

a l u *  i n at  e s a l t s .

S u i t  I n t e r s e c t i o n <lci IJ (  k J . «  o l
POT

L * A I C l ^ a b - c .  : i 1 . 3 6 1 5 6 A .  A

b c “ C. 2 9 1 . 3 2 9 5 6 5 .  8

N a A I C l ^ * ac - 0 .  36 1 . 3 5 3 5 A 5 .  2

K A l C l ^ a b - t .  *9 1 . 3 3 4 5 2 2 .  5

be - 0 .  25 1 . 3 5 1 5 1 3 . 9

CsA I C I , ab - 0 .  23 1. 3 6 1 5 C 5 . 7

ac • l i . i l 1 . 3 6 7 5 0 A .  A

b c - C .  20 1 . 3 6 3 50 A.  ?

Nh, A l C l .  
4  4

a b - u . 2 7 1 . 3 6 6 5 2 2 . 1

a c - Ù .  A A 1 . 3 7 3 5 2 2 .  1

b c - U . 2 3 1 . 3 6 9 5 2 1 . «

* i n  F i g u r e 4 . 3< i i  )  t h e 0 and c c u r v  es a p p e a r  to

t o u c h  a l t h o u g h  t h e y  d o n ' t  a c t u a l l y  me e t .

R e s u l t s
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Fhe e n t h a l p i e s  o t  f o r i a t  i on o f  t he l i t h i u m  and 

ammoni um s a l t s  a r e  u n f o r t u n a t e l y  un' l et  er  t  i r e d  » b u t  u s i n g

t h e  d at a i n T a b l e  U.  e( i v  ) f o r t he ot h er s a l t s  we c a r  p t ct

t h e  c u r v e s i n  F i q ur  e 4 . b ( v > ( or  der a t t h e  l e f t - h a r d

o r d i r  at e : K > K • C 5 o a a f l S Ä »c Na„ » *1 3n t a c V Na^> Cs^j ) .  T he

r e s u l t s  f r om t h* c e s i urn s a l t  ar  e ag a i r f o u n d  t o  he

s l i <jh 11 y at v ar i a ne e w i t h t h e  o f he r s a l t h o u g h  t h e y  e r a

i n d u  de cl i n  « r a k i n g  t he  a s s i g n s  en t :

^ l * ( A l C l 4 “ ) ( g )  = - 1187 + 18 kJ . mol
-1

4 . 8( x )

wher e  t h e  e r r o r  q u o t e d  i s  t h e  s t a n d a r c  o e v i a t i o n  of  

t h e  a v e r j g e .  T he q u e s t i o n a b l e  r e s u l t s  f o r  c e s i u m s a l t s  

o b t a i n e d  t h r o u g h a u t  t h i s  s t u d y  means t h e  t r u e  v a l u e  i s  

l i k e l y  t o  be on  t h e  n e g a t i v e  s i d e  a*  t h e  a t o v e .

U s i n g  a c y c l e  s i m i l a r  t o  t h a t  u s e d  i n  S e c t i o n  4 . 6  t h e  

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

s t a t e  ( s ) ( S * i c i ( 8s) ’ "lay Dfe a t t a i n e d  b y :

a ^ l ( 8 s )  =  / ^ • ( A l C l v“ ) ( g )  -  / ^ • ( A 1 C 1 3) ( 88)  - / ^ ( C l - ) ( 6)

4.8 (xO

U s i n g t h e  d a t a  i n  T a b l e  4 . 8 ( i v )  e n a b l e s  t he

F e s u l t s





T o b l i  4 . 6 c i v )  A n c i l l a r y  t f e r n o c h e i i c a t  <1at« f o r  use  

w i t h  t h e  t e t r  ac h l o r  oa l u «  in a te i o n

c a l c u l a  t i on s ( kJ . «  c l ) .

X _ ^ i * ( X  ) (  ss ) ;  s 3 e f  .

N û M C l ^ - 1 1 4  0* c a

I W . I C  1 ^ - 1 1 9 7 c b

CsA I C l ^ -1 2 2 2 c a

N a + 60 9.  e 9 b

K + 51 4. 2 S b

Cs + 452.  3 3 b

A l C l j - 5 8 5 S b

A I C I 3 - 6 7  5 l b

u c i 3 - 7  3 6 c b

Cl" - 2 4  6 S c

*  i n q cod a g r e e m e n t  w i t h  t f e  v a l u e i n b

a G e a r h a r t ,  9 eck and Hc o o ( 1 9 7 5 )

b S t u l l  and P r o p h e t  0 9 7 1 )  

c Cox et  a l  ( 1 9 7 2 )

r e s u l t s



i s s i c n» i ent  s :

S W ) = -356 kJ.m ol 4 . 8 ( x i i )

2 P c i ( i )
= -266 k j.m o l ^ 4 .8 ( x U i )

3 ?C 1 (C ) = - 2 3 5  k j.m o l 1 4 .8 ( x iv )

Fr om c a l c u l a t i o n s  u s i n g  t h e  ' s p h e r i c a l  a n i o n '

r e p u l s i o n  model  f o r  t he  t e t r  ach I or oa I u »  i n at e i o n  i t  i s

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

2 . 4 5 « C . l  a l t h o u g h  t h i s  c a n  at b e s t  o n l y  be a v e r y

a p p r o x i m a t e  v a l u e .  Hok s v er  t h e  *■ 3S i c r a d i u s  of  t he

c h l o r i n e  atom ( r _ . .  ) form t h e  ' f o u r  s p h e r e *  model  may beC 1

t r e a t e d  as an i on  p r o p e r t y  and p l o t t e d  a g a i n s t  t h e  c h a r o e  

or  t t e  c h l o r i n e  a t o m.  T n i s  i s  done i n F i g u r e  4 . 8 ( v i ) »  f r om 

wh i c h  t h e  a s s i g n m e n t  i n  q l at i on 4.  81 i i i > is ma d e .  T f i s  

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

wh i c h  shows t h j t  t h e  f o r c e s  p r e s e n t  i n  t h e  c r y s t a l s  most  

be s i m i l a r .

P r e v i o u s  w o r k e r s  ( G e a r h a r t r  Bec k and hood and

J e n k i n s  ( I 9 7 f b > )  have p e r f o r m e d  c a l c u l a t o r s  on t h e  c e s i u m 

and s o d i u m s a l t s  u s i n g  f or ms of  t he J e n k i n s  and H a d d i n g t o n  

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

f o r m a t i o n  of  t he  g a s e c u s  a n i o n  and t he  c h l o r i d e  i on





a f f i n i t y  of  a l t n i n j a  c h l o r i d e  a g r e e  w e l l  w i t h  t h e  v a l t ' s  

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

d i s a g r e e  by a s s a l l  a mo u n t »  i n  one c a s e  ( J e n k i n s  <1*1751) )  

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

d i s t r i b u t i o n  (  = “ C . 5 9 ) .

T h e s e  c a l c u l a t i c n s  on t h e  t  e t r  ac h l o r o a l  us i na t  e i cn 

a g a i n  show t b e  i n t e r n a l  c o n s i s t e n c y  of  t he r e s u l t s  t h a t  

c a n  be p r o d u c e )  b y  t h e  a p p l i c a t i o n  o f  t he n e wl y  p r o p o s e d  

n e t h o c .  T he  m s a t  i s  f a c t o r y  s t a t e  of  t h e  k n o w l e c o e  

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

s a l t s »  due t c  t h e i r  h y g r o s c o p i c  n a t u r e »  i s  t h e  one t h e m  

i n  t h e  s i d e  of an o t h e r w i s e  v e r y  s u c c e s s f u l  s t u d y .

4 . 9  The P e r o x i d e  I on

T he p e r o x i d e  i o n  i s  a c o mp l e x  Ton w i t h  a known c h a m e  

d i s t r i b u t i o n »  due t o  s y mme t r y  e ac h  o x y g e n  at o*  must  ha v e  a 

n e t t  c h a r g e  of  “ 1.  T h i s  r emoves one of  t he  two ma j o r  

u n k n o wn s  f r o m t h e  l a t t i c e  e n e r g y  e q u a t i o n »  l e a v i n g  c r l y  

t h e  t a s i c  r a d i u s  ( r a d i i )  a s s i g n e d  t o  t h e  p e r o x i d e  i o n .

“ e t a l  p e r o x i d e s  have been t he s u b j e c t  of  l a t t i c e  

e n e r g y  s t j d i e s  by  P a v l y u c h e r k o  and P o p o v a  ( 1 9 6 3 a » b )  and 

Wood a n d  g ’ O r a r i o  ( 1 9 6 5 ) .  T he ‘ or « c r  w o r k e r s  u s e d  the

ft e s t  l t s
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Kapus t i risk i i e q u a t i o n  w h i l s t  the t a t t e r  Wo o d ' s  a d a p t a t i o n  

o f  t h e  L a d d  a i d  Lee e q u a t i o n .  B o t h  s e t s  of  r e s u l t s  show 

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

of  t h e  j s s e o u s  p e r o x i d e  i on  ( t h e  v a l u e s .  w i t h  s t a n d a r d  

d e v i a t i o n »  f r e e  t he  two s t u d i e s  a r e »  f o r  t h e  f o r m e r »  

4 6 6 ^ 6 1  a n ! »  f or  t he  l a t t e r »  6 3 7 * 6 3  k j . m o l   ̂ ) .  I t  was hoped 

t h a t  b y  a p p l i c a t i o n  of  t h e  new me t h o d  t h a t  a mer e 

c o n s i  s t e n t  r e s a l t  c c u l d  be o h f a i  ned anc t h e  l a r c e

d i f f e r e n c e  b e t we e n  t he  two s t u d i e s  i nv es t i q at  e d .

The c r y s t a l  s t r u c t u r e s  o f  t h e  a l k a l i  m e t a l »  c a l c i u m »  

s t r o r t i j m  a r d  b a r i u m s a l t s  a r e  t a k e n  f r om W y c k o f f .  The 

s t r u c t u r e  t o r  m j j n e s i u m  p e r o x i d e  i s  t a k e n  f r o m V a n n e r b e r g  

( 1 9 5 9 ) .  T ne u n i t  c e l l  d e t a i l s  a r e  g i v e n  i n T a b l e  4 . 9 ( i ) .

The p r o q r a . i  MAOLLLUG O t R I V A T T V i .  S ( J e n k i n s  and P r a t t  

( 1 9 7 6 a ) )  was r u n  t o g i v e  t he v a l u e s  f o r  t he e l e c t r o s t a t i c  

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

4 . 9 (  i i )  anti  4. 9 ( i i i  ) .

h a z a r n o v s k i i  and H a i k h s h e i n  ( 1 9 4 7 )  qu o t e  t he 

p o l a r  i s a b i  I i ty of □“  as 2 . 1 2  ^  .  T h e y  u s e  c a t i o n

p o l a r  i s a b i  l i t i  es f r om P a u l i n g  ( 1 9 2 7 )  and c o n s e q u e n t l y  t h e y  

a r e  a l s o  e mp l o y e d  i n  t h i s  w o r k .  T he c h a r a c t e r i s t i c  e n e m y  

of  t h e  o x y g e n  n e g a t i v e  i on i s  e s t i m a t e d  f r o m t h e  e l e c t r o n

k e s u I t s



Tab 1 fe 4 • 9 (  i )  U r i t c e l l de ta i l e f or  « e t  al p s r o x i  d e s .

S a l  t
S p a c e
g r o u p z

C e l l
a

c on s t an t s
b

C? )
c

c - n
d i s t .

L , 2 C2 Pò 2 3 . 1  «2 (  * 3 ) 7 . 6 5 C 1 . 5 1

Na2 C 2 C 6 2 « 3 6 . 2 C 8 (  = a ) 4 . 4 6 C 1 . 4 9 5

« 2 ° 2 O s c a 4 6 . 7 3 6 7 . 0  n 6 . 4 7 9 1 . 5 0

R£i 2 C 2 I  « i l » 2 4 . 2 C 1 7 . 0 7 5 5 . 9 8 3 1 . 5 0

Cí j  G 2 I  nmn 2 4 . 3 2 2 7 . 5 1 7 6 . 4 3 C 1 . 5 0

Ma 02 P 3 î 4 4 . 8  39 {  = a ) (  = a ) 1 . 4 9

c « o 2 1 4 / « a  f 2 3 . 5 4 (*  a) 5 . 9 2 1 . 5 0

Sr  02 1 4 / « « « 2 3 . 5 6 7 (=  a) 6 . 6 1 6 1 1 . 5 0

B a Ü2 1 4 / « « « 2 3 . 8 1 5 4 (=  a) 6 . 6 5 1 3 1 . 4 9

R e s u l t s



T „ b t e  4 . 9 t ü  ) I n t e r m e d i a t e  r e s u l t s  tor a t k e l i  ■setal

p e r o x i d e s .

T e r * L i 2 ° 2 N a 2C2 K2 ° 2 c b 0 „2 2 C s 202 U n i t  s

UH 2 1 7 5 . 7 1 7 5 2 . 5 1 4 7 1 .  9 1 7 4 5 . 8 1 2 3 5 . 4 k J . i o l

USE 9 1 7 . 2 5 2 7 . 1 5 26.  2 9 2 8 . 8 5 2 3 . 4

U ELEC 3 C 9 2 . 9 2 6 7 9 . 6 2 3 98.  2 2274 . 7 2 1 5 8 . 8 k J . s o l

( ^  ,JELEC ’« « . - 7 2 5 . 4 -  3 1 9 .  ; - 1  3 2.  4 - 1 6 6 . 1 - 1 5 C . 1

( ^ E C  / b b t ^ - - - 9 5 .  4 - 1 2 0 . 9 - 1 1 3 . 3 k J .  m o l

' * £ « . - 6 9 . 3 -  1 2 4 . 2 - 1 1 1 .  2 - 1 C 8 . 6 - 9 C . 3 r 1

U« d 9 9 . 3 a i . ; 59.  2 1 1 6 . 2 1 4 7 . 9 k J . a  o l

S l )d d /óa - 1 3 9 . 7 - 5 6 .  2 - 3  2.  7 - 5 « . 7 - 7 4 . 7

S u a a / S b - - - 2 9 .  9 - 36  . 1 - 4 3 . 7 k J .  m o l

^ U d d ^ c -  2 2 . 6 - 3 5 . 7 -  3C.  5 - 3 4 . 3 - 3 7 . 1 r1

V 1 4 . 9 a.  2 1 1 .  2 14 . 5 2 0 . 7 k J . a  o l

> q d /5a - 2 1 . 4 - 7 . 7 - 5 .  C - 9  . 8 - 1 4 . 6

^ qd̂ b - - - 3 .  9 -6  . 2 - 8 . 5 k J .  a o l

r1
^ % d ^ c - 3 . 1 - 4 . 6 - 4 .  € - 5 . 5 - 6 . 0

C . 4 5 6 C . 8 7 ; 1 . 1 9  0 1. 3  20 1 . 4 6 7 %

. +♦ 
UR 6 . 1 1 3 . ; 2 2.  9 2 9 . 3 3 6 . 3 k J . a o l

R e s u l t s



e a r t h  p e r  o » i  de s .

T a b l e  I n t e r m e d i a t e  r e s u l t s  f or  a l k a l  i ne

T er m Mg02 Ca( £ Sr  Dg B aO 2 U n i t s

l'm 3J 7 1 . 8 26 £ 7 . ' 2 5 4 0 . 2 2 3 5 4 . 6
-1

k J . m o l

USE 9 31 . 2 9 2 6 . 1 9 2 5 . 9 9 31. 0

U ELEC 4 0 0 3 . 0 3 6 1 3 . 6 3 4 6 6 . 1 3 2 8 5 . 7
-1

k J  .  a o l

^ '* ELEC  / ^>a ’0=0. - 8 1 8 . 2 - 5 7 1 . 9 -  6 3 7 . 6 - 5  6 9 . 6 k J  .  m o l . 1

(  ̂  tJm ,Fr / ^ c i c^ta - - 2 4 9 . 1 - 1 3 8 . 5 - 1  3 2 . 5 r 1

11 dd 1 3 4 . 6 1 2 3 . 3 1 4 0 . 5 1 4 6 . 7 k J . m  o l  1

d d ^ 3
- 1 7 9  . 9 - 1 4 2 . 6 -  1 6 5 . 6 - 1 6 2 . 1 k J . m o  l 7 1

>̂u d d /^ c
- - 6 2 . 2 - 4 2 . 6 - 4 3 . 6 r 1

U . qd 1 5 . 3 1 6 . 5 1 8 . 6 2 3 . 0 k J . m  o l 1

q d ^ a - 2 7 . 8 - 2 1 . 2 - 2 9  . 5 - 3 3 . C
, -1

k J . m o l .

^ q d ^ C
- - 1 2 . 6 - 7 . 6 - 9 . 2 r 1

7 u 0 . 7  48 1 . 1 4 2 1 . 2 6 6 1 . « 2 4 X

« r 2 . 1 8 . 4 1 2 . 4 1 5 . 6 k J  .  • o l  ” 1

R e s u l t s



< i f f i r . i t /  o f  the o x y g e n  r a d i c a l »  T he  d i s p e r s i o n  e n e r g i e s  

i n d  c e l l  l e n g t h  d e r i v a t i v e s  a r e  g i v e n  i n  T a b l e s  A . 9 ( i i )  

and A . y ( i i i ) .

The c a t i o n  b a s i c  r a d i i  a r e  t a k e n  f r  cm S e c t i o n  a . 2 a r d  

t h e y  ar e g uot ed w i t h  t h e  ca t i o n -  ca t i on r e p u l s i o n  e n e r g i e s

i n  t f  e same ta b 1 e s.

A r e p u Is i on model  f o r  t h e  an i o n  o f  t wo s p h e r e s

c e n t e r e d  on t h e o x y g e n  at oms i s t h e  o n l y v i a 1 1 e

p o s s i b i l i t y . 1 1 was hoped t h at s i m i 1 ar p r o b l e ms t o t h e s e

p r e s e n t  i n t he c y a n i d e  i o n ca lea l a t i c n s  we r e  r e t

a p p l i c a b l e h e r e . U s i n g  t h i s  model  eac h der  i v at i v e o f  eac h

s a l t  d e f i n e s  a v i l u e  f o r  t he S a s i c  r a d i i  of  t h e s e  s p h e r e s »  

henc e a l a t t i c e  e n e r g y  and h e n c e  t h e  e n t h a l p y  o f  f o r m a t i o n  

of  t h e  g a s e o u s  p e r o x i d e  i o n »  c y  t he t h e r m o c h e m i c a l  c y c l e  

w h e r e :

^ * (o 22-)(g ) = tTpordf.o,) ♦ £F*t(\ o 2)(c)  -

B̂ p « ( 1((3-Di)+)(g) + jut 4.9(1)

n=u f o r  m=l  ( d i v a l a n t  H '  and n = l / 2  f o r  »  = 2

( mono v a l e n t  M ) • T h e  v a l u e s  o f  a l l  t h e s e  p a r a m e t e r s .  f or  

eac h  d e r i v a t i v e  of  e a c h  s a l t »  a r e  g i v e n  i n T a b l e  A . ^ C i v ) .  

T h e  r e s u l t s  in t h e  f i n a l  c o l u m n  u s e  t h e  t h e r m o c h e m i c a l



T d b l e  4 . 9 < i v )  F i n a l  r e s u l t s  f o r  s e t a l  p e r o x i d e s

-1
( k j . i o l  )•

S a l t De r  i va t i  ve ? o < 2 > UPOT A h® < o 2?'

1. 1 2c2 a 1 . 2  30 2 6 6 1 . 8 6 5 1 . 5

c 1 . 3 4 2 24 0 8 .  1 3 9 7 . 8

N ¿ 2 C 2 a 1 . 2 4 3 2 3 29.  4 6 0 3 . 9

c 1 . 2 3 6 23 4 4 .  7 6 1 9 . 2

K 2^2 a 1 . 2 5 1 21 3 6.  1 6 1 4 . 8

b 1 . 2 4 0 2 1 eC.  9 6 2 7 . 6

c 1 . 2 * 2 21 49.  0 6 2 5 . 6

Rb 2^2 a 1 . 2 2 0 20 T 6 . 6 6 6 0 . 1

b 1 . 2 4 9 20 5 0 .  1 6 3 3 . 6

c 1 . 2 6 3 20 3 6 . 5 6 2 0 . 0

C s 2  ̂2 a 1 . 1 9 3 2016.  6 6 9 7 . 6

b 1 . 2 4 9 19*C.  2 6 4 9 . 2

c 1 . 2 9 7 19 2 2 .  2 6 0 1 . 3

H^Û2 a 1 .  3w6 3513.  5 5 4 2 . 0

Cd C2 a 1 . 2 5 0 31 55.  7 5 7 7 . 1

c 1 . 1 6 9 32 63.  6 6 8 5 . 0

Sf* O2 a 1 . 2 2 9 30 90.  3 6 6 6 . 2

c 1 . 214 3114.  5 6 9 C . 4

Ba 02 a 1 . 2 2 0 29 4 9 .  6 6 5 4 . 5

c 1 . 1 9 5 29 85.  2 6 9 0 . 4



- z  ; 3

d a t a  g i v e n  i r  T a b l e  4 . 9 ( v ) .

Fr om t h e  r e s u l t s  i n  T a d l e  4 . 0( i v )  i t  i s  p o s s i b l e  t o

m a k e  t h e  a s s i g n m e n t s  b e l o w » w h e r e  t h e  j u o t e d e r r o r s  a r e

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

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

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

s t r u r  t u r e s .

? 0
= 1 .2 5  + 0 . 01* £ 4 . 9 ( 1 1 )

U P O T ^ L i 2 ° 2 ^
= 2 5 7 7  k J . m o l " 1 4 . 9 ( i i i )

W " ^
= 2 3 3 5  k J . m o l " 1 4 . 9 ( i v )

U P o t ( K 2 ° 2 ^
S 211*6 k J . m o l  1 4 . 9 ( f )

U P O T ^ R b 2 ° 2 ^
= 2 0 5 4  k J . m o l " 1 4 . 9 ( f i )

U p O T ( C s 2 ° 2 ) s 1 9 7 0  k J . m o l  1 4 . 9 ( f i i )

upOT(M6D2) = 3 5 1 4  k J . m o l  1 4 . 9 ( v i i i )

u P o r(Ca02) = 3 1 9 2  k J . m o l  1 4 . 9 ( i x )

W S r 0 P
= 3 0 9 8  k J . m o l " 1 4 . 9 ( x )

W 8 “ ^ - 296 1 k J . m o l  1 4 . 9 ( n )

and

A H * ( 0 2 2 “ ) ( 6 ) E 6 2 0  +  63  k J . m o l " 1 4 . 9 ( * U )

h e s t  11 s
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d a t a  g i v e n  i n  T a b l e  4 . 9 ( v ) .

Fr om t h e  r e s u l t s  i n  T a b l e  l . ’ l i v )  i t  i s  p o s s i b l e  t o 

make t h e  a s s i g n m e n t s  D e l o k .  w h e r e  t h e  q u o t e d  e r r o r s  ar e  

t h e  s t a n J a r d  d e v i a t i o n  of  t h e  a v e r a g e s .  T he  r e s u l t s  f r om 

t h e  a d e r i v a t i v e  ar e d o u b l y  w e i g h t e d  f c r  h e x a g o n a l  a r c  

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

s t r u c  t u r e s .

and

?0 = 1 .25 + 0.04. £ 4 .9 ( H )
/~wCO
OC\J
•ri*1 = 2577 kJ.m ol” 1 4 . 9 ( i i O

POT( Na2°2 ) S 2335 k J .mol-1 4 .9 (H )

UpOT(K202) S 2146 k J.m ol“ 1 4 .9 ( t)

W ( Rb2°2) = 2054 k J.m ol“ 1 4 .9 (H )

JPOT^C s2°2^
s 1970 kJ.m ol 1 4 .9 ( H i )

UPOT(,le02) = 3514 kJ.m ol 1 4 . 9 ( H l i )

TW C a 0 2> = 3192 k J.m ol 1 4 .9 ( ix )

W S r ° 2 )
= 3098 k J.m ol 1 4 .9 (x )

TTpOT(Ba°2 )
n 2961 kJ.m ol 1 4 .9 (H )

A H * (° 22“K g)  -  620 + 63 kJ.m ol
-1 4 .9 ( H i )

I J  ¿’ i

H e s t I t s

y i

H
e



T a b l e  3 . 9 ( v )  T her  noc h  en i c  si  ¿ a t a  f o r  p e r o x i d e  s a l t s
-1

(  k J .  so I )  .

S a l t  s a l t i l e )  or  3? + ) ( g )

CVJ
(_)CVJ

_J - 1 5 1  . 2  a 6 8 7 . ?a

N«i 2^2 - 1 2 2 . 7 a 6 3 9 . «a

^2 ^ 2 - 1 1 3  b 5 1 3 .  2a

RL g Cj - I C I  , 7 b 3 9 3 . 9fc

C s 2 C2 - 9 6 . 2 b 3 5 2 . Ta

n * C 2 - 1 3 9 . 9b 2 3 3 6 . ec

Ca 0  g - 1 5 6 . 0 c 1 9 2 5 .  9c

S r 0 2 - 1 5 1 . 3 c 1 7 9 C .  fc

3a Q g - 1 5 1 . 6 c 16 É C . ' c

a S t u l  l  a n d P r o p h e t ( 1 9 7 1 )

b boss i n i  e t si  f 19 52 1

c k a g n a n  e t a l l  1 971)

3e s i l t s
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A g r a p h i c a l  r  e or  e sen t a t i o n of  t h e s e  r e s u l t s  i s  g i v e n  

ir. F i y u r e  4.  9 (  i } wh e r e  t h e  e n t h a l p y  o f  f o r m a t i o n  of  t he 

g a s e c  us p e r o x i c e  i o n  i s  p l o t t e d  a g a i n s t  t he  •unknown* 

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

s a l t s .  The l a c k  of  a u r i c u e »  o r  ev en r e m o t e l y  u r i c u e »  

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

s p r e a d  o f  t n e  r e s u l t s  i s  o b v i o u s l y  <1 i s ap o o i  n t  i n g . D e s p i t e  

t h e  l a r g e  amount  of  d a t a  o r o d u c e d  t h e  s p r e a d  i s  t h e  same 

as t c u n d  b y  hood and D ' C r a r i o  (1 965 '  a s  i s  t h e  r e g i o n  of  

t h e  mean v a l u e .  T h i s  b a s i c  a g r e e m e n t »  d e s p i t e  some q u i t e  

l a r g e  d i s a i r e e m e n t s  o v e r  i n d i v i d u a l  l a t t i c e  e n e r g i e s »  

means t n a t  t he  v a l u e  p r o d u c e d  f o r  t he  e n t h a l p y  of  

f o r m a t i o n  of  t h e  a n i o n  s h o u l d  at l e a s t  be a c c u n n t e  t o  t he 

r a n g e  q u o t e d .

T he r e s u l t s  o b t a i n e d »  b e i n g  q u i t e  v a r i e c »  wo ul d  seem 

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

Ho we v e r  i s  s i mi  l a r  r a n g e s  have been p r o c u c e d  by t he 

p r e v i o u s  w o r k e r s  i t  w o u l d  a p p e a r  c e r t a i r  t h a t  t he  

d i s p a r i t y  i s  a p r o p e r t y  of  t he s y s t e m»  s e m f t h i n g  wh i c h  t he 

me t h o d  c o u l d  n o t  o v e r c o m e .  S e v e r a l  w o r k e r s  h a v e  s e p e r a t e l y  

d e t e r m i n e d  t he t h e r m o c h e m i c a  I Cat  a s o  i t  seems t h a t  t h i s  

s h o u l d  oe a c c u r a t e  i f  no i m p u r i t i e s »  i n  t he f o r m of o t h e r  

o x y g e n  o x i d a t i o n  s t a t e s »  a r e  assumed p r e s e n t  i n  t he  

s a mp l e s  u s e d .  C o v a l e n c y  and p o l a r i s a t i o n  f o r c e s  w i l l

r e s u l t s
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p r o b a b l y  r l s v  a t a r g e  p a r t  i n  t h e  a l k a l i n e  e a r t h  met al  

s a l t s »  t h i s  c o u l d  e x p l a i n  soma o f  t h e  u n c e r t a i n t y  b u t  by 

nc ( l eans a l l .  I t  s e m i  t h a t ,  u n l e s s  t h e  c r y s t a l  s t u c t u r e s  

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

t h e s e  s a l t s  w h i c h  have n o t  t een t a k e n  i r t c  a c c o u n t  by t he 

u e t he d.

4*10 The Hexaf l u o r o t u n g s t a t e ( V ) Ion

As a r e s u l t  of c o l l a b o r a t i o n  w i t h  w o r k e r s  f r om t he 

U n i v e r s i t y  of  L e i c e s t e r  o v e r  some n s o e c t s  o f  t h e  s t u d y  cn 

he » ah al  ome t a 11 a t  e ( I  V )  i o n s  i t  was d e c i d e d  t o  c a r r y  cut  

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

h e x a f  l u o r o t u n g s t a t e C Y  ) i on^  o_ s u b j e c t  i n  which the y have 

been in te r e s te d  f o r  some t i me  ( S u r g e s  s» H e i g h  and P e a c c r k  

( 1 9 7 1 ) .  b u r g e s s  at  al  ( 1 9 7 4 ) ;  P u r g e s s  and F e a c o c k  ( 1 9 7 7 ) ) .  

T h e  n e wl y  p r o p o s e d  n e t b o c  can b e  u s e 1  t o  i n v e s t i g a t e  seme 

t e n t a t i v e  d a t a  f o r  t h e  c r  ys t a l s t r u c t u r e s  of  a l k a l i  me t a l  

s a l t s .

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

and c e s i u m  hex af l u o r  c t  un g s t at e have be e n  t e n t a t i v e l y  

a s s i g n e d  o y  Peac ock ( 1 9 7 f i ) .  He p r o p o s e d  s e t s  o f  a t o mi c  

c o o r d i n a t e s  t c  be a l l i e d  w i t h  exp er i s e n t  al  u n i t  c e l l  

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

P e s u l t s
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c o o r C  i n a f  as f o r  c r u e r p c  s t r u c t u r e s  • h e r e  d e s i g n a t e d  A and 

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

t h e  d i f f i c u l t i e s  of  q r o a t n j  s i n g l e  c r y s t a l s »  and t h e s e  

a s s o c i a t e d  w i t h  t h e  a n a l y s i s  of  p o o r  r e f l e c t i o n  d a t a .  T he 

u n i t  c e l l  d e t a i l s  p r o p o s e d  ar e  g i v e n  i n  T a t l e  4 . 1 0  C i ) .

The c a l c u l a t i o n s  on t h e s e  s a l t s  wer e c a r r i e d  c u t

u s i n g  t h e  p r o g r a m  LA TEN d e s c r i b e d  i n  S e c t i o n  3 .  T he

e l e c t r o s t a t i c  t e r n s  wer e c o mp u t e d  as q u a d r a t i c  f u n c t i o n s  

o f  t h e  c h a r g e  on t h e  f l u o r i n e  at oms ( o ^  ) .  T h i s  is 

r e l a t e d  t o  t he n u t  c h a r g e  on t h e  t u n g s t e n  atom ( g ^ >  by  •

+ 6 qp = -1 4 .1 0 ( i )

A d t s o e r s i o n  model  of  s i x  f l u o r i n e  i e n s  i s  t a k e n  and 

t h e  (  ol  ar  i s a t i  l i t  i e s o f  P i r e n n e  and K a r t h e u s e r  C 1 9 6 M  

u s e d .  A l l  i n t e r m e d i a t e  r e s u l t s  a r e  c i v e n  i n T a t l e

4 . K < i i > »  p a r a m e t e r  i s e d  i n  t h e  u s u a l  f a s h i o n .

I n  a c c o r d  w i t h  t he  c a l c u l a t i o n s  o n  t he s i m i l a r  d o u b l y  

c h a r q e d  a n i o n s  a r e p u l s i o n  n o c e l  of  s i x  s p h e r e s  a t  t h e

f l u o r i n e  p o s i t i o n s  i s  c h o s e n .  T he  c a l c u l a t i o n  f o r  t he  

l a t t i c e  e n e r g y  c u n  now oe c o m p l e t e d .  T h e  l a t t i c e  e n e r g y  c f  

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

on t n e  f i u o r i n a  a t o r s  i n  F i g u r e  4 .  10 f i )  ( t h e  c u r v e

R e s u l t s





T a b l e  A . l G C i l  P r o p o s e d  u n i t  c e l l  d e t a i l s  f o r  

h ex af l u cr  ct  i n q s t at  e (  V '  s a l t s .

Sa I t
S p a c e  
j r  oup l

C e l l  c o n s t a n t s  ( S '
a c dl

W- F 
d i 3 t .

L i WF g R3 3 5 . 2  i<* 13.  61 9<P 1 . 8 9 2

Mu W F g P a i U 3 . 1 d ( = a ) 9<f 1 . 3 7 7 *

K h F g P Ï 2 * Z 5 . 1 0 5 10.  09 9 0° 1 . 8  30

CsWFg R 3 » 1 5 . 3 1 ( = a ) 9 5 .  3° 1 . 8 3 3

.  i d e n t i c a l  f cr  t h e  a l t e r n a t i v e  s e t s  of  f l u o r i n e  

c o o r  di  nat  es

R e s t  I t s



T a b l e  A . 1 0 ( i i )  I n t e r.» ed i a te r e s u l t s  f o r  b e v a f l u o r o -  

t u n g s t  a t e ( V ) s a l t  s.

T e r m Li KFg NaWFgf  A ) b a k F g l E ) " HF6
CsWFg Un i t s

#0 6 4 1 . 9 59 3.  6 5 9 3 . 6 5 5 6 . 3 540 . 7

H’. A1 4 0 9 4 .  1 4 20 6.  4 4 2 0 6 . 4 4 4 2 2 . 0 45 14. 1 k J . bo  1 1

a 2 1 9 1 3 5 . 9 1 9 1 7 0 . 7 1 £9 9 5 . 2 19 T 0 3 . 8 1 9 7 1 3 . 4

USE B1 - 4 4 3 4 . 9 - 4 4 4 1 .  3 - 4 4 4 1 . 3 - 4 5 4 9 . 1 - 4 5 4 8 . 5
-1

k J . mo'

e 2 " 1 9 3 9 8 . 6 - 1 9 2 5 4 . 2 - 1 £ 8 8 0 . 9 - 1 9 7 1 2 . 3 - 1 9 7 1 8 . 2

C0 6 4 1 . 9 59 3.  6 59 3 . 6 556 . 0 540 . 7

4si.EC C1 - 3 1 0 . £ - 2 3 4 . 9 - 2 3 4 . 9 - 1 2 7  . 1 -  34 . 4 k J . *o t 1

7.  3 -8 3.  5 9 6 .  3 - 8 . 5 - 4 . 8

aO

c)a l  ta1

C.a2

cO

|4 ^ol

rc2 

l 'dd

- 7 4 .  C - 7 2 .  6 - 7 2 . 6 - 7 4  . 9 - 1 C1  . 8

2 3 3 .  5 14%.  1 1 4 6 . 1 £0 . 2 3 8 . 5 k J  . mat*

o -1
- 8 .  1 9 1 . 6 - 3 6 . 0 28 . 0 7 . 9 A

- 1 8 .  7 - - - 1 7  . 2 -

36.  3 - - 2 3 . 8 - k J  . mo t .

2 .  3 - - - 11 . 3 - r1

39.  5 4 1 . 2 3 5 . 4 47 . 3 5 8 . 9 k J  . a o t~

- 4 4 .  C - 5 0 .  2 - 3 9 . 6 - 4 9  . 9 - 6 5 . 7 k J . mo t

- 9 .  1 - . - 1 3 . 4 - I?"1

c o n t i n u e d  e v e r
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T a b l e  A . I )  ( H  ) c o n t i n u e d

T e r r  L i  HFg N a U F g i A ) N a k F g ( B ) KWFg C S « F 6 On i t s

V 2.  S 2 .  A 5 . 5 5 . 3 k J  . mo 1 1
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r e  s u i t i n g  f r om t he  d e r i v a t i v e  wi*-h r e s p e c t  t o  t h e  a 

d i r e c t i o n  b e i n g  b e l o w  t h a t  t o r  t he  c et  t h e  l e f t - h a r d  

o r o i f a t e ) .  t h e  c i r v e s  f c r  t h e  t wo n o i s i b i l i t i e  s f o r  t he 

s o d i u m s a l t  a r a  g i v e n  i r  F i g u r e  4 . 1 0 < i i ) »  t he  A c u r v e  

b e i n g  b e l o w  t h e  a at  t he l e f t .  T h e  c u r v e s  f o r  t he 

y o t a s s i u n  s a l t  i r e  p l o t t e d  i n  F i g u r e  4 . 1 G ( i i i )  l c  b e l o w  a 

at  l e f t )  and t h e  c u r v e  f or  t he c e s i u m s a l t  i n  F i g u r e  

A . 1 0 ( i v  ) .

The i n t e r s e c t i o n  p o i n t  i n  r i g u r e  4. 101 i )  a t  Op = 

- 0 . 2 9 C >naites p o s a i b l "  t h e  a s s i g n  sen*' :

Up^/Li'VFg) = 651 IcJ.no l
-1 4 . 10( 1 1 )

l h a t  i n  F i g u r e  4 . 1 G ( i i i ) »  a t  qp  = - 0 . 1 1 0 »

= 541  kJ.raol
-1 4 .1 0 (1 1 1 )

T h e s e  ar e  t h e  o n l y  t wo i n t e r s e c t i o n  p o i n t s  t h a t  can 

be u s e d  f o r  a s s i g n me n t  and sc t h e  v a l u e :

=  - 0.20 4 . l0 ( iv )

i s  a d o p t e d .  T h i s  l e a d s  t o :

UpOT(C<W6) = 528 kJ.m ol
-1 4.1 0 (t )

j i v l

tfesults

r
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The two d i f f e r e n t  s t r u c t  ur es of t he s o d i u i  s a l t  ^ i v e  

v i r t u a l l y  e q u i v i l e n t  l a t t i c e  e n e r g i e s  at  t h i s  c h a r g e  

d i s t r i b u t i o n  ( t h e  c u r v e s  in F i g u r e  4 . 1 0 ( H )  i n t e r s e c t  at  qp 

= - l . 176) .  A t h i r d  p o s s i b i l i t y  s u g g e s t e d  by Peacock ( 1978 ) 

i s  i  d i s o r d e r e d  t o r n »  wner e t he f l u o r i n e  atoms a r e 

s t a t i s t i c a l l y  d i s t r i b u t e d  o v e r  a s et  o f  9ts p o s i t i o n s .  T h i s  

i s  i n t e r m e d i a t e  bet ween t he ext r emes  f o r  whi ch 

c a l c u l a t i o n s  have been performed and so i t  seems 

r e a s o n a b l e  t o  t e n t a t i v e l y  a s s i g n  t he l a t t i c e  e n e r g y  of  

t h i s  s a l t  at  t he i n t e r s e c t i  ar  of t he c u r v e s »  so:

At g r r a t e r  c h » r g e  d i s t r i b u t i o n s  t h a n  t he  i n t e r s e c t i o n  

t he d f or m is more s t a b l e »  at  l o we r  t he  A.  The d i s o r d e r e d  

form i s p r e s u ma b l y  i n t e r m e d i a t e  of the t wo .

At t h e  char ge d i s t r i b u t i o n  of r q u a t i o n  4 . 1 0 ( i v )  t he 

av er age v a l u e  for  t he b a s i c  r a d i u s  o f  t he f l u o r i n e  at cms 

( w i t h  s t a n d a r d  d e v i a t i o n )  i s :

[ he t h e r mo c h e mi c a l  c y c l e  t h a t  r e l a t e s  t h e  l a t t i c e

ITpOT(Ka7rFg) = 579 kJ.m ol-1 A. . 10( vi )

0 .9 0  + 0. 02 j? ^ l O i v i l )

Kestlts



e r t h e l p y  co the e n t h a l p y  of f o r m a t i o n  of the gaseous a ni on 

¡ » p l i e s *  f or  mo n t t o mi c  k :

= U ^C M ^Fg) + ^ ( I C T F 6) ( o) -  ^ ( K +)(g )  + 4RT

Usi ng the t h e r mo c h e mi c a l  tt3' 3 i n  T a b l e  4 . l 0 ( i i i )  

e n a bl e s  F i g u r e  < * . i : ( v )  to be p l o t t e d .  and froi r  t h e  f i g or  e 

t h i s  assi gnment  ( w i t h  s t a n d a r d  d e v i a t i o n )  can he made.

£ p *(h r F 6" ) ( g )  = -2218 + 35 k J .m o l '1 4 .1 0 ( ix )

The

( S > ( 83) )

f l t o r i  ie i on  a f f i n i t y  of t u n g s t e n  p e n t a f l t o r i d e  

i s t he  e n t h a l p y  c hange f o r  t he p r oc e s s :

TF5( s s ) + F~(g) -------------«►  ’^ " ( g )

U s i n g  t 1 i t s  ( f > ( j )  = -27C. 7 (  Cox e t a l

(  197F ) ) . A «; ( tf F c ) C c ) = 
P

- 1 5  84 k J . m o l ' 1 ( B a r n e s e t  al

( is rt ) ) o n a th e s u b l i  n a t i o n e n t h a l p y  o f  «1F^ > t  ak en f r om

B u r g e  ss* H ai gh and Peac oc k < 1 971 ) »  a l l  ox s t he a s s i g n  t e n t s :

^*.61 kJ.m ol -1

A f f y  = -363 k j  .mol
-1

4 .1 0(x) 

4 .1 0 (x l)

results



F igure  4 .1 0 (v)

T ~

Enthalpy o f form ation o f  the gaseous h e x a fl  lo ro tu -g sta te  
io n .

A H f* ( V F é")  (kJ. m o i ' )
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c x p e r i m e n t a l  d e t e r m i n a t i o n s  o*  t he e l e c t r o n  a f f i n i t y  

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

thei rs e l v e s  Out a l s o  w i t h  the v a l u e  f o i n d  above.  Cooper  ar d 

Compt on ( 19 74)  r e p o r t  a v a l u e  of  -  4 ju x j . a o l  f rom 

c r o s s e d  beam w o r k ,  t h i s  a g r e e i n g  much b e t t e r  wi t h  l a t t i c e  

e r e r r . y  s t u d i e s  t han the f i g u r e  of - i  5b kJ . mc l  1 o b t a i r e d  

f r om c o l l i s i o n  i o n i s a t i o n  by d i s p e r t  and L a c i a n n  ( 1 9 7 7 ) .

The t e n t a t i v e l y  a s s i g n e d  c r y s t a l  s t r u c t u r e s  used

a p p e a r  t o  have not  been f o u n d  o b v i o u s l y  at f a u l t  by  t h i s  

s t u d y .  However  t he  r e a s o n a b l y  l a r g e  r a n g e  cf  r e s u l t s  f c r  

t h er ir oc he n i c al p a r a me t e r s  p r oduc ed c oul d  i n d i c a t e  a 

c e r t a i n  l a c k  of  a c c u r a c y  e i t h e r  in t h e  s t r u c t u r e s  cr  

t h e r r  oc hern i c al l a t a .  The d i s a g r e e me n t  f ound wi t h  the

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

t u n g s t e n  h e x a f l u o r i d e  is t h o u g h t  not  n e c e s s a r i  l y  to 

r e f l e c t  t h a t  a poor  v a l u e  has been a s s i gned above.

i t  i i  hoped in t he near  f u t u r e  t h a t  a c c u r a t e  c r y s t a l  

s t r u c t u r e  d a t a  w i l l  be a v a i l a b l e  *or t h e s e  s a l t s  so t h a t  

a s s i g n me n t s  can be made wi t h  more c o n f i d e n c e .

r e s  u 11 s
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5 »  C o n c l u s i o n s

H e  maj or  c o i c  l us i  cn f ron S e c t i o n  A must  be t h a t  the 

methoo f or  c a l c u l a t i n g  t he l a t t i c e  ener gy  cf  compl ex s a l t s  

p r op os ed  i n Se c t i on  2 . 7  a o p e a r s  to p r o d u c e  g e n e r a l l y  

r e l i a b l e  and c o n s i s t e n t  r e s u l t s .  T h i s  c o n c l u s i o n  i s  drawn t y  

c o n s i d e r i n g  t he r e s u l t s  c b t a i n e o  ' or  bot h t h e  l a t t i c e  

e n e r g i e s  anJ  the t h e r » o c h e m i c a  l p a r a me t e r s  of  t he » a r y  

compounds t r e a t e d »  i n v o l v i n g  a v a r i e t y  o f  compl ex i o n s .

Sose o t h e r  s o e c i f i c  c o n c l u a i n g  r e ma r k s  al so seem 

n e c e s s a r y ,  c o n c e r n i n g  p a s s i b l e  r ema i n i ng  s o u r c e s  f or  e r r c r  

i n the c a l c u l a t i o n s  and p o i n t s  e mer g i ng  f r o »  t he r e s u l t s  

oot  a ine d.

The e f f e c t  of the d e v i a t i o n s  of the c a l c u l a t e d  l a t t i c e  

e n e r g y  from the ' t r u e *  v a l u e  ( an d » i n t r o d u c e c  i n 

S e c t i o n  x»k t  has been mo s t l y  » i n i m i s e d  by s u i t a b l e  c h o i c e  of  

s a l t s .  G e n e r a l l y  onl y  a l k a l i  met al  and ammoni un i on s a l t s  

a r a  c o n s i d e r e d  where c c v a l e n c y  and p o l a r i s a t i o n  shoul d  he 

s m a l l .  and t hes e are t he maj or  c o n t r i b u t o r s  to any

d e v i a t i o n .  The second term i s a v oi ded by d i s r e g a r d i n g  

c r y s t a l  s t r u c t u r e s  t h a t  show g r e a t l y  d i s t o r t e d  i o r s .  

A l k a l i n e  e a r t h  and c h a l c o g e n i d e  ion s a l t s .  for  whi ch

C o n c l u s  i o ns
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c o v a l e r c y  i s  p o s s i b l y  a p p r e c i a b l e »  a r e  c o n s i d e r e d  i n c r l y  

t wo  s t u d i e s .  I n  t h a  c a l c u l a t i o n s  c o n c e r n  i n i  t he p e r o x i d e  i on  

no f i r m  e v i d e n c e  f o r  c o v a l e n c y  i s  e x h i b i t e d .  H o w e v e r  t be  

d e v i a t i o n s  make t h e  a s s i g n m e n t  o f  ' c o n s t a n t *  b a s i c  r a d i i »  i n  

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

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

s h o u l d  be a v o i o e c »  t o r e d u c e  t h e  e f f e c t s  o f  p o l a r i s a t i o n  and 

p o s s i b l e  c o v a l e n c v .

T he  r e s u l t s  o b t a i n e d  by ' e a p i r i c e l '  e q u a t i o n s  ( S e c t i o n  

1 . 5 )  a l t h o u g h  j e n e r a l l / a p p r o x i m a t e l y  e q u a l  t o  t h e s e  

o b t a i n e d  f r om t he ' no n - e  m p i r i  c a l ' a p p r o a c h  g i v e n  h e r e  do 

d i f f e r  ma r k e d l y  i n  soma c a s e s »  p a r t i c u l a r l y  f o r

he x a  h a t o n e t a l l  a t e ( I V ) and p e r o x i d e  s a l t s .  T h e r e  a p p e a r s  t o  

e me r g e  no g e n e r a l  r u l e  f o r  p r e d i c t  i n a  when e m p i r i c a l  

e q u a t i o n s  w i l  p r o d u c e  r e l i a b l e  r e s u l t s »  and when n o t .  T h i s  

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

w i t h  some c a u t i o n »  and t h a t  t n e y  s h o u l d n ' t  be c o n s i d e r e d  f o r  

use when s u f f i c i e n t  d a t a  i s  a v a i l a b l e  f o r  t he i m p l e m e n t a t i o n  

o f  mor e r i g o r o u s  a p p r o a c h e s .

S e c t i o n  2.  c s t a t e s  w i t h  c l a r i t y  t h a t  me t h o d s  of  

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

S e c t i o n  2 . b  i t  i s  shown how p o s s i b l e  e r r o r s  i n t h i s  t e r m ar e 

r e d u c e d  by t h e  e n e r g y  mi n i mi s a t i o n  c o r d i t i o n .  However  t h i s

C o n e l us  i ons
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me c h a n i s m i s  not  c l a i i r e d  to f r e e  t h °  c a l c u l a t i o n s  of  e r r o r  

r e s u l t i n g  f r o t  t h i s  t e r » .  T ne work of  Yuen et  al  ( 1 9 7 7 )  has 

f o u n a  d i s t u r b i n g l y  l a r g e  d i s p e r s i o n  c o e f f i c i e n t s  ' o r  c a l c i u m  

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

d a t a »  u s i n g  t o t  e n e r g y  m i n i m i s a t i o n  c o n d i t i o n .  T he l a r o e  

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

s t u d y  and t h o s e  p r e d i c t e d  fcy t h e  t h e o r i e s  of  S e c t i o n  2.*.  i s  

v e r y  ur sa t i s f a ct  or  y and i t  is h o p e c  t h a t  i t  can be  r e s o l v e d  

s o o n .  I n s u f f i c i e n t  c a l c u l a t i o n s  h a v "  v e t  been p e r f o r m e d  by 

Yuan et a l ' s  a p p r o a c h  t o  say w h e t h e r  the d i f f e r e n c e  f o u n d  i s  

u n i v e r s a l  or s p e c i f i c .

T h e  m a j o r  c r i t i c i s m  wh i c h  has been l e v e l e d  a g a i n s t  t he 

p o t e n t i a l  c h o s e n  i n  S e c t i o n  ? i s  t he a d o p t i o n  of a c o n s t a n t  

v a l u e  f o r  t n e  r e p u l s i o n  e x p o n e n t .  I t  has be e n  shown ( S e c t i o n  

¿ . d )  t h a t  p o s s i b l e  e r r o r s  i n t r o d u c e d  by t h i s  a s s u m p t i o n  ar e  

so mewnat  r e d u c e d  by  t h e  c o n s i d e r a t i o n  o f  an e n e r g y  mi n i mu m.

T h e  a s s u m p t i o n  i s  f o r c e d  upon us b y  t h e  l a c k  of  a c c u r a t e »  or

u s u a l l y  a n y »  c o m p r s s s i b i l i t y  d a t a  f o r  c o mp l e x  s a l t s .  The 

v a l u e  a d o p t e d  has h o we v e r  be e n  o b t a i n e d  f r o m c a l c u l a t i o n s  on

a l k a l i  h a l i d e s ,  and so i t  can he e x p e c t e d  t o  be

a p p r o x i m a t e l y  c o r r e c t  f o r  s y s t e ms  wh e r e  a l k a l i  me t a l  t o  

h a l o g e n  c o n t a c t s  pn ed cm i n at  e » w h i c h  i s t h e  c a s e  f o r  a 

m a j o r i t y  of  t h e  s a l t s  c o n s i d e r e d .  C o n s e q u e n t l y  t he r e p u l s i o n  

e x p o n e n t  s h o u l d  not  be  c o n s i d e r e d  as a m a j o r  p o s s i b l e  s o u r c e
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o f  e r r e r  i n  t h e  m a j o r i t y cf t h i s wor k » a n d e r r o r s  s h o u l d

s t i l t  be o n l y  s ma l l (  Se ct  i c n 2. 8  ) f o r s y s t e ms  w h e r e  a

r e a s o n a b l e  d i f f e r e n c e  i n v a l u e i s po s s i b l e  ( e . g .  me t a l

p e r o x i d e s ) .

l e c t i o n s  2 .  e and U •Z show w e l l t h a t t h e  * k now n • a r c

' u n k n o w n '  b a s i c  r  i di  i h a v e  an e xc ept i o n a l t e n d e n e y  f cr

b a l a n c i n g  one a n o t h e r »  w h i c h  is a n r o p e r t y  of  t h e  t y p e  cf  

e q u a t i o n  i n  w h i c h  t h e y  a p p e a r .  C o n s e q u e n t l y  t h e  c h o i c e  cf  

r a d i i  used t o  c a l c u l a t e  t h e  ' u n k n o w n '  seems t o  be r o t  cf  

g r e a t  i m p o r t a n c e .  as l e n g  as s o « e  s o r t  of  c h e m i c a l l y  

r e a s o n a b l e  v a l u e  i s  u s e d  ( i . e .  s o l u t i o n  of  t h e  e q u a t i o n s  i s  

n e t  p r e c l u d e d ) .  Ho we v e r  i r  o r d e r  t o  t r e a t  b a s i c  r a d i i  f o r  

p a r t i a l  c o m p l e x  i o n s  as a p p r o x i m a t e l y  c o n s t a n t  o v e r  a s e r i e s  

o f  s a l t s  i t  i s  r e c e s s a r v  t o  u s e  a c o n s i s t e n t  set  of  c o u n t e r  

i o n  r a d i i .  A p p r o x i m a t e  v a l u e s  f o r  r a d i i  ar e a s s i g n e d  i n 

S e c t i o n  4 . 2 *  and i f  t h e s e  ar e us ed i n  c a l c u l a t i o n s  t he  

computed r a d i u s  c a n  he t r e a t e o  a s  ? n seme ways an i on 

p r o p e r t y ^  <*. l t hcugh g r e a t  c a u t i c n  must  s t i l l  be e x c e r c i s e d .

T h e  c y a n i d e  i u n  c a l c u l a t i o n s  ( S e c t i o n  4 . 3 )  show ho w t he 

me t hod  can be a d a p t e d .  i n s p e c i a l  c i r c u m s t a n c e s ,  t o  d e a l  

w i t h  i t  ns w h i c h  ar a n o t  w e l l  a p p r o x i m a t e d  hy a c o l l e c t i o n  c f  

s p h e r e s .  T he r e s u l t s  o b t a i n e d  i n t h i s  s t u d y  show t he 

a d a p t i o n  t o  be j j s t i f i e o .  b u t  t he  l o s s  o f  t he  l a r g e  v o l u me

C o n e ( us ions

— — :—rzssdfli
v



-?1  6 -

o f  d a t a  as f i n a l  r e s u l t s  f ound f or  t h e  s t r a i g h t  a p p l i c a t i o n  

o f  t he me t hod  makes t h e  a s s i g n a e n t  o '  v a l u e s  d i f f i c u l t .  The 

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

w o u l d  l e a d  t c  t o r e  c o r f i d e n t  a s s i g n m e n t s  i n S e c t i o n  4 . 3  as 

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

l i e  s t i d i e s  on h e x a h a l o m e t a l l a t e ' I V )  i o n s  h a s  b e e r  a 

m a j o r  p a r t  of  t h i s  r e s e a r c h .  Much v a l u a b l e  c o m p a r a t i v e  d a t a  

n as  b e e n  c a l c u l a t e !  f o r  i o n s ,  many n o t  o r e v i c u s l y  c o n s i d e r e d  

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

f u r t h e r  e x p e r i m e n t a l  c r y s t a l  s t r u c t u r e s  and t  her  i  och e n i ca l 

d a t a  s h o u l d  t e  u s e !  i n  f u t u r e  c a l c u l a t i o n s  t o  ® x t e n c  t he  

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

i v o  p o i r t s  e me r g e  f r o . «  an o v e r a l l  v i e w  o f  t he

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

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

o f  t he  g a s e o u s  i o n s .  The e n t h a l p y  of  f o r m a t i o n  o f  t he 

gaseous,  c e s i u m  i o n  t a k e n  f r o m S t u l l  and P r o p h e t  ( 1 9 7 1 )  

a p p e a r s  i n c o n s i s t e n t  w i t h  t h e  o t h e r  dat a  o v e r  t h e  m a j o r i t y  

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

v a l u e  about  10 k J .  mo l ” 1 h i g h e r  t h a n  t h a t  u s e d ,  and as t he  

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

be  r e a s o n a b l y  v a l i d .  S e c o n d l y .  s t u d i e s  on some ammoni um 

s a l t s  seem t c  i n d i c a t e  a c o n t r i b u t i o n  t o t h e  l a t t i c e
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e n t h a l r y  of  some 20*3C k j . m o l  f r om some f a c t o r  not  t a k e n  

i n t o  a c c o u n t  o y  t h a  o o t e n t i  at u s e d .  I "  t h e s e  s a l t s  ( c y a n i c e »  

a z i c e »  o i f l u o r i d e  and f l u o r i d e )  a s t r o n g  p o s s i b i l i t y  of  

h y d r o g e n  b o n d i n g  b e t w e e n  a d j a c e n t  i o n s  e x i s t s  and t h i s  i s  

s u g g e s t e d  as t h e  c i u s e  of  t h e  c e v i  at  i  on.

-1

I t e  o v e r a l l  i » p r e s s i  cn o f  t h i s  s t u d y  i s  t h a t  t h e  met hod 

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

s t u a i c s  on i n o r g a n i c  e n e r g e t i c s »  i n t h a t  i t  p r o v i d e s  a 

r a t i o n a l i z a t i o n  o f  l a t t i c e  e n e r g y  c a l c u l a t i o n  f o r  c o m p l e x  

s a l t s  i n  t h a  f r a t e  t o r t  of  a s i m o l e  t o u s e  c o m p u t e r  p r o g r a m .
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POLYMORPHIC TRANSITIONS IN CYANIDE CRYSTALS 
AND THE CALCULATION OF THE LATTICE ENERGIES 
OF CYANIDE SALTS. THERMODYNAMIC PARAMETERS 

FOR THE GASEOUS CYANIDE ION

H. D. B. JENKINS* and K. F. PRATT
Department of Molecular Sciences, University of Warwick, Coventry, C V4 7AL, Warwickshire, England 

( R eceived 8 N ov e m b e r 1975)
Abstract—The lattice energies of the cubic and orthorhombic forms of NaCN and KCN are calculated. Using 
experimental data on the enthalpy of transition between the polymorphic forms we estimate: Upoi(NaCN)or1ho = 
732 kJ mol1, U^NaCN)«** = 729kJ mol1, U^KCN)^ = 665 kJ mol 1 and U^KCN)^ = 664 Id mol \ Using 
these results we estimate AHftCN Kg) = 33 kJ mol ', AHLk(CN Xg) = -326kJ mol ', the proton affinity of the 
gaseous CN ion to be -1434 kJ mol ' and the electron affinity of the cyanide radical to be 402 kJ mol The charge 
distribution we assign compares extremely well with quantum mechanical calculations.

INTRODUCTION
The alkali metal cyanides are cubic at room temperature 
(with the exception of LiCN, which is orthorhombic). The 
present work is concerned with the existence of polymor
phic forms of both the sodium and potassium salts. The 
cubic forms of NaCN and KCN exhibit polymorphic 
transitions to orthorhombic structures at temperatures of 
288.3 and 163.1 K respectively. The enthalpies of transition 
are known [1]. We calculate the total lattice potential 
energy of the two forms in each case and a knowledge of 
the enthalpy of transition enables us to fix the charge 
distribution and also the lattice energy for these salts. The 
dipole moment of the CN' ion is calculated and values are 
assigned for AH/(CN Xg) and AHÎdv(CN Xg), for the 
proton affinity of the gaseous cyanide ion corresponding to 
the process:

H*(g) + CN (g)-HCN(g)

and for the electron affinity of the gaseous cyanide radical.
On the basis of the above values we assign lattice 

energies for other cyanides using the Bom-Haber cycle.
While several studies exist for the cubic salts 

(Sherman [2], Yatsimirskii [3,4J, Waddington [5], Ladd and 
Lee [6], Morris [7] and Ladd [8]) only one previous study 
exists for the orthorhombic salts (Ladd (81).

CALCULATIONS
At room temperature NaCN and KCN have the cubic 

NaCl arrangement with free rotation of the CN' ions and 
cell lengths a  = 5.893 A for NaCN and a  = 6.527 A for 
KCN. At lower temperatures this rotation cannot be 
maintained and the structures both resort to orthorhombic 
symmetry NaCN having a bimolecular unit cell with 
dimensions (9-12) a  m $ -7 7 4  A, b  = 4.719 A, c  = 5.64 A 
and KCN having a bimolecular unit ceU with 
dimensions[9,10,13-17] a =4.24 A, b  -5.14 A, c = 
6.17 A.

In the orthorhombic case a distributed charge is chosen 
to reside on the atoms of the CN" ion, a charge q c  on the 
carbon atom and a charge q s  on the nitrogen atom, in such 
a way that:

q c  4- = — 1 .

(i) T o t a l  l a t t i c e  p o t e n t i a l  e n e r g ie s  
The total lattice potential energies of the two 

polymorphs were calculated using the “term-by-term” 
equation:

Up« — Um + Use + Ud- U r (2)

Where the electrostatic components, UM and Use, are the 
electrostatic energies of the processes:

and

NaCN(e )-- >Na*(g ) + C*(g ) + N«"(g )

CMg) + N*(g)---►CN (g)

and UDand UR are the dispersion and repulsion energies.
The Madelung constants, M and associated energies, 

UM, were calculated, in the orthorhombic case, using the 
Bertaut method [18]. The results, given in Table 1, take the 
form:

M = ]
k a ‘ q " '

(3)

U» = L̂ A, • q»i'. (4)

We can also express the Madelung constant as a 
parameter based on unit distance (A(L)/L in Ladd's 
notation [8]):

and generate specifically:

M(N°CN> = 0.6013 + 0.9924 • q* + 0.9924 ■ <j„!

(5)

(6)

( I )

l̂ CN> = 0.5465 + 0.9576 <,„ + 0.9576 q*\ (7)

As we have pointed out previously [191 these equations 
min-or the Ladd [8] results for individual charges quoted in

1775
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Table 1. Calculation of total lattice potential energies of cubic and orthorhombic forms of NaCN and KCN

NaCN KCN

Cubic Orthorhombic Cubic Orthorhombic Notes

a 0 0.593098 0.629972 0.535488 0.589937 based on CN
a, _ 1.039965 — 1.033728 distance L or a

M _ 1.039965 — 1.033728 as indicated
L _ 1.0476 — 1.0794 A

a  MCN 5.893 — 6.527 — A
824.0 835.4 744.0 759.3 kJ mol

U m A, _ 1379.2 — 1330.5 kJ mol
_ 1379.2 — 1330.5 Id mol

u „ B _ -1326.1 — -1287.1 kJ mol
B, _ -1326.1 — -1287.1 kJ mol
C. 824.0 835.4 744.0 759.3 kJ mol
C, _ 53.1 — 43.4 kJ mol
c, — 53.1 — 43.4 kJ mol
r. 0.875 0.875 1.185 1.185 A

u. f 1.57 1.23 1.57 1.23 A
u. 100.5 96.8 88.6 93.4 kJ mol
( . 82.55 82.55 45.84 45.84 ergs molecule
e 5.625 5.625 5.625 5.625 ergs molecule

u„ a . 0.182 0.182 0.844 0.844 A’
a - 2.80 2.80 2.80 2.80 A‘
UD 5.4 6.0 8.4 9.8 kJ mol
D. 728.9 744.6 663.8 675.7 kJ mol '

U«M D, — 53.1 — 43.4 kJ mol
D, — 53.1 — 43.4 kJ mol '

his paper, but are Madelung energies and therefore do not 
take into account the self energies of the ions.

The Madelung constants and energies for the cubic 
forms of NaCN and KCN are calculated directly from the 
Madelung constant for NaCl ( = 1.747565, based on L =} 
unit cell length) using the cell lengths of the cubic 
structures, Umcn, quoted in the first paragraph of this 
section and the equation:

M(MCN) = (8)
U m c n

For the self energies of the ions:

Use = %  B, qu‘. (9)r=i

In the orthorhombic case U se  was calculated explicitly 
but in the cubic salts, where the CN ion is considered as a 
point charge ion freely rotating, no self energy term was 
required. The results are quoted in Table 1. Thus for the 
orthorhombic salts the total electrostatic energy, U e i.ec ,  is 
given by:

Uelec = Ao+$J(A, + B.)<«n‘ - ^ C * . . ‘ (10)

whereas for the cubic salts, we take:

Uelec = Um (II)

The repulsion energies, Ur, are calculated by the method 
of Huggins and Mayer[20] from the equations:

Ur *  U*** + U»-_ + U»*_ (12)
where:

U ,"  -  ^ e x p  ( y  )  ^  exp (-Ru Ul/p) (13)

in both the orthorhombic and cubic cases, and:

x [ S  exp(“ RcWp)+ 2  exp<-R* Nt/p l 

+ ̂  exp (-Rc Ni/p) - exp (-Rcn J p  > ]

in the orthorhombic case, and:

■ » — be— (2F'\ «W*Ur *  —2 ~  exp I— I- 2, exp(-Ri-N-cWp)
(15)

in the cubic case, where Rcn..« is the internal C-N bond 
length in the CN ion and J?Cn cn. is the CN -CN ion 
distance, when the CN' ions are considered as point charge 
ions.

Ur*' *  be— • exp [ 2  CXP ‘ W

+ exp(-Rn nJp)] (16)

for the orthorhombic case, and:

U m*  = b c .  exp 2  exp(-Ri«Wp)
P  (17)

for the cubic case.
Rm < n is the distance from the cation to the centroid of 

the CN ion treated as a point charge. In all the above cases 
is the Huggins “basic” radius of the M' ion. In the 

orthorhombic case the CN ion was treated in the form of a 
model of two seperate atoms each considered to have a 
radius of 1.23 A (f ) (the value for oxygen) on the basis of
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the comparable radii of O22 and CN anions. In the cubic 
case the radius assigned by Morris [7] (1.82 A) was used 
and converted to a Huggins “basic” radius by interpolation 
on a graph of Huggins versus Goldschmidt anionic radii. 
The value of f ' was found to be 1.57 A. p was taken to be
0.345 A. The pre-exponential coefficients have their usual 
values; ¿> = 10l2ergs molecule“1, C++a 1.25, c+.= 1.00 
and c =0.75.

The results for Ur are given in Table 1.
The dispersion energies, Ud, are calculated by the 

London method [21], using the equations:

uD = u D++ + u D- - + u D+-

= |«+a*S*++ + le-O-Sé" + 4 + ^  S6*“

( 18)

where e . , e are the characteristic oscillator energies; is 
taken to be 90% of the second ionisation potential of the 
cation and e is taken as the electron affinity of the CN 
radical, given by Ladd and Lee 1221. a* and a - ,  the 
polarisabilities of the ions, were taken from Tessman, 
Kahn and Shockley [23].

S.“ = 2  <1/R„ ».)* (20) |
• 3

c
>.

for both orthorhombic and cubic salts: |

5 . -  = !  [ 2  (1 /R cc )‘ + 2  (1/Rn N,)*} (21) 1

u
for the orthorhombic case, and: 1

z
CN-CN

& - = 2  (1/Rcn cn,)‘ (22) 2

Ifor the cubic case. eVu
fM4 M_N 1 a

6 , * H [ X ( l / R « c , ) ‘ + 2 ( l / R „  H,)‘ ]  (23) -a

ifor the orthorhombic case, and:
1S .* - -  X  (I/R « cn,)‘ (24) I

‘ J
r4

for the cubic case. In the above formulae CN represents ±  

the CN ion treated as a point charge, whereas C and N £ 
refer to the atomic centres of the carbon and nitrogen 
atoms respectively. The results for both cases are given in 
Table 1.

The total lattice potential energies, U pot, as calculated 
using eqn (2), have the form:

U pot ■ X  D,<Jn'
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and the coefficients obtained are reproduced in Table 1.
Since (Fig. 1) the total lattice potential energy is deter

mined, for the orthorhombic salts, as a function of the 
distributed charge on the CN ion, we must use the known 
enthalpies of transition (cubic to orthorhombic) in order to 
estimate the precise lattice energies.

s i r - *ö
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a..-*
i - i - q c ) - +  (-1 -*)-*

F.g.l.

From the cycle:

AE(MCNXc, ortho) * 2RT 

M*(g) + CN (g) 

AEfMCNXc. cubic) + 2RT

MCN(c, cubic)

we know AH,,»,, (experimentally1 AH,,»» = -2.93 kJ mol 1 
at 288.3 K for NaCN and AH„M, = -1.26 kJ mol 1 at
168.1 K for KCN). We can equate the enthalpy terms to 
give:

AH„an, = AE(MCNX<\ cubic) - AE(MCNX c , ortho)
(26)

where the right hand side refers to the total internal energy 
changes in going from the crystal to the gaseous ions 
respectively for the cubic and orthorhombic salts. We can 
easily show that:

lWMCN) = AE(MCNXc) + 2RT (27)

and so we can directly equate AH,,»» to the lattice potential 
energy difference between the two salts.

AH„m, = IWMCNXcubic) - IW(MCNXortho).
(28)

Thus in Fig. 1, when the gap between the Up,.r(MCN) 
(cubic) line and the UmHMCNXortho) curve attains the

value AH„»,. we can assume that the corresponding 
ordinate values give the lattice potential energies of the 
salts.

These considerations generate the values:

Uror<NaCNXortho) = 731.7 U mol i29i

UpoHNaC NX cubic) = 728.8 kJ mol (30)

UporfKCNXortho) = 665.1 kJ mol (31)

U p o t < KCN X cubic) = 663.8 kJ mol (32i

and we compare the results with other work in Table 2.

(ii) E s t i m a t i o n  o f  t h e  c h a r g e  d i s t r i b u t i o n  in  th e  C S  ion  

A feature of the crystal structures, the inverse relation of 
the carbon and nitrogen atoms to one another, ensures that:

Uwi = 5) D.qs = ^  Dq.

and hence the abscissae in Fig. 1 can be interpreted as 
either qc or q s  values. Consistent with the quantum 
mechanical estimates of the CN ion charges and with 
simple electronegativity arguments we assign from the 
NaCN results, values:

q c  = -0.42 and q *  =  -0.58 (34)

and from the KCN results:

q c  =  ~  0.43 and qN = -0.57. (35)

These results can be compared to the quantum mechani
cal calculations for the CN ion of Demnynck e t  a l . (24) 
(qc = -0.43. q N = -0.57) and of Hillier and Saunders [251 
(qc = -0.41. qN = -0.59) but differ from the assignment of 
Ladd(8) of charges ( q d q * )  = -0.05. q M q c )  = -0.95). The 
dipole moment of the CN ion has received some attention 
by theoreticians. Bonaccorsi. Petrongolo e t  a l . [ 26J have 
calculated m(CN') to be 0.81 D while their earlier 
calculations [27] suggest m(CN ) to be 1.84 D. Ladd (81 
reports on the basis of his charges, a value of 2.40 D. Our 
value for the charges give a dipole moment of the order 
0.4 D, but the actual value is a matter of speculation not 
fact.

(iii) T h e r m o d y n a m i c  p a r a m e t e r s  f o r  th e  g a s e o u s  C S  ion  

Consideration of the cycle:

M'(aq) + CN (aq)

AH°,in(MCNXi‘) Affi-*(M'Xg> + 
AHU(CN X g )

MCN(c) AE(MCNXO + 2RT 
Upot(MCN) M*(g) + CN <*)

AHftMCNXc)

M(c) + C(c) + |Nï(g)

AHft(M'Xg) + 
AHXCN Xg)
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leads us to equations:

AHcf<CN Kg> = Upot(MCN) + AH0,(MCNXc)
-AHXMXg) (36)

and:

AH®„iv(CN Kg) = AH°„i„(MCNKc) - Up<,t(MCN)

-AH»o»v(M'Kg)- (37)

Using the known values (28] of AH/((NaCN)(c, cubic) = 
-89.8 kJ mol AH/(KCN)(c, cubic) = -112.6 kJ mol 
AĤ Na Kg) = 609.8 kJ mol AHXK’Xg) = 514.2 kJ 
mol '.AH°,in(NaCN)(c.cubic)= 1.26kJmol .AH^JKCN) 
(c. cubic) = 11.71 kJ mol"1, AH?o,v(Na+Xg) = -405.9 kJ 
mol'1. AH°„iv(K‘Xg) = -321.9 kJ mol1. We find using 
eqn (36) the value AH/(CN )(g) = 29.2 kJ mol 1 from the 
sodium salt data and the value AH/(CN"Xg) =
37.1 kJ mol 1 from the potassium salt data. Accordingly we 
assign an average value:

AHKCN Kg) = 33 kJ mol'. (38)

Using eqn (37) we find from the sodium salt data 
AHsoiviCN Kg) = —321.7 kJ mol 1 and from the potassium 
salt data AH°o,v(CN )(g) = -330.2 kJ mol1 and accord
ingly assign:

AHsoiviCN Kg) = -326 kJ mol '. (39)

Using the above data for the CN ion we can calculate 
the proton affinity of the gaseous CN ion, i.e. the enthalpy
change of the process:

AH,
H'(g) + CN (g)------HCN(g)

The proton affinity, AHi, is given by:

AH, = AH°KHCN)(g) - AHKH Kg) - AH/(CN Kg)
(40)

and since the thermochemical values AH/(HCN)(g) =
135.1 kJ mol * and AH°XH*Kg) = 1536.20kJ mol1 are 
known (29], then using the value of AH/(CN )(g) we have 
assigned we can estimate AHi. We obtain the result:

AH, = -1434U mol (41)

This value should be compared to the theoretically 
calculated values (the AE values calculated have been 
corrected to give enthalpy values) of Hopkinson e t  a l . (30], 
who obtain: AH, = -2889 kJ mol 1 (using a minimum (31/1) 
basis set); AH, = -1639 kJ mol-1 (using a medium (52/2) 
basis set); AH, = -1470 kJ mol' 1 (using a large (73/3) basis 
set)andAH, = -1915 kJ mol1 (at the HartreeFocklimit).

Their best calculation, using the large Gaussian basis set, 
agrees fairly well with our value, as it does with the 
"experimentar’ value of -1412 kJ mol 1 they quote. The 
source of this latter value is obscure since an incorrect 
reference is cited. More recently Bonnacorsi e t  a l . (26] 
have performed a double zeta-SCFMOLCAO calculation 
and obtained a value for AH, = -1554 kJ mol ' (corrected 
AE value) which compares well to their “experimentar’ 
value, AH, = —1538kJ mol ', but not as well to our AH, 
value or to the “experimental’’ value of Hopkinson e t  a l .

We can also use our data for the gaseous CN ion to 
estimate the electron affinity of the cyanide radical.

EAICN ) - 5/2 • RT

CN (g) + e-------------- *CN (g).

From the above we can deduce:

EA(CN )-5/2 • RT = AHftCN Kg)-A//°/(CN Kg).
(42)

Now AH/(CN )(g) = 441.4 kJ mol '[32] and so:

EA(CN ) = -402 kJ mol ' = -4.2 eV. (43)

This value can be compared to other literature values. 
Moore [33], in an NBS circular, quotes a value of 3.2 eV 
which Herron and Dibler [34] agreed with in their electron 
impact studies of CNC1, CNBr and CNI. Bakulina and 
Ionov [35] reported a value of 3.7 eV by measuring the 
difference between the electron affinities of sulphur atoms 
and cyanide radicals. Berkowitz, Chupka and Walter[32], 
by photoionisation of HCN, quote a value of 3.8 eV. 
Comparing our value to those above it would appear that 
our heat of formation of the CN" ion may be too low, 
leading to a high figure for our electron affinity of the 
cyanide radical and the proton affinity of the CN" ion.

(iv) Estimation o f  t h e  l a t t i c e  e n e r g ie s  o f  o t h e r  c y a n i d e  s a l t s

From a Born-Haber cycle we find, for a cyanide of a 
divalent metal, M(CN)2:

Upot(M(CN);) = AHKM’ Kg) + 2AHXCN Kg)
-AH°KM(CN)2Xc)-7/2 • RT (44)

and for the monovalent metal cyanides, MCN: 

Upot(MCN) = AH/(M*Xg) + AHftCN )(g)
-AHXMCNXc). (45)

Using the value of AH/(CN~)(g) estimated in our study 
we can, using the known values [29] for AH/(M(CN):)(c), 
AHXMCNXc), AH°XM2*)(g) and AH°/(M*Kg), estimate the 
lattice energies of other cyanide salts. The results are given 
in Table 3 and compared, where available, to other 
literature estimates.

A similar equation:

Upot = AĤ „(M(CN):Kc) - AH°o,v(M2’Xg)
-AH?o,v(CN Kg)-7/2 -RT (46)

in conjunction with known [29] solution data, can be used 
to estimate the lattice energies of these salts. The results 
are combined in Table 3.

DISCUSSION
The value for AHKCN Kg) lies within the wide range 

covered by other determinations of the parameter (Table 
2), while the value for AH?o,v(CN Kg) shows broad agree
ment with the two previously cited values (Table 2). The 
lattice energies of NaCN are in excellent agreement with 
Ladd's values [81 although the figures for KCN differ 
appreciably from his. The cubic results lie in the middle of 
the range covered by other literature values.

An independent study is in progress to obtain further 
values for all the above parameters, but the current
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I  ’

estimates give the lattice energies of the other salts in 
reasonably close agreement to the values obtained by Ladd 
and Lee [6]. We shall reconsider the overall values of 
AH°(CN )(g) and AHsom(CN~)(g) on completion of our 
further studies.
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LATTICE POTENTIAL ENERGIES OF ORTHORHOMBIC 
AND CUBIC CYANIDES OF THE ALKALI METALS

ENTHALPY OF FORMATION, AH°/CN~Xg) AND SOLVATION, A//U(CN Xs) 
OF GASEOUS CYANIDE ION. EXPERIMENTAL DETERMINATION OF THE 

ENTHALPY OF SOLUTION OF CRYSTALLINE LITHIUM CYANIDE, 
AHU(LiCNXc), PROTON AFFINITY OF CYANIDE ION AND ELECTRON 

AFFINITY OF CN' RADICAL

H. D. B. JENKINS* and K. F. PRATT
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and
T. C. WADDINGTON
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(R ece ived 17 Ju n e  1976)

Abstract—The lattice energies of the cubic and orthorhombic forms of the alkali metal cyanides are calculated: 
i/po.lLiCNJortho = 828 Id mol ', {/.„.(NaCN)  ̂= 736kJ mol', Û NaCN)cubic = 729kJ mol ', KCN)ortho = 
669 kJ mol ', l/p«<KCN)cub* = 664 kJ mol ', (/^(RbCN)  ̂= 638 kJ mol ' and i/p„,(CsCN)cuNc = 601 kJ mol 
Using these results we estimate A//?(CN Xg) = 36 kJ mol', A//!oi„(CN Xg) = — 329 kJ mol ' the proton affinity of 
the gaseous CN ion to be -1438 kJ mol ', the dipole moment to be /*(CN~) = 1.62D and the electron affinity of the 
cyanide radical to be -380 or -399 kJ mol ' depending on the value of Aff/(CN'Xg) used.

INTRODUCTION
The alkali metal cyanides are cubic at room temperature 
with the exception of LiCN, which is orthorhombic. The 
cubic forms of NaCN and KCN exhibit polymorphic 
transitions to orthorhombic structures at temperatures of 
288.3 and 168.1 K respectively. Lattice energies have been 
determined mainly for the cubic crystals but recent 
studies by Ladd [ 1 ] and by Jenkins and Pratt [2] have 
considered the orthorhombic salts. The results of 
Sherman[3], Yatsimrskii[4,5J, Waddington[6], Ladd and 
Lee(7], Morris[8] and Ladd[lJ are given in Table 1, from 
which can be seen the wide divergence of results ob
tained. These results lead in turn to wide discrepancies in 
other thermodynamic parameters such as the enthalpy of 
formation of the gaseous cyanide ion, Af//(CN~Xg) arM* 
its enthalpy of solvation, A//t>iv(CN~X£)as can be seen in 
Table 2. The present work attempts to calculate the total 
lattice potential energies for all the alkali metal cyanides, 
to assign thermodynamic parameters for the CN' ion and 
to consider the charge distribution in the ion.

CALCULATIONS
At room temperature NaCN and KCN have the cubic 

NaCI arrangement with free rotation of the CN' ions and 
cell lengths, for NaCN a = 5.893 A, and for KCN a = 
6.527 A, at lower temperatures this rotation cannot be 
maintained and the structures resort to orthorhombic 
symmetries 19].

Orthorhombic NaCN [9,11,12,13] has a bimolecular 
unit cell with parameters a =3.774 A, b =4.719 A and 
c = 5.64 A and KCN [9,11,14-171 has a bimolecular unit 
cell with parameters a =4.24 A, — 5.14 A and c =
6.17 A.

The orthorhombic LiCN 19,10] has a tetramolecular cell 
with parameters a = 3.73 A, b = 6.52 A, c = 8.73 A.

RbCN [9,11] is a cubic cell with NaCI arrangement with

a =6.82 A and CsCN[9,11] has the CsCl arrangement 
with a = 4.25 A.

A distributed charge is chosen to reside on the atoms of 
the CN' ion. A charge qc is placed on the carbon atom 
and a charge qN on the nitrogen such that:

<7c + <?n  = - L  0 )

(i) The total lattice potential energies 
The ‘‘term by term” expression for the total lattice 

potential energy takes the form:

£/p„,(MCN) = Uu + Use + UD -  U, (2)

where U* is the Madelung component of the electrostatic 
energy and USE is the internal electrostatic energy of the 
CN~ ions, UD is the dispersion energy and U« is the 
repulsion energy.

The calculation of U**, the combination of Uu and 
Use. proceeds for the orthorhombic salts as follows. The 
Madelung constants, M , and energies, UM, were calcu
lated for each structure using the Bertaut method [19]. The 
results take the form:

i-, (3)

t/«- ;¿ / W «)

where a, and A, are the usual coefficients expressing the 
charge dependence, the values are cited in Table 3.

For the self energies of the ions:

U ,.-1*/<?n (5)
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Table 2. Enthalpy data for gaseous cyanide ion (kJ mol”')

S ou rce ì h | ( cn ' K s ) N otea

Sherman 13] 2 3 .1 _ avera g e
1932

Y a t a im ir s k i i  [4 ] 5 3 .8 . avera g e
1947

Y a ta im ir a k ii  [51 7 1 .1
1956

W addington [6 ] 2 9 .9 - avera g e
1959 2 8 .0 - avera g e

Ladd and Lee [ 7] 5 4 .4 -  305
1960 _

M orria [8 ] 4 6 .0 _
1961

Ladd [1 ] 4 4 . 3 + 4 - 2 8 5 + 4
1969

B e r k o v i t s ,  Chupka
and W aiter  [3 1 ] 6 8 .5 - e x p e r im e n ta l

1969

Jen k in a and P r a t t  [2 ] 33 -  326
1975

T hia  work 36 -  329
19 75

Table 3. Computational results for orthorhombic cyanides

P aram eter LiCN 1 NaCN KCN N otea

0 .6 7 6 3 0 2 0 .6 2 9 9 7 2 0 .5 8 9 9 3 7 baaed on C-N
M 0 .8 8 1 7 4 8 1 .0 3 9 9 6 5 1 .0 3 3  728 a h o r te a t  d ia ta n c e a

. 1 .0 0 9 2 6 4 1 .0 3 9 9 6 5 1 .0 3 3 7 2 8 -  L

u i 1 .1 4 2 1 1 .0 4 7 6 1 .0 7 9 4

A- 8 2 2 . 7 8 3 5 .4 7 5 9 .3
u„ A? 1 0 7 2 .6 1379 .2 1 3 3 0 .5

1 k \ 1227. 7 1 3 7 9 .2 1 3 3 0 .5

• i - 1 2 1 6 .4 - 1 3 2 6 .1 - 1 2 8 7 .1

k j  m ol-1 *2
- 1 2 1 6 .4 - 1 3 2 6 .1 -1 2 8 7 .1

8 2 2 . 7 8 3 5 .5 7 59 .3
C° - 1 4 3 .8 • 5 3 .0 4 3 .4«=1 1 1 .3 5 3 .0 4 3 .4

U_ Um” 0 .5 0 . 4 0 .  7

■ “I“ 1 4 .9 1 2 .6 3 .8V 1 0 7 .4 8 3 .8 8 8 .9

1 2 2 .8 9 6 .8 9 3 .4

»D~ O.Oj 0 .2 1 .2

. .  , - l U " ” 3 . 5 3 . 0 1 .6kj mol DV 1 . 0 2 .9 7 .0

u» 4 . 5 6 . 0 9 .8

Up ot »0 7 0 4 .4 7 4 4 .6 6 7 5 .7

kJ m ol- 1 »1 - 1 4 3 .8 5 3 .0 4 3 .4

D2 1 1 .3 5 3 .0 4 3 .4

‘wt;

?
c
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where the Bt coefficients express the self energy term 
charge dependence.

In the orthorhombic case Use was calculated explicitly 
and the results are listed in Table 3. In the cubic phases, 
since the CN' ions are rotating, the rest of the lattice 
“sees” these ions as spheres of charge distribution and
U„ = U ^ .

The electrostatic contribution, i/elec is therefore calcu
lated. The repulsion energies of the salts are calculated 
using the equations given

= £  Gj„‘ (6)
1-0

in Ref. [21, which employ the Huggins and Mayer 
method [20]. The dispersion energies are calculated from 
the London [21] formula as given in Ref. [2]. The results 
for UR and UD are given in Tables 3 and 4. The total 
lattice potential energies are then calculated.

= (7)i-0

On the basis of the charge distributions (qN = -0.81) 
calculated later we find the total lattice potential energies 
of the alkali metal cyanides to be:

l/pcfLiCNJortho = 828.3 kJ mol'1

f̂ potfNaCNJortjHj = 736.4 kJ mol 1

t/po/KCNJort*, = 669.0 kJ mol 1

t/pJNaCN)«** = 728.8 kJ mol ’■

i/pJKCN)^ = 663.8 kJ mol 1

i/p„«(RbCN)cubK = 638.4 kJ mol *'

i/p^CsCNU« = 600.9 kJ mol '.

The results above are compared to our recent estimates 
(in the case of NaCN and KCN) and to other calculations 
in the literature in Table 1.

(ii) Enthalpy of formation of C N  ion, AH?(CN Xg)
In order to carry out this study it was necessary to 

prepare a sample of LiCN and then measure 
A//?ota(LiCNXc) experimentally. The preparation and 
subsequent measurement are described in the Experimen
tal Section of this paper. The results obtained were that 
Ai/?oin(LiCNXc) = -6.5 kJ mol"1. Combining the known 
values of A//?(LCXaq) = “ 278.4 kJ mol1 [22] and 
AtfXCN'Xaq) = 150.62 kJ mol ' [23] with the above result 
gives a value of A//XLiCNXc) = -121.3 kJ mol1. Values 
for the sodium and potassium salts are available. From the 
cycle:

MCN(c) A£(MCN)+2RT

A//XMCNXC)

M*(g) + CN (g)

A///(M*Xg) +A//?(CN Xg)

------- M(c) + C(c) + ]NXg)-------
A£(MCN) + 2RT = Af/°,(M+Xs) + A//°XCN Xg)-  A//°XMCNXc). (8)

Table 4. Computational results for cubic cyanides

Parameter NaCN KCN RbCN CaCN

L MC» * 2 .9 4 6 3 .2 6 3 3 .4 1 4 .2 5

UM ■ ° .l .c
UM/kJ no l-1 8 2 4 .0 7 4 4 .0 7 1 2 .0 6 6 5 .4

kJ mol"1

H * * 0 . 4 0 .  7 0 .8 4 .  7

1 4 .3 3 .9 2 .1 5 . 7
kJ mol

V 8 5 .9 8 4 .0 8 1 .3 7 3 .1

u* 1 0 0 .5 8 8 .6 8 4 .2 8 3 .4

“D , 0 .2 1 .1 2 .1 6 . 9

kJ mol 1 V 2 .8 1 .5 1 .1 1 .4

“» 2 .4 5 .8 7 .4 1 0 .5

“» 5 .4 8.4 1 0 .6 1 8 .9

UP°t -i Do 728.8 6 6 3 .8 6 3 8 .4 6 0 0 .9

kJ mol. 1 Bl 0 . 0 0 . 0 0 .0

D2
0 . 0 0 . 0 0 . 0 0 . 0
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l/^INaCN)^, = 736.4 IcJ mol 

i7po.(KCN)oftfco = 669.0 kj mol

LUNaCN)„ 

LU K CN U  

t/^(RbCN|cu 

U a  CsCNU

= 728.8 kl mol"1 

= 663.8 Id mol 1 

-  638.4 kJ mol’ 1 

= 600.9 U mol '.

Its above are compared to our recent estimates 
' of NaCN and KCN) and to other calculations 
ature in Table 1.

py of formation of CN ion, AHXCN Kg) 
to carry out this study it was necessary to 

i sample of LiCN and then measure 
NXc) experimentally. The preparation and 
I measurement are described in the Experiment 
of this paper. The results obtained were that 
NXc) =-6.5 kj mol"1. Combining the known 
f AHXLi*Xaq) = -278.4kJ mol'(22) and 
(aq) = 150.62 Id mol1 [23] with the above result 
ue of A//°XLiCNXc) = -121.3kJmol"'. Values 
ium and potassium salts are available. From the

N (g)

AHXM-X*) + A//XCN Xg)

f/XMCNXc). (8)

)k cyanides

RbCN CsCN

3 .4 1 4 .2 S

7 1 2 .0 6 6 3 .4

0 . 8 4 .  7

2 .1 3 .7

8 1 .3 7 3 .1

8 4 .2 8 3 .4

2 . 1 6 . 9

1 .1 1 .4

7 .4 1 0 .5

1 0 .6 1 8 .9

6 3 8 .4 6 0 0 .9

0 . 0 0.0
0 . 0 0 . 0
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Simple thermodynamic arguments show that the total The curves (II) to (15) are plotted in Fig. 1. Table 5 gives 
internal energy change. AE(MCN) + 2RT can be equated details of the intersection points and values: 
to the total lattice potential energy of the salt:

AE(MCN) + 2RT = l/„(MCN)

and hence

AHXCN X *) =  IU M C N X O  +  AHXMCNXc )
-AHXM'X*).

(9)

( 10)

AHXCN X*) = 36.35 Id mol

A><?(CN"Xp> vs %

(16)

We use the known values AW/(NaCNXc.cubic) = 
-89.79 kJ mol 1 A 7/XNaCNKc.orthorhombic) =
-92.72 kJ mol Atf XKCNXc.cubic) = -112.55 kJ mol
AHXKCNXr.orthorhombic) = -U3.81 Id mo|-'[22.24] 
and A//?(Li*Xg) = 687.16 kJ mol AHXNa'Xg) = 
609.84 kJ mol '. AH*/1C Kg) = 514.2 Id mol"'.

From the data for LiCN we find (in kJ mol"')

A//XCN Kg) = -104.06- 143.80qN + 11.27«  ̂ (II) 

from that for NaCN. for the cubic case we find:

AHXCN Xg) = 29.19kJ mol 1 (12)

and for the orthorhombic salt

AHXCN Xg) -  42.08 + 53.02q„ + 53.02q„! (13)

for KCN. the orthorhombic case gives:

AHXCN Xg) = 47.7 + 43.41qN + 43.4lq„’ (14)

and for the cubic case:

AtfXCN X g)-37.06 Id mol"'. (15)

Tables. Intersection points in Fig. 1 Af/yCN X * )V S ,)„

P o in t aaj(at")(«> "h

<u  « it"1) (p r o to n  u n i t s )

2 9 .1 9 -0. 58
2 9 .1 9 -0.87
38.33 -0.92
3 7 .0 6 - 0 .5 7
3 7 .0 6 - 0 .  92
3 7 .0 6 -0.86

8 4 6 .5 7 -0.97

O v e r a l l  average 36.35 -0 .8 1

A verage  o f  c and g 42 .45 -0 .9 4

P o in t s  In  F ls u r e  2 .  AH ( o p t« )  «  v=-

P o in t

(U  M l*1) (p r o to n  u n i t s )

-3 2 1 .7 0 -0 .5 8
-3 2 1 .7 0 - 0 .8 5
-3 3 0 .0 4 -0 .9 1
-3 3 0 .1 7
-3 3 0 .1 7 -0 .9 1
-3 3 0 .1 7 -0.86

8 -3 3 9 .1 6 - 0 .9 6

O v e r a l l  A verage -3 2 9 .0 2 -0 .8 1

A verage  of c  ant g  -3 3 4 .6 0 - 0 .9 4

t o I a : >S
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Qn = ~  0.81 (17)

are assigned.
As has been noted in our earlier study [2], the symmetry 

of lattice potential energy curves for which

= Dh „‘ = 2  ‘ (18)
i - 0  i =0

means that abscissae for intersection points to the right of 
qN = -0.5 correspond to qN charges while abscissae for 
intersection points to the left of qN = -0.5 correspond to 
qc values and are related to the former abscissae by the 
required relationship:

(iv) Charge distribution in CN ion and dipole moment 
The value qN = —0.81, qc = -0.19 for the charge dis

tribution of the CN" ion is in reasonable agreement with 
the results of Demnynck, Veillard and Vinot[26] 
(<?n = -0.57), Hillier and Sanders [27] (qN = -0.59) and of 
our earlier study [2] (qN = -0.57). The calculated dipole 
moment on the basis of a charge distribution as obtained in 
this study is found to be 1.62D which lies between the 
values calculated recently by Bonaccorsi, Petrongolo. 
Scrocco and Tomasi [28,29] (0.81D, 1.84D).

(v) Proton affinity o f the CN~ ion 
The proton affinity, A//,

H*(#) + CN'(g) — HCN(g)

<?c + <?n = -  1. 09)
for the gaseous cyanide ion, has received some attention

(iii) Enthalpy and solvation of CN" ion, AHtoJCNXg) in the literature and values (after correction for the RT 
From the cycle: term) of -1538 kJ mol1 [28], -1554 kJ mol"1 [28].

MCN(c) 

AtftoJMCNXc)

A£(MCN)+2RT .M*(g) + CN <g)

AWUfhTXg)
+ a h :j c n k «)

l*(aq) + CN(aq)*---

Atf^fCN X*) -  Atf;*.(MCNXc)- U^MCNXc)-A/f^lMXg). (20)

Using the value Af/;„i„(UCNXc) = -6.5 Id mol-' deter
mined in this present study, together with the values 
AHt-.(NaCNXc) = 1.26kJmol 1 and AHU(KCNXc) = 
11.71 Id mol-1 [22] and the solvation energies: 
A/f;ol„(U*Xg) = -520.25 kJ mol ', AH^.(Na'Xg) = 
-405.86 kJ mol-', Ai/U(K*Xg) = -321.93 kJ mol1, 
taken from Halliwell and Nyberg[25] we obtain the equa
tions below.

From the orthorhombic salts, the data for LiCN gives:

Aff^.(CN'Xg) = -190.65 + 143.80q„ -  11.27<fKJ (21)

for NaCN we have:

AtftUCN Xg) = -334.59 -  53.02q* -  53.02q„! (22)

and for KCN we have:

AHU(CN X*) = -340.81 -43.41q„ -43.41q„!
(23)

for the cubic data, for NaCN

AHU(CNX*) = -321.70kJmol 1 (24)

and for KCN

Af/U(CNXg) = -330.17Umol'. (25)

Curves (21H25) are plotted in Fig. 2. Table 5 gives 
details of the intersection points and values

AJ/t^(CN X«) --329.0 U mol ' (26)

4* --0.81 (27)

-1470Id mol '[30] and - 1434 Id mol 1 [2] have been as
signed. Using the data[23] AHXHCNXg) = 135.1 kJ mol 
and AHXH‘X*)= 1536.2 Id mol ' we obtain from the 
present study, where AH5(CN'Xg) = 36.4 Id mol

A//, = -1438 Id mol1. (28)
0/£,(CN'Xy) vs q,

are assigned.
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A'&ICN'Xg) vs<k

(28)

ivii Eleetron affiam of CN ndteoi 
The electron affinity of the CN radical is p\en b> the

equation:

E A (c m * u n c H  * g ) - i in c x  w + w r .  <29>

Assuming our âlue for Af^CN'Ni) and using the 
values for AH^CN>|) as indicated we obtain the results 
in Table 6 which can be compared to the literature values
given there

tabe cfcargnt of the pwrtscks mm rtk ed  ht ibc of aa AsKxvaMi
yaapk »Found C SS I . N.42 *>. U  Mb La  N reqpèes C
564 N. 42-5; Li 21.t*k

The enthalpy of soluDoti « a s  measured using the IK B  f*W 
Precision calorimeter system as manufactured bv IKB PtvxJxkI  
ter A.B . S-161 25 Bromma 1 Sweden. at Rovai Hofloway Cofieye 
London Several runs »ere made and it »a s a noteaNe trend tha: 
values for A /i^L iC N ti«-! as measured increased with tane 
K ^ U n o l  -<vt*kJmol *. -4x4' U  mol * 1 and
-4.21 U mol 1 and » e  asenbed this trend to the fact that La 'S .  
being mtemeiv hygroscopic. »a s  picking up moisture even though

Table 6 Electron affinity and enthaip> of formation of CN' radicai
E fO V i >(*>

1432 [3 9 ] 3 .0  *V -

1932 le d e r l e  [3 7 ] 4 . 0  eV* -

19*2 k a b ia o v i t c k  [4 1 ] ,  ,  . c  3 .0  eV -

194? H a t s e e .  B o ser i s o -  and  Choukef 3 8 ] 7 .0  eV* -

1953 P r itc h a r d  [4 0 ] 3 .6  e v -

1959 S t e l e  and T r i e i n i e  [4 2 ] 3 . 0  e V * C -

1959 B a k u lin a  aed  Ion ov  ¡3 3 ] 3 . 7 eV* -

I960 S e r r o c  ar.d D ib le r  [3 4 ] 3 .2  *V* -

1 9 6 0 -6 6  J a n a f T a b le s  {321 3 .9  eV 4 2 2 .5  k J n o i" 1

1961 B raescon b e  ¡4 3 ] > 3 . 0  eV* -

1962 Bo l e v i e s  ar.d P a d le y  [3 5 ] 3 . 0  e V * e -

1962 B auer [3 6 ] - 523 kJ n o l ‘ l

1963 S ap p er  ar.d Page [3 5 ] 2 .8  eV *,C 3 8 7 .9  kJ n o i” 1

1969 B e r k o v itx ,  Chupka and « a l t e r i  31 ] 3 .8  eV* 4 4 1 .4  kJ n o i  1
4 . 2  eV'

1975 J e n k in s  and P r a t t  [2 ] 4 .2  eVb 4 4 1 .4  kJ n o i ' 1

1975 T h is  work 3 .9  eV* 4 2 2 .5  kJ n o l ' J
4 .  1 eV 4 4 1 .4  kJ n o i  1

a . Experim ental value*.

b. U s in g  present valu e  fo r  A H ° (Q I~ )(g )

c . Eased on Sapper and Page's v a lu e  fo r  AH°(CX‘ ) ( g ) [ 35] ,  w hich is  based on

C o t t r e l l 's ! *4 ) valu e  fo r  A H ® (O i‘ ) ( g ) .

d. Based on the AH?(CX’ ) ( g )  v a lu e  in  reference [ 32] ,

e. Based on the A H ° (C R * )(g ) v a lu e  in  reference [ 231.

EXPERIMENTAL
The preparation of crystalline lithium cyanide was adapted from 

that of Perret and Perrotl45J. Small lumps of lithium metal were 
cut under petroleum ether and transferred to a glass ampule 
terminating in a Rotaflo TF6/24 tap. After evacuation a slight 
excess of anhydrous hydrogen cyanide »'as condensed onto the 
metal at 77 K. The mixture was carefully warmed towards room 
temperature until the reaction became vigorous when it was 
stopped by recooling to 77 K. The hydrogen was pumped away, 
further hydrogen cyanide added and the mixture again warmed 
towards room temperature. This process was repeated five times 
until a six-fold excess of hydrogen cyanide had been added. At 
this stage the reaction was not complete, but further reaction 
became very sluggish.* The excess hydrogen cyanide was distilled 
from the mixture by pumping on it through a trap cooled to 77 K 
for 12 hr. The solid was transferred in a dry-box containing 
nitrogen dried with sodium-potassium alloy. The excess lithium 
metal was removed mechanically and the difficulty encountered 
with the transference of the very light powder due to the electros-

fThis method produced a bulky white solid. If larger quantities 
of hydrogen cyanide are used to accelerate the reaction, higher 
temperatures and consequent polymerisation of the hydrogen
cyanide occurs.

stringent precautions were taken at every stage to prevent this. An 
average value of -6.5 kJ mol 1 was used for the present calcula
tions.

DISCISSION
The necessity of treating the CN ion as a spherical 

rotating charge in the cubic salts NaCN and KCN does 
not enable us to parameterise the cubic equations as 
charge dependent functions. Consequently values of the 
parameters in Table 5 derived from averages of the 
orthorhombic data (c and g) may be more reliable. The 
previous results [2] obtained from a consideration of the 
polymorphic modifications of NaCN and KCN and the 
known enthalpy of transition agree extremely well with 
those resulting from these studies. The thermodynamic 
data so derived (although somewhat at variance with the 
previous estimates (Table 2). particularly in the case of 
A//!oi»(CN Kg)) we believe represent reasonable esti
mates of the parameters involved. We also must bear in 
mind that even the more comprehensive of all the previ
ous studies (probably those of Ladd and Lee(l] and 
Morris [8]) do not use equations which are directly applic
able to complex ions. In order to seek further validation

f t  -« .R i t i r a -  v-(s t
n  t  , ) r j
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for the derived thermodynamic parameters for the gase
ous CN ion we shall attempt to calculate A/f^CN'K^) 
and other parameters from a study of the NH*CN crystal, 
in addition to developing new approaches to the estima
tion of these quantities [46,47].
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On ‘ basic’ radii of simple and complex ions and the 
repulsion energy of ionic crystals

B y H. D. B. J e n k i n s  a n d  K. F. P e a t t  

D e p a r t m e n t  o f  M o l e c u l a r  S c ie n c e s ,  U n i v e r s i t y  o f  W a r w i c k ,  

C o v e n t r y ,  W e s t  M i d l a n d s ,  U . K .

( C o m m u n i c a t e d  b y  R .  M a s o n ,  F . R . S .  -  R e c e iv e d  14 D e c e m b e r  1976)

This paper proposes a method in which minimization criteria are employed, 
within the framework of the Huggins and Mayer method for the calcula
tion of repulsion energy in ionic crystals, to establish ‘ basic ’ radii for both 
simple and complex spherical ions. With radii so generated repulsion 
energies (and hence total lattice energies) can be obtained for salts 
containing spherical ions. The paper initially establishes ‘basic’ radii 
for alkali metal and halide ions using more recent data than those used 
originally by Huggins. A description is then given of how we propose to 
employ the method for salts having spherical complex ions. The examples 
of potassium, rubidium, caesium, thallium and ammonium hexachloro- 
platinates are chosen and values for A//P(PtCI| ) (g) and Af/p,d(PtClJ ) (g) 
are assigned on the basis of the repulsion, and hence the total lattice 
potential, energies calculated for these five salts.

Recent suspicions regarding the accuracy and reliability of the repulsion 
energy calculations for potassium hexachloroplatinate described in the 
current literature are re-examined and found to be justified.

S y m b o l s

A

K A „ , b p

«0
°C»F,
af ,a, 
b

c ++>c — , e + _

pre-exponential repulsion parameter 
cubic lattice parameter
multipole expansion coefficients for Electrostatic Madelung parameter 
value of cubic lattice parameter at energy minimum 
value of lattice parameter in calcium fluoride 
polarizabilities of ions » and j
pre-exponential repulsion constant (=  101’ erg molecule-1) 

dipole-dipole dispersion energy pre summation factors ( + , cation;
—, anion)

C++, C _, C + _  pre exponential repulsion factors (+ , cation; —, anion)
 ̂ internal distance in complex ion ( =Pt-Cl)

d + + ,d _, d + _  dipole—quadrupole dispersion energy pre summation factor ( +  ,
cation; —anion)

E i ,  F i  charge independent coefficients in equations expressing U » i t  c. 
A(0Jfeiec/0a)a-«. »“d 0 'i as functions of g a  

* [ U »  1
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E E  total internal energy change for the ‘ lattice energy' step in the Bom-
Fajans-H aber cycle

EH<;\ chloride ion affinity of crystalline PtCJ, at 298.15 K  and 1 at m pressure
A//P(MX) (c) standard enthalpy of formation of compound MX in the crystalline 

state at 298.15 K  and 1 atm pressure
A/fprd(M+) (g) standard enthalpy of hydration of the gaseous M+ ion at 298 15K 

and 1 atm pressure
A/l^inlMX) (c) standard enthalpy of solution of compound MX in the crystalline 

state at 298.15 K  and 1 atm pressure 
electronic charge

fij,., £Ptcl| -, i^ptcu total internal energy of M+, PtClJ and M,PtCl,
e{ , € j characteristic energies of ions t and j
A, k, l indices describing unit cell
AP Planck’s constant
/, second ionization potential (M+ -*• M,+)
kt, distance parameter (=  f?(i/a0)
K  conversion factor (=  1389.30) to convert units of e* A-1 to kJ mol-1
L  integer index
m  mass of electron
Jfeiec Electrostatic Madelung parameter
n constant in Bom-LandA equation
v  number of ions in stoichiometric unit
p variable index in multipole expansion of Mtltc
P i ,  P l  electron number of ions t and j
pt(VE), pj(HW) electron numbers derived from valence electron considerations 

and from Herzfeld & Woolf (1928) formula 
<j>0, 4>i, 0 1> <t>* fho dependent ‘constants’ relating charge on terminal atom of com

plex ion ( q j )  to the ‘basic’ radius 
qt ,q i  charge on ions t and j
qa  charge on terminal atom of complex ion
Q it  Q j  parameters for ions t and j  defined by equation (18)
fM+.fx-.?itci|' ‘basic’ radii of ions M+, X” and PtClJ~
R  gas constant
run distance between nearest neighbour ions
^ mm(-^xx<>-®mx< distance between reference M+, X ~  and M+ ions and all other 

ions M+, X ” and X- respectively, in the lattice 
R n  distance between ions i and j
p  repulsion constant
S } +, S f  8 t ~  dipole-dipole dispersion energy summations having inverse sixth 

power dependence (+ , cation; —, anion)
S i + , 8 ^ ~ ,  S i ~  dipole-quadrupole dispersion energy summations having inverse 

eighth power dependence (+ , cation; —, anion)
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r the ‘lattice energy’ step in the Bom-

iePtCl4at 298.15 K and 1 atm pressure 
tion of compound MX in the crystalline 
ressure
ition of the gaseous M+ ion at 298.15K

;ion of compound MX in the crystalline 
ressure

' of M+, PtClT and M.PtCl,
and j
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S ' l  general dispersion energy summation involving distance between ith
and j t h  ion raised to — Lth power 

T  absolute temperature
Bl :  6 t , 0 2, 6 [ ,  0 ‘t , 6*3,0 \  calculable constants containing lattice repulsion summations 

specific to the individual MmX„ salt considered 
l \ con acoustic energy of the lattice
C'jifc electrostatic energy of the lattice
U a  dipole-dipole contribution to the dispersion energy of the lattice
U qa quadrupole-dipole contribution to the dispersion energy of the lattice
U t repulsion energy of the lattice
U jnt total lattice potential energy of the lattice
x i , y i , z i  fractional ion coordinates
z +, z — charges on cation M*+ and anion X*-

+ -*M*+)

to convert units of e*A-> to kJmoH

eter
ion
■ic unit
pansion of M t l t c  

)

d from valence electron considerations 
1928) formula
lating charge on terminal atom of com- 
dius

mplex ion
ined by equation (18) 
i ~  and PtClJ“

ibour ions
jnce M+, X - and M+ ions and all other
vely, in the lattioe

lergy summations having inverse sixth 
1; anion)
ion energy summations having inverse
, cation; —, anion)

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

The condition that the lattice potential energy of a cubic crystalline lattice should 
be at an energy minimum leads to the equation:

/ec/r\ _/8tWi /atfrdX /atvv
l 0“ /a-«. \ 2“  /«-«. \ 0 0  K - a .  \ 0 0  /«-a.’ ( 1)

where U t , U t l t c , U M  and (/„„ are the repulsion, electrostatic, dipole-dipole dispersion 
and quadrupole-dipole dispersion energy of the lattice and a  is the lattice parameter.

By adopting a parametric form for U r  based on Huggins and Mayer’s expression 
(Huggins & Mayer 1933; Huggins 1937; Mayer 1933) involving the ‘basic’ radii of 
the ions involved, the above equation leads, for a crystal MmX„ to the expression:

» , „ p  (Sc) +„,„ „  (&.-)

' ' * 
“ 0

where d l , 8 t  and 0 t  aie calculable constants (based on individual lattice summations) 
and rM*, rx_ are the Huggins ‘basic’ radii of the ions M*+ and X ‘  , M tuc is the 
electrostatic Madelung constant of the lattice based on distance a0, the cell constant. 
If we consider a general cubic lattice MmX n where the ‘basic’ radius, fM+ of the 
cation can be established, equation (2) then reduces to:

0,exp(2fx -/p)+0;exp(fx-/p) + 0; = 0, (3)
where 0‘t = 0texp(ru+lp) (4)

and
0’i

[t/.i.c +  et/ss +  8i/Q4 -  K  I
(« )
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or, alternatively, if the ‘basic’ radius of the anion is known, equation (2) reduces to

Equations (3) and (6) are solvable quadratic equations in exp (rx -/p) in the case 
of equation (3) and in exp (fM+/p) in the case of equation (6). I f  the ions X ' , or M'*, 
possess spherical symmetry, then the respective solutions of equations (3) and (6) 
assign a ‘ basic ’ radius to X*- , or M*+. Clearly there is no restriction on the complexity 
of the M,+ or X*- ion except in so far that for the radius to have meaning the ion 
should be spherical.

The lattice potential energy of an ionic solid is given by the term by term

At equilibrium (corresponding to the lattice constant of the cubic structure, a, 
becoming equal to o#) the first derivative of the lattice potential energy with respect 
to this lattice constant is zero, giving

which generates equation (1).
When a specific form of these energy terms is taken we can obtain these first 

derivatives and substitute into equation (1). Thus, the electrostatic energy can be 
written:

where K  is the conversion factor from e* A-1  to kJ mol-1. On differentiating we have

For a cubic lattice containing only monatomic ions (the case in the alkali halides, 
m =  n = 1), (3Jf.tec/3o)o- « ,18 “ «> and ®°:

01exp(2rM+/p) +  0;exp(rM+/p) + 0;  = 0,

where erx = 0,exp(rx -/p) (')

and 6, - 0,exp

2 . T h e o r y

expression Ppot — f4lec +  t^dd +  f'qd — U T.

Utitc — A 3 f eiec/a0 , (ID

V 0“ l a - a ,  0“ / - « .
( à U t l " \  r x / 8jf«i.c\ ( 12)

(13)

The van der Waals dispersion terms U a  and U q a are given by

Pdd -  « e ++S i + +  c _ S t- ] + e +_ S i - ,

uqi =  i[d ++S,++ + d _ _ 8 r ] + d + S Î - ,

(14)

(15)
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nion is known, equation (2) reduces to 

+  = 0. (6) 

’x - I p )  (7)

Id +

;ic equations in exp (fx /p) in the case 
of equation (6). If the ions X*-, or M'+, 
tive solutions of equations (3) and (6) 
here is no restriction on the complexity 
or the radius to have meaning the ion

solid is given by the term by term
, +  P ,d - i / r. (9)

ice constant of the cubic structure, a, 
le lattice potential energy with respect

■ 0 ,  ( 10)

ms is taken we can obtain these first 
Thus, the electrostatic energy can be

tlec/Oo » (11)

to kJ mol-1. On differentiating we have 

tc\ _  AjMelecI (12)
' o-o, °0 J

imic ions (the case in the alkali halides,

Polocl 
“o /'

nd t/qd are given by 
S .-] +  c+_5,+-
s r ] + d +_a t~ .

(13)

(1*)
(16)

‘ Basic' radii and repulsion energies in ionic crystals

. -  2* Q tQf
where C<* ~  3(e, +ty) ’

d(‘ -  2

V‘ 2e*

(16)

(17)

(18)

a,, f- i and p, are the polarizability, characteristic energy and electron number of 
the ion t and e is the electronic charge.

W  =  2  ( 4 - ) *  (19)•lit \ K i l '

In these summations a reference ion t is taken, and the sum is over ally ions in the 
surrounding unit cells. For a cubic structure, the distance between a reference ion 
(fractional coordinates ( x Jf y t , z , ) )  and ageneral ion »(fractional coordinates ( x l t y ( , z()) 
in a unit cell designated h, lc, l is given by

(20)R{j = a{(h +x{ — xl)t + (k + yi- )* +  ( !+ * < -2j)*}* -  alcu

and therefore
/as2\ _  v  t  T 1 1 \ L+1 _  W .
W o - o . " " ^  "

consequently

and = _ 8Pqd
V 3“ /o-o. “o

In the case of salts of the type M,PtCl„ the summations S ‘l  take the specific form

( 21 )

(22)

(23)

and

l ions

tM+ci,-
all ions

cir

tci-ci,-E

all ions
Clr

( R c i - c i r  )~ L  -  4(*ci-cii) *  -  (itn-c& J

(24)

(26)

(26)

(S)
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where R t i  c u *  an<l R c i  cui.. are the chlorine-chlorine nearest neighbourand nut 
nearest neighbour distances within the s a m e  PtCl}- ion.

If we specifically consider an alkali halide crystal, MX, the repulsion energy is, 
following Huggins and Mayer, given by

+ 6C._expf M4+P* ) 2  e x p ( - ^ ) ,  (27) 
V P  / « II x, \  p i

where b  is a constant (1011 erg molecule-1) and

C tJ =  ( l + ^  +  & ) ,  (28)
1 V Pi Pi/

where q (  is the charge on the ion i, p  is a parameter, usually obtained from com
pressibility data. The summations are performed in a similar manner to those 
involved in the dispersion energy calculations. Using equation (27), and differenti
ating, we obtain

The summations involved in equation (29) can be computed in a similar manner 
to those defined earlier.

Substitution of equations (12), (22), (23) and (29) into equation (1) leads to an 
expression of the form of equation (2). Explicitly 20 equations can be produced for 
the alkali halides ( m  —  n  =  1) where each rM+ appears in f o u r  equations and each 
f x  in f i v e .  This set of equations cannot be solved directly, but provided we assign 
the ‘basic * radius for o n e  ion, all the ‘basic ’ radii can be computed for all the other 
ions. The suitability, or otherwise, of the initial choice can be judged from the 
consistency found in the f values for these other ions. The process may be cont inued 
in an iterative manner in order to deduce an optimum set of radii for the alkali metal 
and for the halide ions.

Other salts (m or »  #  1) like, for example, MsPtCl4, have slightly different 
expressions for their repulsion energies. Specifically, for an MtPtClf salt having the
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antifluorite structure, U T takes the form

M,+
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U t = | 6C++exp I

H I .
PtClJf

+  JftC__exp . S  e*p |L all ions 
PtCIJ,-

f i P t C l ! -  P I C 1 I 7 (30)

where rj,lcl|- is the ‘basic’ radius of the hexachloroplatinate ion. These expressions 
are still differentiable and the general equation (20) applies, and in the case above

(S L . -
/ ^ M P t C l l i- 6C+_exp ( ' M+ + W ) [ 2  Z I 

\ p  / L aU ions <
PtCIJr

^ptcur

- | 6C__exp (2rPtci|-
:) [ 2

a l l  i o n s
ptci?-

(k P I C 1 I 7 ur j  cip ^ R™ * -  ptcl>T

(31)
In this paper we (i) establish the basic radii of the ions M+ (M = Li, Na, K, Bb and 
Cs) and X" ( X  = F, Cl, Br and I) by consideration of 20 alkali metal salts as 
described; (ii) establish the basic radius of Tl+ and NH* by considering T1C1 and 
NH4C1 by choosing the fLn- value determined above; and (iii) having obtained 
?M+ (M = K,Rb,Cs, T1 and NH4), we consider M,PtCl( salts, to establish a basic 
radius for the PtCl}- ion.

In this study a unique value is assumed forp for all the alkali halides, an approach 
often criticized, particularly (see Baughan 19590,6 ; Tsai 1964) in the case where 
a s in g le  exponential term (rather than a s u m  of exponential terms, as in equation (27) 
for example), is used

U t  =  A  exp ( -  r nn/ p ) ,  (32)
where rnn is the distance between nearest neighbours, for the parametric form of the 
repulsion energy. It must be recognized that in the present method admitting a 
variable/) parameter introduces complications and, in the absence of compressibility 
data, makes repulsion energies difficult, if not impossible, to calculate within the 
Huggins and Mayer formulation. Assumption of a constant value forp is taken to be 
consistent with our previous work (Jenkins, Pratt, Smith & Waddington 1976; 
Jenkins &  Pratt 1976a). We believe that in the particular method we are now 
proposing such errors that may be introduced by this assumption will be minimized 
since we are directly evaluating the basic radii, which themselves have a close 
parametric relationship to p.
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3 . C a l c u l a t i o n s

In the case of the alkali halides, the cell constants used in this study are taken from 
Wyckoff (1965). The Madelung constants are well established. For the sodium 
chloride structure (structure type I) M , lec is 3.49513 (Waddington 1959) and for the 
caesium chloride structure (structure type II) uc is 2.035356 (Waddington 1959), 
both based on the cell constant a 0 as the characteristic distance. The computation of 
Ueicc is therefore straightforward.

The CsCl structures of T1C1 and ?iH,Cl used in this study are taken, in the case of 
T1C1 (a# = 3.834 A) and NH4C1 (a, = 3.8756 A) from Wyckoff (1965).

In the case of the hexachloroplatinates considered, all the salts possess the anti
fluorite structure with cell constants:

KjPtCl, (a0 =  9.755A); RbjPtCl, (a, = 9.901 A); Cs^tCl, (a„ = 10.215.4);
TljPtCl* (a, = 9.779 A) and (NHJjPtCl, (a, = 9.858 A)

(Wyckoff 1965).
Herzig, Jenkins ft Neekel (1976) have expanded Ut itc , the electrostatic energy 

for these salts, as a function of the cell length a  and internal Pt-Cl distance i  and 
the charge distribution qc t  on the terminal chlorine atoms of the complex ion, and 
have determined the values of the coefficients A 0, A p and B p for salts haring the 
K^PtCl, (antifluorite) structure:

a , «  -  f  (■‘•♦ tv«©' * ■ + |!"
even even

whereupon
/0i4lec\ -̂ elec j
\ /o- a .~ l “o\ 3“ /«-a,-  «2 J

" “ 5 K \5 .(*+i,^ © ' ta^ (' +i,M 9 H (35)
even even

where Jfeiec is the electrostatic Madelung constant based on a,.
In the calculation of U m  and U9a, by virtue of the dependence of eit and on 

Q t and Q jt  which in turn depend on a t and the polarizabilities we are obliged to 
select, in the case of the alkali halides, values for a  from the numerous theoretical 
and experimental determinations of the electronic polarizabilities of the alkali 
metal and halide ions in the literature. We considered, in the course of this work, 
five different sets of polarizability data. Two of these sets, that of Pauling (1927) 
(who used the quadratic Stark effect as the source of data) and that of Tessman, 
Kahn ft Shockley (1953) (who used refractive index measurements) were obvious 
sources to use for 1x because of the r a n g e  of ions for which polarizabilit ies are quoted. 
The latter set have received criticism (Pirenne ft Kartheuser 1964; Jaswal 4 
Sharma 1973) on the grounds that invalid minimization procedures were adopted 
in working up the results. A further two sources of polarizabilities, which also use
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refractive index measurements, have been considered; namely those of Pirenne &  

Kartheuser (1964) (who assume a non-additive law) and those of Jaswal & Sharma 
(1973). A further set of polarizabilities was considered, due to Michael (1969) 
(average values adopted) who used photo-elastic data for the determinations. 
Several points regarding these sets are of note: (i) the values of Tessman e t a t . values 
differ greatly (up to 40 %) from the others, especially for the cations; (ii) Pauling’s 
values differ from the other sets for the anions (up to 25 %); (iii) all the sets, with 
the exception of those generated by Michael have assumed au + = 0.029 A (the 
quantum-mechanically confirmed free ion value) (Pauling 1927).

The characteristic energy et of an ion has a much reduced parametric dependence 
on U i a and l/Qa than has the polarizability a . The parameter e+ for the cation was
taken as e+ = 0.9/„ (36)

where /, is the second ionization (M+---- >M,+) potential. The corresponding
characteristic energy for the anion e_ was found from Mayer’s (1933) experimental 
Q , values, in conjunction with individual values of tz.

Two sources of electron number, p { , were employed in this study for incorporation 
into equation (28): the first sets —  2, pM + (M =  Na, K, Rb and Cs) = 8 and 
Px - (X = F, Cl, Br and I) =  8, while the second approach uses the geometric mean of 
these values with those obtained by application of the Herzfeld & Woolf (1928)
equation:

P i  =
4jt*meJiZ4

6|,«‘  ’
(37)

where h P  is Planck’s constant and m is the mass of the electron.
In the case of the hexachloroplatinates, the derivatives (0i/dd/3o)o_a, and 

(DC/qd/Sa)^  ̂are evaluated using the polarizabilities of Pirenne & Kartheuser (1964), 
treating the PtCl}- ion as though it could be regarded as being comprised of six 
chloride ions (Jenkins 1977). The electron numbers were taken as 8 apart from the 
case of Tl+ when the Herzfeld and Woolf formula above was employed. The sum
mations necessary for the above derivatives took the form of equations (24), (25) 
and (26).

The equations for (St^/fio).-«, took the form of equation (29) and (31) for the MX 
and M,PtCl€ salts respectively.

The calculations we have made for I/pot(MX) were carried out for three values of 
/' (0.333, 0.345 and 0.36 A) to justify, if possible, our contention that variation in p  

makes very little difference to the final I/pot(MX) values. In the case of the M,PtCl, 
“alts p  was taken to be 0.345 A throughout.

4 . R e s u l t s

We have not attempted to reproduce our results in full in this paper, they are 
available elsewhere (Jenkins & Pratt 19766). Instead, we have chosen to quote the 
set of radii which we regard as optimized ‘basic’ radii judged on the grounds of
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internal self-consistency (table 1). The effect of choosing any one of f iv e , sets of 
polarizability data rather than any other produces a variation in the radii which 
in turn produces a variation in U t  which offsets the associated change in I ’a  and l \ t 

effected by the particular choice made (for numerical details see Jenkins & Pratt 
19766).

T a b l e  1. O p t i m iz e d  s e t  o f  ‘ b a s i c ’ r a d i i  f o r  a l k a l i  m e t a l

AND HALIDE IONS DERIVED FROM THIS WORK (RADII IN A)

P = 0.333 A P - 0.345 A P  = 0.360 A

Ion P«(VE) P,(HW) PJVE) PJHW) pi(VE) P.(HW)
Li+ 0.539 0.511 0.424 0.398 0.290 0.268
Na*t 0.940 0.940 0.875 0.875 0.810 0.810
K+ 1.241 1.241 1.191 1.189 1.143 1.141
Rb+ 1.385 1.368 1.317 1.318 1.273 1.273
C«+ 1.518 1.528 1.465 1.472 1.415 1.421
F" 1.079 1.129 1.133 1.187 1.181 1.239
cr 1.472 1.500 1.512 1.543 1.547 1.580
Br* 1.598 1.624 1.634 1.662 1.666 1.696
I*— 1.787 1.811 1.818 1.851 1.844 1.872

p t(VE), p f is equal to the number of valence electrons: pJHW), p, is obtained from the 
geometric mean of j>,(VE) and the value of p , obtained from Herzfeld A Woolf (1928, eq. (37)). 

f  Values fixed for this ion (see text).

The results in table 1, which arise from choosing the polarizabilities derived from 
Pirenne and Kartheuser’s work for the ions involved, are used for the extensions of 
the method to salts containing complex ions and having cubic lattices.

We recompute, in table,2, the lattice potential energies of the alkali metal halides 
and compare these with the recommended values suggested by Jenkins 4 
Waddington (1977), which are averages of the results for the lattice potential 
energy by Cubbiciotti (1959, 19 6 10 ,6), Tsai (1962, 1964) and Tosi (1963, 1964).

As mentioned when discussing equation (2), it is necessary for the present method 
to assign the radius to one ion. The Na+ ion was chosen and its rad iu s  fixed at 
0.940 A (for p = 0.333 A), at 0.875 A (forp =  0.345 A) and at 0.810 A (forp = 0 . 3 6  A). 
The iterative procedure described earlier ensured that these values were optimized. 
The first two values arise in the work of Huggins (1937), the third is derived from 
the assumption of a rectilinear relationship between r and p. Several po in ts emerge 
regarding the results: (i) The variation of p, while reflected in quite a considerable 
variation in the basic radii, does not affect the value of U T and therefore of i poi 

markedly. This is the situation we have always claimed when repulsion energies are 
written as sums of exponential terms, (ii) The agreement between the lattice 
energies calculated in this study and those selected by Jenkins A Waddington 
(after considered appraisal of all the calculations reported in the literature from 
1959 to date) as being the most reliable is remarkable, (iii) The agreement between 
the ‘basic’ radii of Huggins and those derived (but not reproduced here) using
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similar data leads us to have confidence in the use of the radii given in table 1 which 
are based on what we regard as more reliable data.

Choosing fci- as being equal to 1.512 A (table 1) corresponding to p =  0.345 A we 
considered the salts T1C1 and NH4C1 and obtained, by solution of equation (6):

rXI+ =  1.370 A, (38)

=  1-265 A. (39j

T a b l e  3. R e su l t s  f o e  T1C1 and N H 4C1

tici NH.Cl
737.5 729.6 kJmol-»

a,(A) 3.834 3.8766 shortest distance
«M+ 29.4 41.4 101* erg molecule-1
«01- 17.2 17.2 101* erg molecule-1
®M+
<*c-

3.880
2.995

1.656
2.995

A*1 Pirenne &  Kartheuser (1964)
u* 109.8 48.1 k j mol-1
u„ 14.0 5.2 kJ mol-1
v. 153.0 106.2 kJ mol-1
tU(MCl) 708.3 676.7 kJ mol-1 (this work.)

The results for individual terms are given in table 3 for p — 0.345 A. Using rK.
^Rb+ ^Cb+ from table 1 and fT1+ and rNH+ from equations (38) and (39), we
calculate rptcij- in the cases of the salts M ,PtCl, (M =  K , Rb, Cs, T1 and NH4) having
the antifluorite structure. Taking p =  0.345 A, the solution of equation (3) gives the
curves reproduced in figure 1, which take the parametric form

»W it- = P M 0 O  +  (<fii +  9&.9ci +  0 .7 a )*] ,  (40>

where <f>0, <f>lt <j>t  and <j>i  are p  dependent ‘ constants' arising from the solution of 
equation (3), since

exp , (41)

whereupon W  =  p l n [ ±  ( g - g 1‘j  (42)

and since 0[ is a  quadratic function o f the charge gcl on 
ion, by virtue of the equation

the terminal atom of the

i êlec ** £  Di9c\ (43)
i-0

and the equation
(44)

— S  Ftfat-%
hence (15)
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so that in equation (40)

0o =  -  0 'J 2 0 „  0 , =  0'J401 -  FJO , (46,47)

0. =  -  F ,/0„ 0, =  -  F J 0 ,. (48,49)

Values of 0 O, 0 1, 0 , and 0 , for the salts M,PtCl, are listed in table 4. Figure 1 gives 
a plot of fPtc„- against qcl for these salts.

Figuhb 1. Plot o f ‘basic’ radius of hexachloroplatinate ion, r ^ j-  against the charge on the 
terminal chlorine atoms qa  of the PtClp ion for K,PtCl„ Rb,PtCI,, Cs,PtCl,, Tl,PtCl, 
and (NH4),PtCl, salts.

In figure 1 the curves are similar in form on account of the isostructural nature of 
the salts considered and thus the intersections at regions X  and Y have no precise 
quantitative interpretation. Clearly we require a salt of the type M,PtCl, of different 
(not antifluorite) structure to quantify the intersections completely. Clearly the 
intersection points X  (figure 1) are allied to the chemical charge distribution 
situation as it exists in PtClJ-  and the intersections lie close to the value of qa  
predicted for the ion from n.q.r. work (Kubo A Nakamura 1966) which corresponds 
to qa  =  — 0.44 and to the value assigned from molecular orbital calculations by

(S)
c
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Cotton A Harris (1 9 6 7 ) which corresponds to qci  -  -0.445. If vte assign to be 
— 0.44 this generates, for p =  0.345 A, the values f p ^ .  equal to 2.60 A (for 
potassium salt), 2.56A (for rubidium salt), 2.58Â (for caesium salt), 2.62 A (for 
thallium salt) and 2.60Â (for the ammonium salt), averaging to

fptcu 2.59 A. (50)

In the calculations of Ut  for these salts the ac tua l (rather than the average) radii 
generated were used. The rationale for this lies in the fact that the Pt-Cl distance 
varies by 3 %  in these compounds.

Table 5 gives the results for the total lattice potential energies of the salts 
considered. The charge independent coefficients of the electrostatic energy and 
related derivative are also given in the table. These coefficients have been defined in

T a b l e  4 . V a l u e s  o f  <j>„, <j>x, <j>1 a n d  i n  r e l a t i o n :

?ptc«- =  P 1° [0» +  (0 i +  0 t?c i +  0 i?a )O  
FOR P  =  0.345 A FOR M jPtCl, SALTS

salt 0 # 0 * ¿3
K,PtCl. — 52 361.0 3067748210 235654900 -  117939627
Rb.PtCl, -84722.6 7619623830 289049554 -  131283992
Cs,PtCl, -166976.0 28721523400 483016132 -  198805278
TljPtClg -86170.8 7892303070 230748492 -  104804169
(NH,),PtCl, -70421.0 5382159880 284998492 -  142635040

T a b l e  5 . T o t a l  l a t t i c e  p o t e n t ia l  e n e r g i e s  a n d  component 
TERMS FOR M,PtCl, SALTS FOR =  — 0.44

(kJ mol-1) KaPtClt RbjPtCl, Ce*PtCl, Tl,PtCl, (NH.I.PtCI,
D . 1657.3 1632.8 1582.6 1653.2 1640.0
D i 401.4 368.0 331.2 372.6 397.2
D t -100.7 -84.2 -69.0 -86.3 -99.7

* ( a- ^ L . (kjmoi‘ ,)
-  1365.3 -1262.6 -1145.8 -1278.3 -1351.1

783.5 666.4 538.9 664.6 775.3
* + (A*) 1.029 1.670 2.641 3.880 1.656
c+ (erg molecule-1 x 10-li) 45.84 30.63 36.17 29.42 41.09
U« (kJ mol-») 118.8 129.1 145.8 246.6 142.3

(kJ mol-1) 
9a -  -0.44

9.8 11.4 15.5 27.3 13.4

tL . (kJ mol-») 1461.2 1464.6 1423.9 1472.7 1445.9
Ut (kJ mol-») 121.7 131.2 141.1 201.0 133.6

(A) 2.60 2.86 2.58 2.62 2.60
'«+ (A) 1.19 1.32 1.46 1.37 1.26

(kJ mol-1) 1468.2 1463.» 1443.8 1646.7 1468.0
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otal lattice potential energies of the salts 
©efficients of the electrostatic energy and 
able. These coefficients have been defined in

{Slt (¡>t AND <pt  TS RELATION:

+■ (0 i +  0 «?ci +
FOR MjPtCl, SALTS
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ti.
748210
623830
523400
303070
159880

235654900
289049554
483016132
230748492
284998492

-117939627
-131283992
-198805278
-104804169
-142635040

i.NTIAL ENERGIES AND COMPONENT 
I SALTS FOR =  -  0.44 
b.PtCl,
632.8
368.0
-84.2

262.6
656.4

Ca,PtCl, Tl,PtCl, (NH,),PtCl,
1582.6 1653.2 1640.0
331.2 372.6 397.2

-69.0 -85.3 -99.7

-1145.8 -1278.3 -1351.1
538.9 664.6 775.3

2.641 3.880 1.654
36.17 29.42 41.09

145.8 246.6 142.3
15.5 27.3 13.4

1423.9 1472.7 1445.9
141.1 201 .0 133.6

2 .6 8 2.62 2.60
1.46 1.37 1.26

1443.8 1545.7 1468.0
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equations (43) and (44). The values for Ur and t/pot(M2PtCI,) are quoted for 
qcl =  -  0.44 for the salts considered and we assign

i/potfKjPtCl,) =  1468 k J  mol-1, (51)
i/p„,(Rb,PtCl,) =  1464 k J  mol“ 1, (52)
Ppot(CsjPtCI,) =  1444 k J  mol-1, (53)

Ppoi(TljPtCl,) =  1546 k J  mol-1, (54)
Ppo.((NHt)1PtClt ) =  1468kJmol-1. (55)

The corresponding lattice potential energies of T1C1 and NH4C1 were

Ppot(TlCl) =  708 k J  mol-1, (56)

Ppot(NHjCl) =  677 k J  mol-1. (57)

4 . D i s c u s s i o n

Indicative of the success of the method proposed here must be the consistency 
obtained for the ‘ basic ’ radius of the hexachloroplatinate ion (shown by the approxi
mate constancy of rPtCi|- in table 5 irrespective of the cation). We consider now the 
repulsion energy, UT, the lattice potential energy, Upot and the ancillary thermo- 
chemical data which can be generated from these calculations. The potassium salt, 
K 2PtCl4, has received considerable attention in the literature over the last five years 
(Hartley 1 9 7 2 ; Lister, Nyburg & Poyntz 1 9 7 4 ; De Jonge 1 9 7 6 ; Jenkins 1 9 7 7 ). 
Jenkins (1 9 7 7 ) has referred to the discrepancy in the values obtained from the 
empirical and the Born-Landd approaches. Table 6  gives the collected results from 
the literature. The column headings in this table indicate the equations employed 
to calculate the lattice and repulsion energies in each case.

It will be seen that the contention (Jenkins 1 9 7 7 ) that the repulsion energy in 
K 2PtCl, is of the order of 1 2 0 k J  mol' 1 is completely upheld by the present study. 
Moreover the result for this salt for V t  from the Jenkins &  Waddington (1 9 7 5 ) 
equation is in almost complete agreement with Ut calculated from the present work. 
The former equation is based on a consideration of nearest neighbour interactions 
only and takes the repulsion energy in the form of equation (32). The fact that UT 
in the two studies differ by only 3 k J  mol-1  indicates that the PtC l|--PtCl|- ion 
interactions do not substantially contribute to UT in K,PtCI(.

If we consider the Bom -Fajans-Haber cycle (Morris & Short 1 9 6 9 ) for M,PtCl€ 
we have:

I— 2M(c) +  Pt(c) +  3Cl,(g)
I AHP(M,PtCl,)(o) I 2AHP(M*)(g) + AH,e (PtCll-)(g)

M,PtCl,(c)--------- — 2M+(0) +  PtCli-(g)
AB+SJtT 

I Afl&IM.PtCUKo) 
L-2M+(aq) +  P t d J ( a q ) *

ZAff&IM+HgJ + AH&IPtClJ-Hg)

Vol. 3J6. A. (S)
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Hartley (1972)

Bom-Mayer Kapustinskii
equation equation

f II

£

u, -  ^  17*.
rnn

rr 1202fz+z_p 
ri.

k j mol- 1 p  =  0 .345  A p = 0.345 A

17*. 1680 1744
u.
uM
t/w (K,PtCl,)

140 146

1540 1598

Lister, Nyburg & Poyntz (1974)

extended Bom- simple Bom- Kapustinskii
Land<$ equation LandtS equation equation

=  u * . ( i - i ) TT 1214rzTz_ 
U**  ~  r'nn

+ T

* ( l ~ 3

l i  = i [ U * .  +  6£/*] 1214 vz,z.p
U* ~  »'nn

kJ mol-1 n = 9, ?oi =  -  0.44 n =  8 p  = 0.345A

tf*. 1385 1657 1713
V . 238 207 141
U4d 126 — —

l/*,<K,PtCl«) 1273 1450 1572

Jenkins (1977)
De Jonge (1976) Jenkins &
extended-Bom Waddington equation
Land£ equation (see reference)

■ t i* .  ( 1 1 1 « ( 1 - - ) V, =  — rI/*, 4- SCI. + 8t ’w
“.L

v. = i [ t 7* .  + 6 t/««]n - P W J
n = 8.5, 9C, = — 0.44 p =  0.345 A, qa = - 0.44

U.Ue 145 9 1461
ut 2 5 6 125

12 0 132
^pot (K g P tC L ) 132 3 146 8
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v. 1202pz+z_p 
£

P  = 0.345 A

1598

ster, Nyburg & Poyntz (1 9 7 4 )

simple Bom- 
Land^ equation

-■*
Kapustinskii

equation
T.  1214re+z_ 

r„

- “- K ) - ( - 0
r, 1214 n +i-p

44 n = 8 p  =  0.345Ä

1657
207

1713
141

1450 1572

Jenkins (1 9 7 7 ) 
Jenkins &

Waddington equation 
(see reference)

( » - £ )  u< = £ [ l' - + 6 Ck + 8C'-

- * f W J
-0.44 p — 0.345 A. i a = - 0.44
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where AE  is the total internal energy change for the ‘ lattice energy ’ step in the cycle 
and is given by

AE =  2 Eu + +  ®ptcu— ^M.ptci.’ (58)

where E t represents the total internal energy of the species ». I f  M+ is a  monatomic 
ion (e.g. K +, R b +, Cs+ or Tl+),

2 =  3 RT. (59)

When M+ is a  polyatomic ion (e.g. N H ^)

2 Ea + =  6 RT. (60)

Similarly £ PtclJ- =  3 RT, (61)

while ¿M.i'tci. =  ^&cou. -  iW M ,PtfIl„), (62)

where {74COU4 18 the acoustic energy of the lattice (taken as 3RT per ion), whereupon 
for salts K jP tC l,, RbjPtCl,, CsjPtCl, and Tl,PtCl,

AE +  3RT  =  i/p0.(M,PtCl,), (63)
while for (N H 4),PtCl,

A E  +  3 R T  =  i/podfNHJjPtCl,) +  3 RT. (64)

Hence for the potassium, rubidium, caesium and thallium salts we have, from the
cycle

A //ed(P t€ i;-) (g) =  Atf®ln(M,PtCl4) (c) -  t/pot(MtPtCl,) -  2AÄp,d(M+) (g), (65) 

AHP(PtClJ-) (g) =  Af/P(M,PtCl.) (c) +  t/po,(M,PtCl,) -  2A//p(M+)(S), (66)

while for the ammonium salt 

Atfprd(PtClJ-)(g)
=  A R gIn[(NH4),PtCl.] (c) -  £/pot[(NH4),PtCl,] -  3R T  -  2AtfPyd(NH4+) (g), (67) 

AHp(PtClJ-)(g)
=  AHP[(NH4),PtCl4](c) +  üPot[(NH4)IPtCl.] +  3Ä7’ -2A H P(N H i)(g). (68)

Coulter, Pitzer & Latimer (1940) have reported A fig^KjPtClp) (c) =  56.5 k J  mol-1. 
If we use equation (65), applied to KjPtCl«, taking the value for i/pot(Ä,PtCl4) as 
given by equation (51) with A#Pyd(K +) (g) =  -330 .4kJm ol-1 (Jenkins St Morris 
19766), we obtain, for qcl =  —0.44

AHPyd(PtCl*- ) (g) =  — 751 k J  mol-1. (69)

Shidlovskii & Valkina (1 9 6 1 ) have reported A Rgln[(XH 4),PtCl4](c) =  49.8kJmol-1. 
If we use equation'(67), taking (7pot[(NH4)pPtCl4] as given by equation (55), together 
with A £f^d(NHi') (g) =  — 331.4 IcJ mol-1  (Jenkins & Morris 1 9 7 6 a), we obtain, for
9ci =  —0.44 AJ?&d(PtCl}-)(g) =  — 763kJm ol-1, (70)

(S)
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where the latter equation, by virtue of the nature of the treatment of the XHJ ion 
as a point charge ion, is possibly less reliable than equation (69). However, simple 
averaging leads us to assign

A /f^ d(PtClJ-)(g) =  — 757 k J  m ol'1. (71)

Rather than use the literature value of A/fPfK^PtCl,) (c) ( =  -  1259 kJ mol-1) 
which is derived from the A /fgkJK jPtCl*) (c) value using A//p(PtClJ ) (aq) (Rossini, 
Wagman, Levine 4  Jaffe 1952), we calculate AHp(PtClJ~) (g) using the equation

AtfP(PtClJ-)(g)
=  AtfP(PtCli-) (aq) - 2Aflp(H+) (g) -  2A//Prd(H") (g) -  AHP^fPtCl)1- (g) (72)

with the ancillary data A/fpyd(H+) (g) =  -  1100.6k J  mol-1  (from Jenkins 4 Morris 
( 19 7 6 6 )), A//P(PtClJ~) (aq) =  — 678k J m oh 1 (from Goldberg 4 Hepler 1968), or 
=  - 6 7 4 k Jm o h 1 (from Wagman el a l. 1968) and Af/P(H+)(g) =  1536kJmol ' 
(from Wagman el al. 1968), whereupon: Af/P(PtClJ- ) (g) = -  792 k J  m ol1 or 
— 788 k J  mol-1, averaging to

AHP(PtClJ-) (g) -  -  790 k J  mol-1. (73)

Using the thermochemical cycle above with MjPtCl* replaced by BaPtCl,. we can 
use the known enthalpy of formation o f crystalline barium hexachloroplatintte 
( =  — 1180 k J  mol-1) (Goldberg 4  Hepler 1968) and AffP(Ba*~) (g) =  1660 kJmol-1 

(Wagman el al. 1968) to find the lattice energy of the salt BaPtCl, We find

i/p0t(BaPtCl,) =  Affp(Ba*+) (g) +  AHP(PtClJ-) (g) - AJ/P(BaPtCl,) (c) -  \R T ,  (74) 
Upo,(BaPtCle) =  2047 k J  m o l1. (75)

In a similar manner since A//P(Ag,PtCle) (c) =  -  527 k J  mol-1 (Goldberg 4 Hepler 
1968), and AHP(Ag+) (g) =  1019 k J  mol' 1 (Wagman el al. 1968) we have

r po,(AgtPtCl,) =  2AffP(Ag+) (g) +  AtfP(PtClJ-) (g) -  A//P(Ag,PtCl,) (e), (76) 
from which Up0((Ag,PtCld) =  1773 k J  mol-1. (77)

The chloride ion affinity, A//cl of crystalline PtCl4 is measured by the process

PtCl4(c) +  2C l-(g)----» PtClJ-(g)
and is given by the equation

A =  AHP(PtClJ-) (g) -  2AHP(C1') (g) -  A//P(PtCI4) (c) (78)

and taking AffP(Cr)(g) = - 2 3 3 .8  k Jm o l- 1 (Jenkins 4  Morris 1976a) and 
Af/P(PtCl4) (c) =  -  236.4 k J  m o l 1 (Wagman el al. 1968), we find

A/7^j «= — I16kJm ol_1. (7»)

Regarding the value for Af/Pyd(PtClJ~) (g) =  -  767 k J  mol-1 derived from our 
calculated lattice energies, this lies midway between the value — 871 kJ mol 
(Lister el al. 1974) and — 602 k J  mol-1  (De Jonge 1976), the two values quoted for 
this quantity in the literature.



IN D  K .  F .  P r a t t ‘ Basic ' radii and repulsion energies in ionic crystals 133

nature of the treatment of the NHJ ion 
>le than equation (69). However, simple

: -7 5 7 k Jm o l-» . (71)

f  A // f  (K jPtCl,) (c) ( =  -  1259kJ m ol1) 
) value using A/fp(PtClJ- ) (aq) (Rossini, 
te AHP(PtClJ- ) (g) using the equation

i / /g ,d(H+) (g) -  A //£ d(PtCl)J- (g) (72)

1 1 00.6 k J  mol-1  (from Jenkins & Morris 
1 (from Goldberg & Hepler 1968), or 

)68) and A /ff(H +)(g) -  1536 k J m ol1 
: A//p(PtClJ_) (g) =  — 792 k J  mol-1 or

-790kJm ol-> . (73)

h M,PtCl, replaced by BaPtCl,, we can 
crystalline barium hexachloroplatinate 
168) and AHP(Ba*+) (g) =  1660 kJmol' 1 
rgy of the salt BaPtCl,. We find

l|- ) (g )- A ^ P (B a P tC l,) (c )- if ir , (74) 
!047 k J  mol-1. (75)

•■) =  -  527 k J  mol-1  (Goldberg A Hepler 
iVagman et al. 1968) we have

'(P tC lJ-)(g)-A /fP (A gtPtClf)(c), (76)

1773 k J  m ol"1. (77)

ine PtCl4 is measured by the process 

---->PtClJ-(g)

rm ~ )  (g) -  Atfp(PtCl4) (c) (78)

1_1 (Jenkins A Morris 1976 a) and
n et al. 1968), we find
k J  mol-1. (70)

(g) =  — 757 k J  mol-1  derived from our 
ay between the value — 871 k J  mol" 1 
Jonge 1976), the two values quoted for

5 . F u t u r e  e x t e n s i o n s

Using the method outlined here we now find ourselves in a  position to evaluate 
the lattice energies of salts possessing spherical ions of transition metals and propose 
to embark on such a study. Initially we shall consider salts having the antifluorite 
structure where considerable crystal data, although a paucity of thermochemical 
data is available.

One of us (K . F . P.) acknowledges financial support by means of a  Science 
Research Council Studentship. H. D. B. J .  acknowledges a Royal Society European 
Travel Grant in the early stages of this work.

R e f e r e n c e s

Baughan, E. C. 1959a Trans. Faraday Soc. 55, 736-752.
Baughan, E. C. 19596 Trans. Faraday Soc. 55, 2025-2029.
Cotton, F. A. & Harris, C. B. 1967 lnorg. Chem. 6 , 376.
Coulter, L. V., Pitzer, K. S. Sc Latimer, W. M. 1940 J . Am. Chem. Soc. 62, 2845-2851. 
Cubicciotti, D. 1959 J . Chem. Phys. 31, 1646-1651.
Cubicciotti, D. 1961a J . Chem. Phys. 34,2189.
Cubicciotti, D. 19616 J . Phys. Chem. 65, 1058-1059.
De Jonge, R. M. 1976 J . lnorg. Nucl. Chem. 38, 1821-1826.
Goldberg, R. N. & Hepler, L . G. 1968 Chem. Rev. 6 8 , 229-252.
Hartley, F. R. 1972 Nature Phys. Sci. 236, 75-77.
Herzfeld, K. F. & Woolf, K . L. 1928 Ann. Physik. 78, 35-45.
Herzig, P., Jenkins, H. D. B. A Neckel, A. 1976 J. Phys. Chem. 80, 1608-1611.
Huggins, M. L. 1937 J . Chem. Phys. 5, 143-148.
Huggins, M. L. & Mayer, J .  E. 1933 J . Chem. Phys. 1, 643-646.
Jaswal, S. S. & Sharma, T. P. 1973 J . Phys. Chem. Solids 34, 509-513.
Jenkins, H. D. B. 1977 J . Phys. Chem. (in the Press).
Jenkins, H. D. B. Sc Morris, D. F. C. 1976a Molec. Phys. 32, 231-235.
Jenkins, H. D. B. Sc Morris, D. F. C. 19766 Molec. Phys. (in the Press).
Jenkins, H. D. B. Sc Pratt, K . F. 1976a J . lnorg. Nucl. Chem. 38, 1775-1781.
Jenkins, H. D. B. Sc Pratt, K . F. 19766 Repulsion energy and ‘ basic’ radii for ions having 

spherical symmetry. Res. Rep. Supp. no. 1.
Jenkins, H. D. B., Pratt, K. F., Smith, B. T. Sc Waddington, T. C. 1976 J . lnorg. Nucl. 

Chem. 38, 371-377.
Jenkins, H. D. B. Sc Waddington, T. C. 1975 Chem. Phys. Lett. 31, 368-371.
Jenkins, H. D. B. Sc Waddington, T. C. 1977 Adv. lnorg. Chem. Radiochem. (in preparation). 
Kubo, M. Sc Nakamura, T. 1966 Adv. lnorg. Chem. Radiochem. 8 , 256-282.
Lister, M. W., Nyburg, S. C. Sc Poyntz, R. B. 1974 J • Chem. Soc. Faraday I, 70, 685-693. 
Mayer, J . E. 1933 J . Chem. Phys. 1, 270-279.
Michael, A. J . 1969 J . Chem. Phys. 51, 5730-5731.
Morris, D. F. C. Sc Short, E. L. 1969 Nature, Lond. 224, 950-952.
Pauling, L. 1927 Proc. Roy. Soc. A 114, 191-211.
Pirenne, J .  Sc Kartheuser, E . 1964 Physica 30, 2005-2018.
Rossini, F. D., Wagman, D. D., Levine, S. Sc Jaffe, I. 1952 Selected values of chemical 

thermodynamic properties. N.B .S . Circular, no. 500. Washington D.C., USA. 
Shidlovskii, A. A. Sc Valkina, K. V. 1961 Russian J . Phys. Chem. 35, 142-143.
Te88man, J .  R., Kahn, A. H. Sc Shockley, W. H. 1953 Phys. Rev. 92, 890-895.
Tosi, M. P. 1963 J . Phys. Chem. Solids 24, 965-967.



134 H. D. B. J e n k in s  and K. F. P ratt

Tosi, M. P. 1964 Solid State Phys. 16, 1-120.
Tsai, K. R. 1962 Univ. Amoiensis Acta Sci. Nat. 9, (1), 1-9.
Tsai, K. R. 1964 Sci. Sinica 13, 47-59.
Waddington, T. C. 1959 Adv. Inorg. Chem. Radiochem. 1, 157-221.
Wagman, D. D., Evans, W. H., Parker, V. B., Halow, I., Bailey, S. M. & Schumm, R. H. 

1968 Selected values of chemical thermodynamic properties. Tech. Note, no. 270. 
N.B.S. Washington, D.C., USA.

Wyckoff, R. W. G. 1965 Crystal Structures, 2nd ed. New York: Interscience.



Minimisation Equations Applied to the Calculation of the Lattice 
Energies of Alkali-metal Cyanides having Cubic Structures

H. DONALD B. JENKINS* and KENNETH F. P R A TT

Department of Molecular Sciences, University of Warwick, Coventry, Warwickshire 
CV4 7AL

Reprinted from

JOURNAL OF CHEMICAL RESEARCH (S)

1977



64 J .  C H E M .  R E S E A R C H  (S ) ,  1977

Minimisation Equations Applied to  the Calculation of the Lattice 1 v m 'v F ti'* ,S>’
Energies of Alkali-metal Cyanides having Cubic Structures j  chem Research imi

1977.0733-0743

H. DONALD B. JENKINS* and K EN N ETH  F. PRATT

Department of Molecular Sciences, University o f  Warwick, Coventry, Warwickshire 
C V 4  7AL

We report results from our improved1 minimisation 
technique centred around the Huggins and Mayer* 
expression for the repulsion energy as incorporated 
into the equation for the total lattice energy for salts 
possessing complex ions, as applied to the case of the 
cubic cyanides of the alkali metals. The method used 
is outlined briefly in the full text. Scheme 1 gives 
the results from this latest calculation, which involves 
computation of the “basic" radius for the CN" ion 
and the lattice potential energies of the alkali-metal 
cyanides. Wyckoff9 and Donnay10 cite slightly 
different a 0 values for the cyanides; results for both 
are given since the earlier work used the former 
parameters.

Scheme 2 reports the results obtained by using the 
form of repulsion energy, U H , derived by Jenkins

from considerations3 ’4 involving direct minimisation 
of the total lattice potential energy when Up takes 
the form: A exp( -a lp ) .  This approach effectively 
considers only nearest-neighbour interactions to a 
given ion. The results from Schemes I and 2 are 
similar, reflecting the fact that, at least for the case of 
the cubic cyanides the nearest neighbour approxima
tion is a reasonably satisfactory one.

Schemes 3 and 4 report the results for rCN and 
f/por fMCN) from our three earlier studies6' 8 and 
the following points are noted:

(i) the “ basic" radius of the CN" ion used in our 
first studies6 ’1 (Ecn - = 1.57A) is validated by the 
later study (ECn - = 1,58A),* and the fact that the 
present method1-2 generates radii (fCN -=1.56A) 
close to these indicates its reliablility.

Scheme 1 Jenkins and Pratt Calculation1 1 
Optimised "beiic" radii

Directly Minimised Huggins end Mayer* Equation p * 0.345 A

C U B IC

NaCN KCN R bCN CsCN

U p o t 736 672 647 618 kJ m o l '1

(Wyckof f )
'C N - 1.56 1.55 1.55 1.53 A

UP O T 738* 674* 646* 612* kJ mol *1

(Donnay1°)
'C N ' 1.56 1.55 1.56 1.65 A

Ugo end Ugo recalculated. Averaged r CN - .  1.56 A

Scheme 2 Jankins and Pratt Calculation 
Ladd and Lee Equation11

(* % “ ) - .  *• V.
Dirtctly Minimised Born Mayer Equation 
p -  0 .3 4 5  A

CUBIC

NaCN KCN RbCN CsCN

UpoT 
(Wyckoff* 1 730 670 646 618 kJ m o T1

WPOT 
(Donnay1 * 1 732* 672* 646* 610* kJ mol ' 1

U 4 4  end l/qd recalculated.

U* • - ~ r -  ll/KLt C ♦ 6l/dd «■ 8C/gd) for CeCI type structure (CsCN I 
v3e0

a  2p . . .  , for NeCI type structure
Un  * i '  Id 'lL IC  ♦ «Jg g -V B U g g l (N, CN,KCN.RbCN)
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Scheme 5 compares other literature values for the 
cubic salts considered here and gives the average of 
the values obtained for £/p o t  derived by considering 
the most recent studies which involve different 
approaches (Ladd and Lee equation, Lyotropic 
number, Hydration enthalpy -  radius correlation, 
Simple Born Mayer Equation and the Latest Direct 
Minimisation). The agreement between the C/poT 
values and the assigned radius for CN~ tends to 
support our new approach.

References: 17

Table I: Lattice energies of alkali-metal cyanides. 
Direct minimisation: Huggins and Mayer Repulsion.

Table II: Lattice energies of alkali-metal cyanides. 
Direct minimisation: Born Mayer Repulsion.

Table III: Lattice energies of alkali-metal cyanides. 
Extended Huggins and Mayer Calculation, and 
Reciprocal Radius-Hydration Enthalpy Plot.

Table IV: Lattice energies of alkali-metal cyanides. 
Literature Values.
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Abstract—The opportunity to test a new equation for the computation of the lattice energy and at the same time 
examine a disparity in the literature data for the enthalpy of formation of the azide ion, AH,*(N, ) (g) was the 
motivation for this study. The results confirm our earlier calculation and show the new equation to be reliable. 
Thermodynamic data produced in the study take values:

AfffN , Xg)=l44kJmol 1 

A JO N , Xg)*-3l5kJmol 1

or AH!JN> X g )*-295 kJ mol '
l/,„r(NaN,) = 732 Id mol '
LVmtIKN.) = 659 Id moT1 

LVor(RbN,) = 637kJ mol 1 

LVorfCsN.) *  612 kj mol '
IVorfllN») = 689 Id moL'.

The lattice energies of azides whose enthalpies of formation are documented have been calculated as well as the 
enthalpy of formation of the azide radical.

INTRODUCTION
This study of the lattice energy and related ther- 
mochemical data of the univalent metal azides seems, to 
us, timely for at least four reasons: (i) Our previous 
extended term by term calculations [1], which parame- 
terised the thermodynamic data as a function of the 
charge on the terminal atoms of the Ns ion, qN, gave a 
value for AH,'(N, Xg) of 142 Id mol1. This value is 
some 40kJmol~' less than the value quoted (180kJ 
mol ') as having an error of only 4ld mol 1 in the most 
recent thermochemical tabulations (2,3], although it 
agreed with some work carried out fifteen years ago[4], 
(146 Id mol '). This disparity needs investigation.

A possible cause of the disparity is the fact that an 
ellipsoid model was taken for the NT ion whereas in a 
later study of the HF; ion(5) such a model was shown to 
be inappropriate. The opportunity of using the new

equation avoids the issue of choosing a model for the ion 
and we carry out such a calculation with the new crystal 
structure data as well as repeating calculations based on 
an ellipsoid model for comparison.

(ii) The crystal structure of the two azides KN, and 
RbN>, treated in the former study! I), have been 
redetermined recently [6],

(iii) Our study can be extended to include CsN. and 
TIN), since crystal structures are now available for these 
salts (4).

(iv) We have recently developed [7,8) an alternative 
approach to the calculation of the repulsion energy for 
crystal lattices and a study of the azides provides direct 
comparison to our previous calculations and a means of 
monitoring the results of the new approach.

Using the thermochemical cycle:

AH,*(MN,Xc)
~ M(c) + ̂  Nifg) "

AH,*(M'Xg) + AH,*(N. Xg)

MNKO --- .M*(g) + N, (g)

AH:._(MN,Xc)
♦ M’(aq) + N, (aq)» 

573

A /O M - K g )  + A «„K N , Xg)

A' -  .

<3
-
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as in the previous work, we can calculate Aff/*(Nj Kg) as 
a function of charge, qv, and do so, assigning a value for 
this parameter on the basis of the intersection point in Fig. 
1. The enthalpy of hydration, Kg) not treated
previously, is also considered for these salts whose 
enthalpies of solution are known (7].

The equations associated with the cycle take the usual 
form:

AE(MN,) + 2KT = AH/(M' Kg) + AH/(N, Kg)
-  AH/*(MNjKc) (1)

l/,OI<MN.) = AE(MNi) + 2RT = '2  D^v' (2)

and

where K  is the conversion factor from e: A to kJ mole 
and M ,u c  can be expanded in the form.

Mac«--  « . ♦ ( £ « , (£ ) ')  *

The lattice potential energy. f/w,r(MN.) for the 
univalent azides is then given by[8):

i/pOTiMN)) = UeLEC + Ud4 +

-  ̂  + 6 Ujd + %Uqd
where AEfMN*) is the total internal energy change in the 
lattice energy step and l/por(MN*) is the total lattice 
energy and D, (i = 0,1,2) are the coefficients expressing 
the charge dependence. The thermodynamic parameters 
of direct interest in this study can be written:

AH/(N, Kg)= l/por(MNj) ♦  A///(MNjKc)

-  AH,'(M'Kg) = E q*  (3)

AHIjfN. Kg) = AH:.,.(MN,Mc) -  l/ ,or(MN,)

- l H U M m  = 2 F^ '  <4>

- K( ^ )  , ] (7)

where U*, and UM are the dipole and quadrupole dipole 
dispersion energy terms and p is the repulsion exponent 
(taken as0.345 A) when the repulsion energy. f/,.iswntten 
in the form:

Un = B exp(—a/p) i* i

and can be plotted as functions of the charge, where E, 
and F, (i - 0, 1, 2) are the coefficients determined in this 
study.

The Madelung parameter. M rLcc. (based on the cell 
parameter, ao), related to Un f< by the equation:

Ufi ti — K M ntJa* (5)

and a is taken to be the shortest cation anion distance in 
the salt, after the method of Bom and Mayer(10]. 

Since:

" • t t O V H «  *

then Um takes the parametric form:

l>0'

Fi». I.
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here K is the conversion factor from e:A 1 to IU mole 
id Mel£( can be expanded in the form:

+ «,(£ )') tj,

+ C S * f i ) V -  »

The lattice potential energy, UpotCMN,) for the 
nivalent azides is then given by [8]:

UpoT (MN?) = UelEC + U44 + Uq4

~ q ^1/cLEC + 81/*

- « (* % * ) . ]  ®
«*•»

here UM and £/* are the dipole and quadrupole dipole 
spersion energy terms and p is the repulsion exponent 
iken as 0.345 A) when the repulsion energy, i/f, is written 
the form:

Ur = B exp (-a lp ) (8)

»d a is taken to be the shortest cation anion distance in 
e salt, after the method of Bom and Mayer[10].
Since:

" • ( l O V H ; «

en V, takes the parametric form:

EnttvRt* of hydration of artoe ion 

9> from fef [2 C jt (A / S ^ (M * )t g )  from  f « f  [2 1 ])
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»here:

(9)

( 10)

H o = [ ^  + 6 l/aa+8^ ]

° > = [ f +4

( 11)

( 12)

2 CALCULATIONS
The crystal structure of NaN»’ has not been revised 

since the previous work[l]. Sodium azide has a rhom-

bohedral unimolecular unit cell with a = 5.488 À and 
a = 38°43\ The structures of potassium, rubidium, cesium 
and thallium azides [6] have been determined recently. All 
have tetragonal symmetry and tetramolecular cells. The 
cell dimensions are a=6.1129À, c =  7.0943 À; a = 
6.3098 À, c=  7.5188 À; a =  6.5412 À, c = 8.0908 À and 
a = 6.208 Â, c = 7.355 Â respectively.

In Table 1, the intermediate results are given for various 
parameters. M is the Madelung constant (based on d, the

Table 1. Parameterisation of equations for univalent azides MN, (M - Na, K, Rb, Cs and Tl)

NaN, KN, RbN, CsN, TIN,

M
ÉO 0.516995

1.754819
0.573325
1.980076

0.550108
1.986364

0.527846
1.993859

0.554392
1.985069

3.435693 3.530855 3.525939 3.522332 3.526751
dtk) 1.1407 1.1800 1.1690 1.1656 1.1589

629.6 675.0 653.8 629.1 664.6

Uu A, 2137.2 2331.3 2360.7 2376.5 2379.7
,4' 4184.3 4157.1 4190.4 4198.3 4227.9
fl, -2435.8 -2354.7 -2376.9 -2383.9 -2397.6

(id mol'1) Bv -4262.6 -4120.8 -4159.6 -4171.8 -4195.9

Co 629.6 675.0 653.8 629.1 664.6

I W
(kJ mol ')

C, -298.6 -23.5 -16.2 -7.3 -17.9

c, -78.3 36.3 30.8 26.5 32.0

Un
(Id mol ')

Ur (kJ mol ') 
Um( kJ mol ')

UK
(Id mol')

U r o T
(kJ mol')

AH,*(MN,Xc)
AH/(M*Xg)

AHAN, Xg)

AH,*„ta(MN»Xc)
4HUM *X|)

A H U N , Xg)

a h ;^ (N , Xg)

Gt

789.2

205.1
186.0
503.7
264.3

884.2

-160.1

887.8

21.0
163.8
-37.2

-133.0

57.0

911.3

-112.9

33.2 aN, = 4.44 Â*
10.8 «N, = 13.1 x 10 2 erg molecule 1
75.2
19.2
— Previous work11]

1603.8

19.9
170.8
-37.8

-138.8

233.4
777.7*
114.1
-19.8

15.7 
46.57

-326.07

-285.8
19.8

-15.7

Ellipsoid model 
Previous work(l]

Direct minimisation 
eqn (9)

Direct minimisation,

anion-cation distance 
This work

based on qN = 0.9

Ref. (4]
Refs (3,* 31)

Ref. [91
Ref. 120) values 
Ref. ¡21] values 
calculated using
AFCdM'Xg),rom Re( l20!

calculated using 
AHf^lM'Kg) from Ref. |21]
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shortest distance in the salt, N-N) for the process: 
MN,(c)->M*(g) + N‘,'<g) + 2N«"(g), for which the 
energy change is Um, where q'N is the charge on the central 
atom of the N} ion and takes the form:

& = 2 (*n*j ‘ (23)

& = 2  (Rmm) * 124,

M = i,qN‘. (13)

Um can be written as a function of qN:

2

U m = 5) A i(\n  • (1̂ )

M  was computed using the method of Bertaut(l 1] using a 
truncation procedure developed by Jenkins [12,13]. The 
self energy of the ion, U s e , corresponding to the process: 
N**(g) + 2N**(g)-*N, (g) was calculated as a function of
qN:

2

U a - J J V -  05)

Ue le c  coefficients, C, (i = 0, I, 2) are quoted in Table 1.

Ue i.ec = Um + Use — A#

+ ) £ ( A + fi)9« ' -  Cq«'- Ob)

In the previous work, the dispersion energy, U d, 
included only dipole dipole interactions, l/*,. This was a 
reasonable approximation in the case of the alkali metal 
azides but, not however, for thallium azide where the 
dipole quadrupole term is large. In the present study, U„  
is calculated for all the salts, using the equations:

U„ = [U* + U „ ]
- [ ( l / i+ t / i *  + l / i ) + a / i  + l/i* + t/i)) (17) 

and

l/D = [c. S .-  + j ( c . .S ."  + c- S. )]

where:

d. &* +j(<f..S," + <f S. ) | (18)

(19)

‘• - M f ' f ) (20)

(21)

where N ' represents the charge on the central nitrogen 
atom of the azide ion, the summations being performed 
exhaustively.

Data is available for the polarisability, a .of the N, ion 
and the value 4.44 A1, the average of the anisotropic 
values quoted by Freeh and Decius(l4] was assumed 
This value is close to a,, = 4.81 A’ which was used fot 
the azide ion in the previous calculations (1).

The characteristic energy of the N, ion is estimated as 
90% of the second ionisation potential of the N. ion as 
calculated by Archibald and Sabin [15], which gives the 
value t-  = 13.1 x 10' 11 erg molecule '. This is close to the 
value of t .  for the Br ion as used in our previous stud) 
(14.0 x 10 12 erg molecule ').

The “electron numbers", p„ were taken as 8 for all ions 
except TV, where a value of 11 was used[ 16]. The values 
of Us.i, t/«i and the total Ud are given in Table I.

Previously, the repulsion energy, 17«, of the salts was 
calculated by assuming that the azide ion could be 
represented by an ellipsoid of revolution about the major 
axis. Ue was calculated using the Huggins and Mayer 117- 
19) approach. The ellipsoid axes used had lengths 1.764 
and 2.545 A. This model has been employed with the 
newer crystal data and the results are given in Table I.

Um, as calculated by the new equation, in the form of 
the final term of eqn (7) is given in Table I and the 
coefficients of M e le c  in eqn (6 ) are listed in Table 2 so that 
the value of the K (iM c i id  da )< term can be studied in the 
discussion section of this paper. The coefficients J give 
the quadratic dependence of the repulsion energy term, 
calculated taking p = 0.345 A and a as the shortest 
metal—azide distance. The coefficients C, for Uue, as 
generated from the expansion coefficients a, and p, from 
eqn (6) are given in Table 2 for comparison w ith those in 
Table I.

The coefficients, K, (i =0, 1, 2) of the total lattice 
energy are calculated using the equation:

tfeor(MNj) — [C* — Jo + Ud]

+ (C, -  J,)qs = ffajv' -<i

and are given in Table I.

J RESCLTS
Figure 1 displays a plot of AH(‘(N, Kg) vs q.« from 

which an average intersection corresponding to:

where < is the electronic charge, Ci is the characteristic 
energy of the ion, a is the polarisability of the ioo and p, is 
the “electron number” of the ion, and

AH,*<N, Kg) -  144 kJ mol 1 

q* -  -0.91.

(26)

(27)

/■viv The figure also shows plots of A H tjH , Kg) vs q». ; 
,Z2) using data for A H lJ M ' Kg) from Halliwell and Nyburg s
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Table 2. Evaluation of K(dMeifcl*a)u term of eqn (9)

Me ¡t

NaN, KN. RbN, CsN,

Clio
an

M i
adA)
C .
C,U e L B C

(Umol-'j Ci

Gi

2.487017
-31.4997

94.4078
60.5079

-12.2876
-1271.32

507.29
5393.93
8939.74
-234.993
2115.66

-16424.0
141107

-1154911
9802016

-83771513
1.1407
5.4880

629.6
-298.7

-78.4
-503.7
-264.3

2.969977 
-8.196002 
151.304 

-145.124 
-251.396 
1220.69 
3384.05 

-16277.9 
15075.7 

88.3952 
850 692 

-3891.54 
14401.9 

-52366.8 
512636 

2401698
1.1800
6.1129

675.0
-23.5

36.4
-41.3

-160.1

2.969351
-6.922717
144.117

-136.399
-232.677
1264.07
2628.39 

-14026.5
14506.6

96.5017
762.411

-3442.03
6831.40 

-39682.7 
375077

-1680208
1.1690
6.3098

653.8
-16.2

30.8
-37.2

-133.0

2.962249
-5.227965
134.623

-125.954
-198.345
1273.14
1787.04

-11372.8
14398.7

106.308
656.496

-2940.76
4113.86

-17806.2
245667

-1079255
1.1656
6.5412

629.2
-7.3
26.6

-39.4
-112.9

TIN,

2.969801
-7.195057
145.649

-138.193
-237.237
1257.59
2780.52

-14486.4
14576.4

94.8208
780.652

-3532.41
7372.04

-44293.9
401155

-1811136
1.1589
6.2080

664.6
-17.9

32.1
-37.8

-138.8

N’-N distance 
cell parameter

paper [20], we obtain an average value for:

AKUN, X*) = -315kJmol 1 (28)

Qn = -0.92 (29)

= 2 ( R s Ni) k C3)

(24)

■ here N represents the charge on the central nitrogen 
tom of the azide ion, the summations being performed
xhaustively.
Data is available for the polarisability, a , of the Ni ion 

nd the value 4.44 A’, the average of the anisotropic 
alues quoted by Freeh and Decius[l4] was assumed, 
bis value is close to an, = 4.81 A’ which was used for 
ie azide ion in the previous calculations (1).
The characteristic energy of the N, ion is estimated as 

D9c of the second ionisation potential of the N, ion as 
alculated by Archibald and Sabin[15], which gives the 
alue e = 13.1 x 10 l!erg molecule '. This is close to the 
slue of < for the Br ion as used in our previous study 
4.0 x 10 11 erg molecule'1).
The "electron numbers”, p„ were taken as 8 for all ions 

icept TV, where a value of 11 was used[l6). The values 
I UM, 17„ and the total VD are given in Table I. 
Previously, the repulsion energy, 17«, of the salts was 

dculated by assuming that the azide ion could be 
presented by an ellipsoid of revolution about the major 
tis. Ut was calculated using the Huggins and Mayer|17- 
1) approach. The ellipsoid axes used had lengths 1.764 
id 2.545 A. This model has been employed with the 
:wer crystal data and the results are given in Table 1. 
17«, as calculated by the new equation, in the form of 

c final term of eqn (7) is given in Table I and the 
leflicients of MfLt, in eqn (6) are listed in Table 2 so that 
e value of the KidM ,, ftfda)t term can be studied in the 
scussion section of this paper. The coefficients J, give 
e quadratic dependence of the repulsion energy term, 
Jculated taking p = 0.345 A and a as the shortest 
etal—azide distance. The coefficients G for Ihicc as 
iterated from the expansion coefficients a, and 0 , from 
in (6) are given in Table 2 for comparison with those in 
tble 1.
The coefficients, K, (i=0, 1, 2) of the total lattice 
ergy are calculated using the equation:

I W M N , ) - [ C „ -/„+(/„ j

+ £ (  c - W - J W  <25)

id are given in Table I.

1. RESULTS

Figure I displays a plot of A/t'(N> Xg) vs q* from 
lich an average intersection corresponding to:

AH,*(N. XI)- 144 kJ moV' (*>
UN--0.9I. <27)

The figure also shows plots of AHJ^N) XS) v* 
ing data for AHUMXg) from HalliweU and Nyburgs

and using data for AHI^M'Kg) from the studies of 
Morris [21,22] an average value for:

AtfUN, Xg)=-295kJmol 1 (30)
qN = -0.86 (31)

is obtained.
4 DISCUSSION

We discuss the results under six headings, calculating 
the lattice energies of thirteen salts from the ther
modynamic data derived above.

(a) Applicability of the new equation to the azides 
In essence the difference between the term by term 

approach used previously[l] and that used in this study is 
that Ut, the repulsion energy, was previously computed 
from the equation[17]:

(7 ,- b c J e x p t - f R - r l - r D /p ]  (32)

where r ‘.  and rl are the Huggins “basic" radii of the anion 
and cation, employing an ellipsoidal model for the NT ion. 
The present study uses the equation:

G. -  p.[ ( W  + 61/* + 8(7* -   ̂ ]  (33)

As was noted in our study of the bifluorides [5], the

ellipsoid model of a linear ion (see Table I, line 25) tends 
to exaggerate the charge density on the central atom (a 
charge distribution corresponding to qs = -0.9 indicates 
there is hardly any electronic charge on the central atom 
of the ion!) It is not surprising, therefore, that the 
repulsion energy in our present study (see Table 1, line 35) 
is higher than that calculated using the same elipsoid 
model as before with the new crystal data (see Table 1, 
line 24).

The eqn (33) was essentially derived for cubic lattices 
with a single minimisation parameter, a ; in the cases of 
rhombohedral or tetragonal symmetry minimisation can 
be performed with respect to a and a in the former case 
and with respect to a and c in the latter. We have used the 
equation based on a, assuming the other lattice parameter 
to be constant in addition to the internal ion distance d. 
Minimisation with respect to the other lattice parameter 
should give analogous results for 17«.

We cannot leave the discussion of the new equation 
without comment about the excellent intersections given 
in the formation data graph.

(b) Enthalpy of formation of gaseous azide ion
The value for the enthalpy of formation of the gaseous 

azide ion is quoted as 180 kJ mol 1 in Technical note 
270-3(3] and also in the CATCH tables(2] (with a quoted 
error of 4kJmor'). The calculations performed using 
the new equation under test here, those performed using 
the term by term approach! 1] made five years ago and 
those made fifteen years ago [4] all agree a value in the 
region of 144 kJ mol1. We therefore suggest that the 
value accepted in these tables is incorrect. The very 
localised region of the interactions encourages us in the 
belief that the calculations are reliable and moreover the 
previous (questionable) use of an ellipsoid model for the
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ion appears not to be the factor responsible for the 
disparity apparent in the AH/(N, Kg) values.

(c) Enthalpy of hydration of the gaseous azide ion 
N.B.S. Technical Note 270-3(3] gives a value for

AH/(Nf Xg) = 180.7 kJ mol ' and A///(N, Maq) = 
275.1 kJmor1. Considering the process: H*(g) +

AH
N, (g)---»H(aq) + Ni (aq), we have:

AH = AH,'(HXaq) + AH,’<N, Xaq)-AH,’(HXg) 
-AH/(N, Xg)

= AHUH'Xg) + AH;.XN, xg) (35)

and hence:

AH:.XN, Xg) = AHi’(H'Xaq) + AH,*(N, Xaq)
-  AH,’ (H‘ Xg)- AH/(N. Xg) 
-AHUHXg) (36)

taking AH/(H‘ Xaql = OkJ mol"1, AH,*(H*Xg) = 
1536.0 Id mol1 and AHUHXg) = -  1090.8± 10.5 kJ 
mol1 from Ref. [23], we obtain:

AHJ^N, )= -350.8 ± 10.5 Id mol '. (37)

Halliwell and Nyburg[20] gave a value for the 
conventional hydration enthalpy of the azide ion as 
-I389± 12 kJ mol . from which we calculate the absolute 
value to be:

AHJ^Nj'Xg) = -  298.2 ± 12 kJ mol"1. (38)

Gray and Waddington[4| assigned:

AH^N, Xg) = -330kJmol 1 (39)

on the basis of lyotropic numbers and using an average 
azide ion radius of 2.042 A.

The values derived in this study are -  315 kJ mol ' on 
the basis of Halliwell and Nyburg’s(20] data for 
AHlrt(M'Xg) and -  295 kJ mole' on the basis of 
Morris's[2l,22] values. Again the Technical Note as
signment is at variance with our results.

The intersection for CsNi in the plot using the Morris 
data is widely different from the intersections for KN, and 
RbN. with the NaN, curve suggesting that the data for 
AHw(Cs*Xg) may be more accurate than that of Morris, 
or indeed that the Morris Cs‘ value is inconsistent with 
the other M* data he quotes. This point needs further 
investigation and for this reason we do not choose to 
select the most appropriate value for AfON,Xg) at this 
stage.

(d) Charge distribution in N. ion
4 n has been determined in many studies and has been 

assigned the following values chronologically: -0.83 
(valence electron calculation)(24], -0.60 (molecular or
bital calculation)(25), -0.857 (NMR experimental value

for NaN,)(26], -0.548 (CNDO calculation)(27), —0.51 
(LCAOMOSCF calculation)[151, -0.52 (lattice energs 
calculation) (1), -0.952, -0.87 (Quadrupole moment 
calculations)[28] -0.52, -0.57 (Population analysis)(28]. 
It is noticeable that while theoretical calculations tend to 
favour a charge of between -0.5 and -0.6 for q., 
experimental determinations put the value between -0.8 

and -0.9. The present study gave a value (averaged) of 
-0.9 and in that it agrees with the latter range seems 
satisfactory.

(e) Lattice energies of the metal a:ides 
On the basis of our assigned charge distribution. 

qN = -0.90 (average of eqns 27, 29 and 31) we find the 
total lattice potential energies of the univalent azides
considered in this study to be:

l/p0T(NaNj) =  732 kJ mol 1 (40)

l/fnT<KN,) = 659Umol 1 (41)

t/eor(RbN,) =  637kJ m or' (42)

l/eor(CsN0 = 612 kJ mol 1 1431

l/ «T(TIN,) = 689Umol '. ,44)

Based on the Born Haber cycle, the equations below, 
combined with our value for the enthalpy of formation of 
the gaseous azide ion enable us to calculate the lattice 
energies of all azides whose enthalpies of formation are 
known.

lW M N,)-AH,'(H  Xg)wAH,'(N, xg)

-AH,*(MN,Xc) 1451

and

IWiMiN,),) = AJf/(M2*Xg) + 2AH/‘ (N, Kg)

- AH,*(M(N,hXc) - ̂  RT (46)

Use of these equations gives us the values:

Uror(AgNi) “  854 Id mol 1 (47)

UeoriPbiN.h) = 2170 Id mol1 (48)
•nonochmc

IWPbfN,)- -  2172 kJ mol 1 (49>
orthorhomtMC

U,oAZn(N,h) = 2840 kJ mol ' (50)
IWCdiN.h) =■ 2446 kJ mol ' <5I>
IWCufN.h) -  2730 kJ mol ' (52)
IWIMiXN,):) -  2408 Id mol ' (53)
IWSrfN.h) -  2056 kJ mol ' (54)
IVoTtCaiNih) *  2186 Id mol 1 (55)

U^rtLiN.) -  812 kJ mol '. (56)

The only work, apart from ours, that we can compare 
results to is that of Gora(29] whose lattice energy values



aN.)[26], -0.548 (CNDO calculation)[27], -0.51 
DMOSCF calculation)[15], -0.52 (lattice energy 
ation)[l], -0.952, -0.87 (Quadrupole moment 
ations)[28] -0.52, -0.57 (Population analysis)[28]. 
oticeable that while theoretical calculations tend to 

a charge of between -0.5 and -0.6 for qN, 
mental determinations put the value between -0.8 
0.9. The present study gave a value (averaged) of 
>nd in that it agrees with the latter range seems 
ctory.

ttice energies o f the metal azides 
the basis of our assigned charge distribution, 
0.90 (average of eqns 27, 29 and 31) we find the 
attice potential energies of the univalent azides 
ered in this study to be:

IW NaN,) = 732 kJ mol ' (40)
IW(KN,) = 659 0  mol' 1 (41)

l/porlRbN,) = 637 Id mol-' (42)
lW CsN,) = 612ldmor' (43)
l/,or(TIN,) = 6890 mol '. (44)

d on the Born Haber cycle, the equations below, 
led with our value for the enthalpy of formation of 
.eous azide ion enable us to calculate the lattice 
s of all azides whose enthalpies of formation are

were essentially U m values. The order of magnitude of 
the results for Pb(N$); are similar to ours.

(f) Electron affinity o f  azide radical 
Using the value of Evans, Yoffe and Gray [30] for the 

electron affinity of the azide radical, 293 ± 13 kJ mol 1 we 
obtain a value

A///(N, Xg) = 443 ± 13 kJ mol '. (57)
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U,„,(MN,) = AH,'(H'Xg) + AH,*(N, Xg) 

-AH,’(MN,Xc) (45)

.0r(M(N,),) = Atf,*(M!‘Kg) + 2AH,*(N, Xg) 

-  A///(M (N j)îXc) RT.

of these equations gives us the values:

(46)

l/ror(AgN,) = 854kJmol 1 (47)

WPb(N,M = 2170 Id mol ' (48)tnonoclimc
IroWPbfN.h = 2172 kJ mol-' (49)

orthorhombic
l/,„r(Zn<N,)I) = 2840Omol 1 (50)

l/,„r(Cd(N,W = 24460 mol"' (51)

IWICufN,),) = 27300 mol ' (52)

lWMn(N,h) = 24080 mol ' (53)

IWSrfN.h) = 20560 mol ' (54)

IWCafN.h) = 21860 mol ' (55)

t/,OT<LiN,) = 8120 mol (56)

illy work, apart from ours, that we can compare 
o is that of Gora[29) whose lattice energy values
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Ion Model Independent Studies of Hydrogen Bonding 
and the Thermochemistry of Bifluoride Salts

By H. D o n a l d  B. J e n k in s *  a n d  K e n n et h  F . Pratt

School of Molecular Sciences. University of Warwick, 
Coventry, Warwickshire CV4 7AL

R e ce ived  5 th  O c to b e r, 1976

Quantum mechanical based studies of the enthalpy change, \H ? ,  for the process (measuring 
the hydrogen bond strength in the bifluoride ion):

HFjfg) -- H F(g)+ F  (g)

are at variance with studies based on classical lattice energy calculations. One of the difficulties 
in the latter calculations has been that of making reliable calculations of the repulsion energy ( r 
between the non-spherical H Fj ions, requiring the choice of a suitable model to represent the ion. 
The recently proposed equation :

Ur  =  />/ufU ELEC +  6 6 ,d d + 8 i / q d  — /f f f .W E L E c /^ u la , a = Iiol

is used for ion model independent calculations of £ /r . Incorporation of the results to calculate 
the lattice energy of alkali metal bifluoride salts and AW p(HF2Xg) leads to values for AW:' which 
accord with the numerous quantum mechanical estimates. The results of the studies in this 
paper give, for the lattice potential energies of the bifluorides: L'por(LiHF2) =  893 ± 30 kj mol l. 
£/poT<NaHF2) =  788+14 kJ mol ', 6 'pot(K H F2) =  703 k j mol l/poTtRbHF;) = h74;5 kJ 
mol' 1 and Wpot<CsH F2) =  646 ± 4  kj m o l1, for AWre (H F2Xg> a value of -728 + 9 kj mol'1 and 
for AWP a value =  176±6 k j m o l'1. We estimate i/poTfNH4HF2) =  705±9 kj mol '.

IN T R O D U C TIO N

If the lattice energy of an alkali metal bifluoride salt, l/poT(MHF2) is known, the 
Born-Fajans-Haber cycle 1

I'rortMHF,)
M HFjfc)-------------. M f(g) + HFf(g)

i 4H,©(MHF,Xc>
-4H©<MF)(c)-4ll®<HFX«>

MF(c) + HF(g)------------> M-(g) + HF(g) + F <g)
ProTt MF>- Hr

can be used to calculate the enthalpy of the process :
4«®

H F 2-(g ) -► HF(g) + F -(g )
provided the lattice potential energy, tVoT(MF) of the corresponding alkali metal 
fluoride, MF, is known.

A H ?  = I W M F )  — C W M H F j ) — K T — Atffe(M H F2Xc)+
AWf®(MFXc)+A//r®(HFXg). 0)

In attempting to calculate the repulsion component of the lattice energy of a salt 
involving an ion like the bifluoride HF2 ion, one is normally forced to adopt a
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t- Incorporation of the results to calculate 
/ /p (H F 2Xg) leads to values for SH ‘ } which 
imates. The results of the studies in this 
Jorides: f/poT(LiHF2) =  893±20kJm ol 
_703kJm o|-‘ , t/poT<RbHF2) =  674±5 U  
=(HFjXg) a value of -728  ± 9  k j mol- 1 and 
pot<NH*HF2) =  705 ± 9 k J m o l ‘ .

TION

oride salt, t/poT(M HF2) is known, the 

+(g) + HF2“(g)

1FH,) liH®
7(g) + HF(g) + F (g )

ocess:

) + F '(g )
IF) of the corresponding alkali metal

'-A //f®(MHF2Xc) + 

\//P(MFXc)+A//,®(HFXg). ( 1)
mponent of the lattice energy of a salt 
t, one is normally forced to adopt a

“ model ” for the non-spherical HF2 ion (fig. 1). Models involving explicit con
sideration of only the terminal fluorine atoms have been considered,2'* as have models 
in which the bifluoride ion is represented by the simplest solid figure which reproduces 
the full axial symmetry of the ion.2"* However, the former model doubtless neglects 
the distorting effect of the central hydrogen (and thus presumably offers an upper 
limit for the magnitude of the repulsion energy i/R) while the latter model, when 
employed within the framework of the Huggins and Mayer 5- 6 approach to the 
calculation of i/„, as expressed by the equation :

ions

V r = be £  exp [ - ( R , - r + -r_)/p] (2)

(where rf, r are the Huggins “ basic ” radii of the anion and cation and /?, is the 
distance between their centres of gravity) leads to uncertainties due to the necessity 
of choosing appropriate ellipsoid radii. The model itself tends to overemphasise 
the contribution made to the electron density in the region of the hydrogen atom. 
Notwithstanding these considerations Waddington 2 has obtained AH f  = 244 kJ 
mol ", Neckel, Kuzmany and Vinek 7 have found A H f  =  234 kJ mol 1 and Dixon, 
Jenkins and Waddington3- 4 have obtained A//^ = 252 kj mol 1 by means of 
lattice energy calculations for MHF2 coupled with the use of eqn (1). These values 
of A H f  spanning the range 230-255 kj mol 1 are higher in the main than the values 
obtained by the quantum mechanical studies based on the ab initio calculations of 
Bessis and Bratoz 8 (AH f  = 191 k Jm o l1); McLean and Yoshimine 9 (AH f  = 
188 kj m ol1); Kollman and Allen 10 (AH f  =  218 kJ mol“1); Noble and Kurtze- 
born 11 (AH f  =  167 kJ m ol1) ; Almlof12 <A//f = 213 kJ mol“1) ; Spencer, Casey, 
Buckfelder and Schreiber 13 (AH f  =  136 kJ m ol1); Stoegard, Strich, Almlof and 
Roos 14 [ A H f  =  222 kJ mol“1 (SCF) and 234 kJ mol 1 (Cl)]. A recent discussion 
of these values is to be found in ref. (15).

id )  (A) (c)
F ig . I .—Potential energy surfaces (a) for true H F, ion ; (A) for ellipsoid model of H F, ion and (c) 

for separated F~ ion model for ion.

The very early results obtained from the electrostatic model of Fyfe 16 (AH f  = 
241 kj mol“1), from the model of Davies 17 based on ion-dipole interactions 
(AH f  =  200 kJ mol-1) are based on simplified models, and the CNDO/2 calculation 
of Murphy, Bhat and Rao 18 which gives A H f  = 1255 kJ mol“1 is so much in 
disagreement with other quantum mechanical approaches that this value can be 
disregarded, their value based on extended Hiickel calculations (AH f  = 163 kj mol“1) 
is probably more reliable. The CNDO studies of Schuster 19 also indicate the 
CNDO approach to be unreliable (A//f1 = 444 kJ mol“1) for the estimation of 
enthalpy data of this type. The quantum mechanical results extend over a range 
130-234 kJ mol“1 which is lower than A H f  derived from thermochemical approaches.

The commonly regarded “ experimental ” value for A H f  is close to 155 kj mol“1, 
derived by Hairel and McDaniel 20 from measurements of the enthalpy change of 
the reaction:

Me4 NF(c) + HF(g) -  Me*NHF2(c).
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814 T H E R M O C H E M I S T R Y  O F  B I F L U O R I D E  S A L T S

They assume that the lattice energies l/poT(Me4NF) and t/poT(Me4NHF2) »ill 
be within 10 kJ or so of each other and hence their measurement reflects A//,. This 
assumption seems to be invalid when applied to the results obtained, using 
the simple Born-Mayer approach, from studies on t/poT(Me4NCI) = 506 kJ mol ' and 
f W M e 4NHCI2) = 476 kJ mol ',21 where

AU  =  l/poT(Me4NCl)— (/poT(Me4NHCl2) = 30 kJ mol

If the same A V  is preserved for the fluorides, the revised Harrel and McDaniel 
value for AH f  would be — 185 kJ mol-1.

A recently proposed equation 22, 23 offers a means of calculating the repulsion 
component, l/R, for the bifluorides using the subterfuge of avoiding the specification 
of a “ model ” for the non-spherical HFJ ion. In this paper we examine the use 
of this equation and compare the thermodynamic parameters derived for the HFJ ion 
with those previously 3t * obtained by more conventional methods, the essential 
difference in methodology being in the calculation of U „.

Various distributed charges are assigned to the linear bifluoride ion,

9f 9h Qt 
F— H— F,

and the lattice potential energy, IW ifM HFj), is calculated as a function of qf  which 
is related to qH by the expression :

?H =  — {1 +  2^f]- (3)
The equations take the standard form :

I W M H F 2) =  f  D,q‘r (4)
1 = 0

where D, are constants depending on the alkali metal M for each lattice considered

TH E O R E TIC A L

The present study uses the equation :22,23

^POT = t^ELEC+^lld+^qd- ~^ELEC + 6Ddd+8l/qd — ^  ^

which is derived by direct minimisation having :

V * = ^ U e u ,c + 6 U m  +  S U « - k ( ^ ^ J ^  }  <6>

The equation was derived for cubic lattices with a single parameter a. t rue is 
the electrostatic component of the lattice energy. U M  and l/qd are the dipole-dipole 
and quadrupo'e-dipole terms making up the dispersion energy 0 o , A /ELe c  IS ,l ie  

electrostatic Madelung parameter, p is the repulsion exponent, a  is the shortest 
anion-cation distance, d  is the internal H— F distance in the case of a bifluoride ion 
a id A  is the conversion factor from units of e2 A -1 to kJ mol-1. The equation has 
several advantage* for non-spherical ions, p is a multiplicative parameter in eqn (5). 
rather than being exponentiated as in eqn (2) (l/* is, therefore, less sensitive to choice 
of p). Eqn (5) requires no assignment of radii to the ions involved and. since it 
appears to be valid for the azides,24 extension to the case of the symmetrically similar 
bifluoridcs should be immediate. A further advantage of our equation concerns the 
possibility of reduced errors, in that if U M  and l/qd contain errors, then a similar
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■ I D,q‘r (4)

ilkali metal M for each lattice considered. 
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(2) ((/„ is, therefore, less sensitive to choice 
>f radii to the ions involved and, since it 
ion to the case of the symmetrically similar 
er advantage of our equation concerns the 
rdd and t/qd contain errors, then a similar
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“ scaled ” error will occur in l/R as a consequence of eqn (6). When eqn (6) is then 
employed, within the context of eqn (5), the errors in t/R, in U M  and UQd will tend 
to counterbalance one another.

C A LC U LA TIO N S
(I)  CRYSTA L STRUCTURE DATA

LiHF2 and NaHF2 have rhombohedral symmetry. The unimolecular cells have, 
for LiHF2, a =  4.725 A, a = 37°3’ 25 and for NaHF2, a  = 5.006 A, a = 40’38'.26 
KHF2, RbHF2 and CsHF2 are tetragonal body centred lattices with tetramolecular 
cells of dimensions a  = 5.67, c =  6.81 A ; a  = 5.90, c = 7.26A and a  = 6.14, 
c =  7.84 A respectively.27

(II) REPULSION ENERGY CALCULATIONS

U R can be calculated in the form :
2

Ur — X  Hi4p — X 
a 1 = 0 1 = 0

(7 )

where R t and C , are charge independent coefficients and q f  is the charge on the terminal 
fluorine atoms of the anion.

For the purposes of calculating R t . U ELEC was taken to have the parametric form :

1 /e l e c  =  I  V f - ( 8 )
1 =  0

l/dd and i/qd [the foimer equivalent to U D in ref. (3)] were calculated as described 
below [sections (III) and (IV)].

We have
R 0 — v40 +  6 i/dd +  8 C/qd (9)

and:
R ,( i  *  0) = A , ~ B , (10)

where K  (oA/elec^ oU«=«o required in eqn (6) was calculated in the form :

( 11)
The coefficients B , have been calculated by expanding the Madelung parameter, 

M f le c , (based on the cell length a 0 as the characteristic distance), and defined by :
M p =  U r • Qq!K

as a series expansion :

A4elec — a o +  (

where :

and hence

'*"*n  /  'even

- g )
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f i l l )  DIPOLE-DIPOLE D ISPERSIO N  TERM, Uia 

To calculate the induced dipole-induced dipole term, i/dd wc employ the equation^

u t i  =  c + . s r + i ( c ++s i : + - i- c _ - s :- )  d 6>
where

C,j = ie‘4 QiOoQjOO
t, +  t , (17)

where the terms used above are defined below [Section (IV)].

(IV) QUADRUPOLE-DIPOLE D ISPERSIO N  TERM, Uqi

This term was not calculated in our previous study.3 To calculate the term we 
employ the equations:

U qi =  </+ _S,+ - +  i(d ++S i + + d . - S | - ) (18)
where

, , (Qmo Q joo\ (19)

and

Qfoo =  i  Z fije 1 (20)
and

ion s

s‘‘ =  I  (R,,)-". (21)

C ,j are the coefficients of the dipole-dipole dispersion energy term of the previous 
study, 3 a, are polarisability of the ions, tq the characteristic energy of the ions, e ihe 
electronic charge and p, the “ electron numbers”  (taken as 8 ) [see ref. (5)]. The 
summations S ‘J  and Sjf were perform d and the resulting values for i/dd and for 
(/4d are cited in table I.

(V) l / „  FOR THE RHOM BOHEDRAL SALTS

The expansions of the form of eqn (13) were computed for lithium and sodium 
bifluoride using a program written by Herzig, Kuzmany and Neckel 38 as modified 
by Jenkins and Pratt. 39 The coefficients jr, and ft, (neven) are given in the table I from 
which the coefficients B, of eqn (15) have been calculated using the values of d and 
a , listed therein. I/» is calculated assuming a value for p of 0.345 A and a. the 
shortest cation-anion distance (M—F) is as quoted. The coefficients R, and C, of 
eqn (7) are then found. In the case of rhombohedral salts values of /)„ n ^  20 were 
required for convergence.

(VI) i / ,  FOR TETRAGO N AL SALTS

Neckel, Kuzmany and Vinek 7 have evaluated the coefficients a. (n — 0, 2, 4. 6 
and 8) and P .(n  = 2, 4, 6, 8, 10, 12, 14 and 16) for the tetragonal alkali melal 
bifluorides. The coefficients B ,, C , and R, deriving from their results are given in 
the table together with the parameters d , a  and a 0 used.
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(VII) LA TTICE POTENTIAL ENERGIES 

The total lattice potential energy for the salts is given by cqn (4) 
where

D q — A 0 +  Um  +  U , i  — C 0 (22)
and

D , ( i  *  0) = A , - C , .  (23)

Table 1.— Parameterisation of eqn  (4), (7), (8), (11), (13), (15), (16) and  (18) for alkali 
METAL BIFLUORIDES (ALL UNITS IN k j mol-1)

rh om b oh ed ral salts te trag o n al salts

UHF 2
707.6 

-  527.5 
-1 7 7 .3

2 .406 562  
- 3 7 .3 2 0 7  

103.498 
63.2901 

120.736 
0

- 2 9 1 .7 2 5
2818.36

24303.2
223 593  

2 0 05  6 7 2  
18 517 0 9 8  

-  171 999 4 0 7

708.2 
-  303.8 
- 9 1 .1

2.552 179 
-2 5 .8 4 1 6  

85.5631 
50.1252 

- 1 0 9 .3 0 4  
0

185.053 
1557.15 

c 10638.9
85 637.8 

632 951 
4 890 452 

-  38 265 499

k h f 2 R b H F 2 C s H F j n o te s

727.3 6 9 7 .9 667.6 t-qn (8)
- 1 1 .1 - 5 . 7 2 .2

47 .4 39 .7 33.6

35.5 40 .1 46.7 eqn  (1 6 )
2.6 3 .5 5.2 eq n  (1 8 )

38.1 4 3 .6 51.9 U,

2.968 38 
- 6 .5 5 3  70 
142.037 

- 1 3 4 .0 2 3  
- 2 2 6 .0 4 4  

0
98.7228

738.248
-3 3 2 4 .2 1

6148.63 
- 6 1  494.4 
36'/ 594 

-  10 592 400

2 .963  58 
- 5 . 4 5 6  12 
135.892 

- 1 2 7 .2 9 7  
- 2 0 3 .5 1 4  

0
105.043 
67 0 .0 1 6  

-  3003 .20
4421.54 

- 4 9  847.2 
3 1 9  398 

- 1 0  4 9 0  200

(/«d+l/,«
2.950 41 eqn  (13) 

- 3 .8 7 1  08  an d  ( I S )  
127.053 

- 1 1 8 .2 7 2  
- 1 6 4 .6 7 9  

0
113.333 
580.808 

-  2607.06
2599.87 

-  37 674.8 
267 799 

- 1 0  392 400

(̂<'A/elec/£«) d.a * ao

an ion-cation  dist.

k'POT

1 617 021 2 9 0 298 554 719 — — —
15 232 157 9 0 0 - 2  356 997 330 — — “ “

836.4 475.5 - 7 8 ,1 - 6 8 . 0 - 6 5 .6

560.0 296.4 - 2 0 4 .4 - 1 6 9 . 2 - 1 4 1 .5

855.6 868.6 961.1 9 6 6 .5 989.4
-1 3 6 3 .9 -7 7 9 .1 67.0 6 2 .3 67.8

- 7 3 7 .3 - 3 8 7 .5 251.8 2 0 8 .9 175.1

105.5 107.3 100.2 9 6 .4 93.8

-  168.1 - 9 6 .2 7.0 6 .2 6.4

- 9 0 .9 - 4 7 .8 26.2 2 0 .8 16.6

1.135 1.134 1.13 1.13 1.13

4.725 5.006 5.67 5 .90 6.14

2.799 2.794 3.31 3 .46 3.64

626.3 627.1 665.2 645.1 625.6

- 3 5 9 .4 - 2 0 7 .6 - 1 8 .1 - 1 1 . 9 — 4 .2

- 8 6 .4 - 4 3 .3 21.2 18.9 17.0

c deci-

(VIIX) ENTHALPY OF FORMATION OF HF£ GASEOUS IO N , A//P(HF, )(g) 

Using the cycle below:
l / r o t ,  M H F il

M H F ;(c )------------ ► M+<g)+HF2(g)

I t  A » ,e ( M * M » )  +
A H © <H Fi)(.)

_N4<e) +  iH 2(g )+ F 2(g) 1

1(1973) 

I 1569.
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we have:

A//fe (HFJXg) =  UPOT(M HF2)+ A f/fe (MHF2Xc)-A//?<M  + Xg) =  £  (24)
1*0

£ 0 =  D0 +  A//fe (MHF2Xc)-A//P(M  + Xg) (25)
E ,(i #  0) =  D , (26)

where the parameters E, are cited in table 2.

(IX) HYDROGEN BOND STRENGTH AHf 
The enthalpy, AH f ,  of the process :

HF2 (g) -* HF(g) +  F-(g)
represents a measure of the strength of the hydrogen bond in the bifluoride ion. 

Parameterising eqn (I) in the form :

A H f  =  t  F a l  (27)
i-o

where
F„  -  l/VoT(M F)-Do-RT-AHfe (MHF2Xc) +  AHre(HFXg) + AWp(MFXc) (28) 

£,(,• *  0) =  -  D , 129)

we obtain the coefficients listed in table 2 .
The thermodynamic parameter, A//r°(HFXg) =  —271.1 kJ mol-1, was taken 

from ref. (30). All other thermodynamic data employed are cited in ihe tables.

T a b l e  2.—T h e r m o d y n a m i c  p a r a m e t e r s  (units in kJ mol-1)
LiHFj NAHFi KHFj RbHFj CiHF, n o te s

A «fe (MHF2Xc) -923.9 — 906.2 — 920.4 -909.2 -904.2 ref. (3)

A//fe (M+Xg) 687.1 609.8 514.2 494.9 460.6 ref. (31)

E 0 -984.7 -888.9 -769.4 -  759.0 -739.1
eqn (25)A //f(H F2 Xg) E, -359.4 -207.6 -18.1 -11.9 -4.2

e 2 -86.4 -43.3 21.2 18.9 17.0

U pot 1030 905 800 765 734 ref. (32)

A«,e (MFXc) -611.7 -569.0 -562.8 -551.5 -545.2 ref. (33)

Fo 442.3 341.5 218.8 204.0 193.7
eqn (28)A H f F , 359.4 207.6 18.1 11.9 4.2

F , 86.4 43.3 - 21.2 -18.9 -17.0

RESULTS
Fig. 2 and 3 give plots of the thermodynamic parameters, A H f  and A//(e(Hl ■ !(g) 

as functions of qT, the charge on the terminal fluorine atoms of the HF2 ion. The 
following points emerge : (i) No unique intersection point exists, (ii) The rhombo- 
hedral and tetragonal salts exhibit different modes of variation and this can be used 
as a discriminant, leading to the selection of values:

A H f  = I76±6 kJ mol"1 
A//f®(HFiXg) =  -728±9kJmol->

(30)
(31)



„  ,  f

r •  ; ,  
' I- * . . ^  ^ » - .• \  .i «  X

' #- 
' ^  V

. *

Xc)-A«€*(M + Xg) = £  E,q<r  (24)
i - 0

-A//P(M + Xg) (25)
(26)

R E N G T H  A H f

t-F“(g)
ogen bond in the bifluoride ion. 

f (27)

+ AHP(HFXg) + A//,e(MFXc) (28) 

5, (29)

Xg) = -271.1 kJ m o l1, was taken 
employed are cited in the tables.

e t e r s  (units in kJ mol-1)
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.HF: RbHF: CiHF: notes

>20.4 — 909.2 — 904.2 ref. (3)
S14.2 494.9 460.6 ref. (31)
(69.4
18.1
2 1 .2

-759.0
-11.9

18.9

-739.1
-4.2
17.0

eqn (25)

WX> 765 734 ref. (32)

562.8 -551.5 -545.2 ref. (33)

218.8
18.1

- 2 1 .2

204.0
11.9

-18.9

193.7
4.2

-17.0
eqn (28)

S
c parameters, A H f  and A//P(HFj

ection point exists, (ii) The rhombo- 
ades of variation and this can be used 
a lues:
c6 kJ mol-1 i30)
8 ± 9k Jm o H  <3I)

F ig. 2.—A //i as a function of qf .

c deci-

»(1973) 
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with

T H E R M O C H E M I S T R Y  O F  B I F L U O R I D E  S A L T S

—0.87 >  qr  >  — 1.05 proton units. (32)

(iii) The corresponding lattice potential energies arc found to be (laking an average 
qF value =  —0.97 proton units) :

£/poT<LiHF2) =  893± 20 kJ mol 1 (33)
t/poTfNaHFj) =  788±  14 U  mol 1 (34)

î /pot( K H F 2) =  703 +  7  kJ mol 1 (35)
Urod  RbHF2 ) =  674 ±  5 kJ mol - 1 (36)
t/roTfCsHF^ =  646 ± 4  kJ mol '. (37)

(iv) A//re (NH4 HF2Kc) =  — 802.9 kJ mol ' , 30 hence using our data for AZ/pHl i)(gl
from above and our recent estimate,34 A//,e (NHi)(g) =  630.2 kJ mol 1 we obtain:

1/potINH^HFj ) =  705±9 kJ m o l1. (38)
(v) We compare the repulsion energies l/, obtained in our previous study 3 with those 
obtained for a charge of qf  =  —0.73 (the previous result) and for the range [eqn (32)] 
from this work (table 3). (vi) A//,e (HFi+(aq) =  — 649.9 kJ mol 1 is listed in ref. (30) 
and combined with the formation enthalpy data for the gaseous ion we obtain an 
estimate of the absolute hydration enthalpy :

AH % , hra(HF2-Xg) =  -357 +  9 kJ mol 1 (39)
taking A//^, iyd(H'Xg) =  — 1100.6 kJ mol“ 1,33 and A//(e (H 'Xg) =  1536 kJ mol 
whereupon

A //«nv. hrt(HFj-Xg) =  -  1458±9 kJ m o l1. (40)

T able 3.— R epulsion energy  calculations

VnlkJ m ol " 1

reference m odel LiHF2 NaHF; KH Fi R b H F j CsHF2

Waddington (2) ( / r  separated 
F~ ion model 

( / r  ellipsoid ion

154 149 118

model — — 122 99 89

Neckel, Kuzmany and
l/R average 
taken from

— 138 124 103

Vinek (7)
Dixon, Jenkins and

Waddington (2) 
(/¡t* 1 separated

138 124 103

Waddington (3,4) 
( ? F  =  -0.73)

F ion model 
ellipsoid ion

200 161(191) 146 134 116

Jenkins and Pratt
model 

l/R eqn (6 )
149 95(96) 111 99 82

(-0.87 >  <7f  >  -1.05) , F =  -0.73 
l/R eqn (6)

180 152 109 103 98

? F range (32) 183±1 156± 1 I1S±4 110± 3 103 ± 3

D ISC U SSIO N

The obvious point that emerges from this recent study is that A//J3 is now almost 
mid-range between the acceptable extreme values produced by quantum mechanical 
studies and also close to our rough estimate based on the Harrel and McDaniel 
measured enthalpy change. The repulsion energy, which we claim to be more
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i  proton units. (32)
gies arc found to be (taking an average

3±20 kJ mol- 1 (33)
5 +  14 kJ mol" 1 (34)
3±7k Jm o l- ‘ (35)
4+5 kJ moh1 (36)
5 +  4 kJ mol 1. (37)
0 hence using our data for A//fe (HF2 Xg) 
XNH4 )(g) =  630.2 kJ mol 1 we obtain:
5±9  kJ mol (38)
itaincd in our previous study 3 with those 
;vious result) and for the range [eqn (32)] 
I) =  —649.9 kJ mol 1 is listed in ref. (30) 
/ data for the gaseous ion we obtain an

>7 +  9 kJ mol 1 

‘ ,35 and A//(°(H TXg)

I458±9 kJ mol-'.

s'ERGY CALCULATIONS
I/r /IcJ  m ol*1

LiH F2 n «h f 2 K H F j R bH Fj c *h f 2

— — 154 149 118

122 99 89
— — 138 124 103

— — 138 124 103

200 161(191) 146 134 116

149 95(96) 111 99 82

180 152 109 103 98

183± 1 

¡SION

156±1 118±4 110±3 I03±3

is recent study is that A i s  now almost 
values produced by quantum  mechanical 
late based on the Harrel and McDaniel 
m energy, which we claim to be more

(39)
=  1536 kJ mol-1,

(40)

reliable than the previous estimates, lies comfortably between the extremes set by 
our previous two models for the H Ff ion 3- 4 and are lower than values adopted in 
other studies,2- 7 (table 3). The increased electron density on the terminal fluorine 
atoms, the dispersion contribution to i/poT and the decreased repulsion energy all 
combine to produce lattice energies for the bifluoride., which are substantially higher 
than previous estimates, and consequently lower values for AH f -  Hydration data 
are close to that for the Nj" ion.

Eqn (6 ) appears to apply successfully to these salts as well as to the azides.

The S.R.C. is thanked for a Studentship to one of us (K. F. P.).
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PROGRAM SUMMARY

Title o f program: MADELUNG DERIVATIVES 

Catalogue number: ACMO

Program obtainable from: CPC Program Library, Queen’s Uni
versity of Belfast, N. Ireland (see application form in this issue).

Computer: B6700; Installation: Computer Centre, University 
of Warwick, Coventry, W. Midlands, CV4 7AL.

Operating system: Master Control Program

Programming language used: FORTRAN IV

High speed storage required: 6 500 words

No. o f bits in a word: 48

Overlay structure: none

No. o f magnetic tapes required: none

Other peripherals used: card reader lineprinter and/or on-line 
terminal

No. o f cards in combined program and test deck: 1099 

Card punching code: EBCDIC

Reference to other published version o f this program: QCPE 
Program 222

Keywords: Solid state physics, Madelung constant, Madelung

UK

derivatives, Bertaut method, Fourier transform, complex ion, 
self energy.

Nature o f physical problem
To calculate the Madelung constant and its derivatives with 
respect to the cell lengths for the input crystal structure, in a 
charge dependent and charge independent form.

Method of solution
The Madelung constant is calculated by the use of the Bertaut 
(1 ] approach. This is differentiated term by term to obtain 
the derivatives with respect to the cell lengths. Complex ions 
can be treated as entities having fixed geometry and if this 
is done their self energy may be calculated.

Restriction on the complexity o f the problem
The cut-off radius o f the charge-density function must be
chosen as cell length independent.
If a Gaussian charge-density function is used and an overlap cor
rection is required then derivatives will not be calculated.

Typical running time
For sodium nitrite (NaNC>2) (2J with convergence to six deci
mal places [3J—1000 s.

Unusual features o f the program : none
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LONG WRITE-UP 

I. Introduction

The necessary theory for constructing first derivatives 
of a Madelung constant with respect to the cell lengths 
is summarised. Once obtained these derivatives yield the 
equivalent derivatives of the electrostatic energy of the 
crystal lattice. The theory allows for the retention of 
geometry of complex ions in going from the gaseous to 
the solid state. The program described is based on a pro
gram written by Blake (Hull) [1) to calculate Madelung 
constants, adapted by HDBJ to use Bertaut’s method
[2] and further adapted by Smith (formerly of Warwick)
[3] to give the Madelung interaction between each pair 
of atom types in the structure, hence giving the overall 
Madelung constant as a function of the distribution of 
charge over the atoms.

The program is generally applicable except when a 
Gaussian charge-density function is chosen, this may 
require an overlap correction and then derivatives are 
not calculated.

2. Theory

An outline of the Bertaut method [2] of calculating 
Madelung constants is given and it is indicated how 
this is a function of the cell lengths, showing how the 
expression may be differentiated with respect to the 
cell lengths.

Bertaut has shown [2] that the Madelung constant 
can be expressed by:

n / q j---- —  £  £
R n / = i  is 2 n V  h  k  t  S i u

( 1)
where

M i =  the Madelung constant based on unit distance, 
g = a constant dependent on which charge-density 

function is used,
R  -  the cut-off radius of the charge-density func

tion,
it = the number of molecules per unit cell,
rtj = the number of the /th type of atom in the unit

cell,
Qf -  the charge on the /th type of atom,
N  = the total number of types of atom,
h . k . l  = reciprocal unit cell indices,

V  = the unit cell volume given by

V = abc( 1 -  cos2a — cos20 -  cos2y

+ 2cos a  cos (3 cos y) 1 2̂ , (2 )

where

a. b ,c  = the cell lengths, 
a, (3, y  = the cell angles,
Sj\u  -  the square of the reciprocal lattice vector and

is given by:

shtd = p i [ * V c 2 sin2a + k 2c2a 2 sin2(3 + l 2a2b2 sin2/

2hkabc2(cos a  cos (3 -  cos y) 
sin a sin 0

2kla2bc(cos 0 cos y  -  cos a) 
sin 0 sin y

+ llh ab 2c(cos y  cos a -  cos (3)1 ( ^
sin y sin a J  ’

Oltd = the square of the Fourier transform of the 
charge-density function, given by Templeton
[4], and is a function of R  and 5)JU.

I^*«l2= the square of the modulus of the coulombic 
structure factor and is given by :

N  ni
\Fhu\2 = { £  <7/£ cos(ARGi/)}2 

/*! /=!

/= 3
where

¡4 )

A R G j j  =  2ir {hx,j + k y tl + /zw } ,

where x(/, y tl, z(/ are the fractional coordinates o 
atom designated ¡j.

It can be seen from eq. (3) that S \u  is easily o en- 
tiated with respect to the cell lengths, as is V (eq i. 
and hence so is as this is independent of the 
lengths apart from its dependence on S lu . Cons. i  
eqs. (4 ) and (5 ) it would appear at first sight tha: 
coulombic structure factor is independent of the 
constants. However if an atom, in a complex ion i; J 
have a fixed position relative to the central atom m ::e
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V = the unit cell volume given by

V -  abc(\ -  cos2a -  cos20 — cos27

+ 2cos a  cos 0  cos 7 ) 1/2 , (2)

vhere

, b, c = the cell lengths, 
i , 0 , y = the cell angles,
‘hkt = ,*ie square of the reciprocal lattice vector and 

is given by:

'hkt = ^ [ f i 2* 2^ 2 s'"2“  + * 2c2a2 sin20  + l2a2i 2 sin2y

2hkabc2(cos a  cos 0  — cos 7 ) 
sin a sin 0

2kla2 bc(cos. 0 cos 7  — cos or) 
sin 0 sin 7

+ 2Ihab2c(cos 7  cos a  — cos 
sin 7  sin a

nu  = the square of the Fourier transform of the
charge-density function, given by Templeton 
[4], and is a function of R  and S)|w, 

r/!«l2 = the square of the modulus of the coulombic 
structure factor and is given by:

N  ni

•htd\2 = { S  q ,Z / cosi/l/iG/ / ) } 2
i~ t /= 1

N  n/

+ { Zy qt Zv s\n{ARGy) } 2 , (4)
(=1 /= 1

'here

RGtj = l i t  {hx,j + kyy  + tzy  }  , (5)

here Xy, yy, zy  are the fractional coordinates of the 
:om designated ij.

It can be seen from eq. (3) that S \u  is easily differen- 
ated with respect to the cell lengths, as is V  [eq. (2)], 
id hence so is 0 j|u as this is independent of the cell 
ngths apart from its dependence on Considering 
js. (4) and (5) it would appear at first sight that the 
lulombic structure factor is independent of the cell 
instants. However if an atom, in a complex ion, is to 
ive a fixed position relative to the central atom in the

ion its fractional coordinates must be expressed:

(x + dx/a, y  + dy/b, z + dz/c ) , (6 )

where x, y , z are the fractional coordinates of the cen
tral atom (or position if no atom is central) of the 
complex ion and dx , dy, dz are the distances in the 
x, y, z directions of the terminal atom away from the 
central atom, these are the parameters which must re
main constant with changes in a, b and c. Eq. (5), 
with these coordinates, is now cell constant dependent 
and has non-zero calculable derivatives, and conse
quently so does eq. (4).

The same approach is used to calculate the Madelung 
interactions between pairs of individual atom types. 
Considering eqs. (1) and (4) it can be seen that simple 
division of these terms by the charge on each type of 
atom gives charge independent terms where:

N N
(7)

/= 1 /= I

where l y  are the charge independent terms.
A range of charge-density functions can be used in 

the program; uniform, linear, parabolic and Gaussian.
All but the Gaussian function are designed to collapse 
to a zero charge density at distances greater than a pre
determined distance from the atomic centre. This dis
tance must be less than or equal to half the shortest 
interatomic distance in the unit cell. It takes the value 
of half the shortest distance in the current listing but 
may be varied if desired. However the calculation of 
derivatives assumes that the distance is cell length inde
pendent and if it does not represent an internal dis
tance of a complex ion an appropriate (constant) value 
should be input. For the Gaussian charge-density func
tion overlap between atoms is unavoidable and although 
normally small it is necessary to calculate a correction 
term. In such cases derivatives are not calculated by the 
program.

In the program total isotropic derivatives are calcu
lated, i.e. the unit cell symmetry is retained and for 
cubic and rhombohedral symmetries only one total 
derivative with respect to a (at a  = a0 )  is calculated, for 
tetragonal and hexagonal symmetries one with respect 
to a (at a = <r0) and one with respect to c (at c = c0) 
and for orthorhombic, monoclinic and triclinic deriva
tives with respect to a (at a = a0 ), b (at b -  b0 )  and 
c (at c = c0) are calculated.

The program also calculates the self energies of in
dividual complex ions in the unit cell, using the rela
tionship:

m m
t/sE - jA Zy Zy qtq/lry , (8)

1= 1 1= 1 
i * i

where

Use = the self energy,
K  = a conversion factor, 
m = the number of atoms in the complex ion, 
ry  = the distance between atom 1 and atom /.

The self energy is calculated as a function (quadratic) 
of the charge on the terminal (outer) atoms of the com
plex ion.

3. Description of program

3.1. Program MADELUNG DERIVATIVES-

This is the main body of the program, which executes 
the major summation, inputs the data and outputs the 
majority of the results.

The summation is carried out by incrementing |h| 
starting at 0  and for each value adopting values of k 
and 1 consistent with the requirement that the reciprocal 
lattice vector should be less than the maximum prermit- 
ted length (pre-set). By considering the symmetry of 
the lattice the program determines whether terms are 
systematically absent prior to calculation and avoids 
the duplicate calculation of equivalent terms. It cal
culates the Madelung constant as a single value and as 
individual sums between pairs of atom types, together 
with the necessary derivatives.

The results are output both in their charge depen
dent and charge independent forms.

If required, the self energies of individual complex 
ions are calculated and output as functions of the 
charge on the terminal atoms.

3.2. Subroutine D IS T

If called, this subroutine computes all the interatomic 
distances in the unit cell, taking the distance correspon
ding to an adjacent cell if this is shorter. These values 
can be output if required. In this way it finds the shor-
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test interatomic distance which is used to determine the 
fourier transform of the charge-density function.
It also calculates the Gaussian overlap correction 
term if required.

The parameters are used as follows:
NOVLAP = is a pointer to indicate whether the

Gaussian overlap correction term is re
quired,

EOVLAP = is used to return the Gaussian overlap cor
rection term,

NDCALC = indicates if a table of interatomic distan
ces should be output or not,

RMIN = is used to return the shortest interatomic 
distance,

RSQMIN = is used to return the square of the shortest 
interatomic distance.

3.3. R eaI fu n c t io n  S H A P E

This returns the value of g /R  in eq. (1). The parame
ters are used as follows:
NSHAPE = indicates which charge-density function 

is being used,
RMIN = is the cut-off value for the charge-density 

function.

3.4. R e a l fu n c t io n  P H IS Q D

This returns the value of the square of the fourier 
transform of the charge-density function. The param
eters are used as follows:
NSHAPE = indicates which charge-density function 

is being used,
RSQMIN = is the square of the cut-off value for the 

charge-density function,
SSQD = is the square of the reciprocal lattice 

vector.

3.5. R e a l fu n c t io n  D PH S Q D

This returns the value of The parameters
are as given above.

All distances input to the program should be in 
Angstroms, the Madelung constants output will then 
be in reciprocal Angstroms and the energies in kilo
joules per mole.

4. Input Data

CARD 1 (12)
1 -  NJOBS the number of jobs to be run in 

this data deck.
CARD 2 (12A6)

1 -  TITLE 72 character alphanumeric title.
CARD 3 (3F9.6)

1 -  A cell length a0.
2 -  B cell length b0.
3 — C cell length c0.

CARD 4 (3F9.6)
1 -  COSA cosine of cell angle a.
2 -  COSB cosine of cell angle P.
3 -COSC cosine of cell angle y.

CARD 5 (12)
1 -  NMOLS number of molecules per unit cell.

CARD 6(A1, 2X, 11) unit cell symmetry.
1 -  BRAV P(primitive), A.B,C(a, b, c cen

tered), l(body centered). FO'ace 
centered), R(trigonall\ centeedl.

2 -  ICENT 0 if centrosymmetric, 1 if non- 
centrosymmetric,

CARD 7 (12)
1 -  NDIFKN number of different kinds of ion, 

complex ions counted as one.
Cards 8-10 are repeated NDIFKN times.
Card 8 (2(A2, 2X, 12, 2X, F6.3, 2X))

1 -  SYM two letter symbol of central atom 
of the ion.

2 -  NEACH number of this type of ion
3 -  Q charge on the central atom (non

zero),
4 - ASYM two letter symbol of terminal 

atoms of complex ion, b;.rn», it 
not complex.

5 -NASS number of terminal atom: u he 
complex ion,

6 — QD charge on the terminal atm 
(non-zero if complex ion

Card 9 is repeated NEACH times.
CARD 9 (3F6.4,12)

1 - X
2 — Y fractional coordinates oft

central atom
3 - Z .
4 — SET set of relative coordinates 1 ter

minal atoms associated wit! '1
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t Data

1(12)
NJOBS the number of jobs to be run in 

this data deck.
2 (12A6) 
TITLE 72 character alphanumeric title.
3 (3F9.6) 
A cell length a 0 ,
B cell length b0,
C cell length c0.
4 (3F9.6) 
COSA cosine of cell angle a,
COSB cosine of cell angle 0,
cose cosine of cell angle y.
5(12)
NMOLS number of molecules per unit cell.
6(A1,2X,I1) unit cell symmetry,
BRAV P(primitive), A,B,C(a, b, c  cen

tered), I(body centered), F(face 
centered), R(trigonally centered),

ICENT 0 if centrosymmetric, 1 if non- 
centrosymmetric,

7(12)
NDIFKN number of different kinds of ion, 

complex ions counted as one.
1—10 are repeated NDIFKN times.
(2(A2, 2X, 12, 2X, F6.3, 2X))
SYM two letter symbol of central atom 

of the ion, i
NEACH number of this type of ion, '
Q charge on the central atom (non

zero),
ASYM two letter symbol of terminal 

atoms of complex ion, blank if .
not complex,

NASS number of terminal atoms in the 
complex ion,

QD charge on the terminal atoms 
(non-zero if complex ion).

is repeated NEACH times. 
9 (3F6.4,12)

1

fractional coordinates of the 
central atom

z j
SET set of relative coordinates of ter-

minai atoms associated with this

central atom (zero if not complex) 
(1 first, then 2 etc.).

Card 10 is repeated NASS times for each SET (see 
above), i.e. not present if not complex.

CARD 10 (3F6.4) 
1 -  XD
2 -  YD fractional coordinates of terminal 

atom relative to a central atom,
3 -  ZD

CARD 11 (312)
1 -  NH sign reversal symmetry of :
2 -  NK 1, 1,0 if \Fh U \ depends on the
3 - N L signs of h  and k  but not / (i.e. mo

noclinic with c-axis unique, hexa
gonal and tetragonal space groups 
numbers 75-88); 0,0,0 if IF/,*/! 
is independent of signs of h, k  and 
1 (i.e. orthorhombic, cubic and te
tragonal space groups 89-142);
1, 1, 1 if \Fh k l\ depends on signs 
of h, k  and / (i.e. triclinic and tri
gonal space groups or if in doubt).

CARD 12(312)
1 -  LH permutation symmetry of \Fhu \  :
2 -  LK 1, 1,0 if h  and k  interchangeable
3 — LL (i.e. tetragonal space groups 89- 

142); 1, 1,1 if h , k  and 1 are per- 
mutable (other than cyclically) 
(i.e. certain trigonal and cubic 
space groups -  160, 166, 215—7, 
221,224-5, 227 and 229); 0,0, 0 
if no index pairs are reversible (or 
if in doubt).

CARD 13 (212)
1 -  NSHAPE form of charge-density function: 

0 uniform, 1 linear; 2 parabolic; 
3 Gaussian.

2 -  NOVLAP 1 if NSHAPE = 3 and overlap energy 
correction required, 0 otherwise.

CARD 14 (I2.F9.6) the shortest distance is twice the 
charge-density function cut-off 
radius,

1 -  NDCALC 0 if calculation of the shortest 
interatomic distance is not required 
( D  must be specified). Used if the 
distance is known or the shortest 
distance is not cell length indepen
dent;-! if shortest interatomic

2 — D

CARD 15 (F6.2) 
1 -  SSQMAX

CARD 16 (12)
1 -  NPR1NT

CARD 17 (E7.1) 
1 -  EPS

CARD 18 (12)
1 _  NSELF

distance is to be calculated and a 
table of all interatomic distances 
is to be output ; 1 if shortest inter
atomic distance is to be calculated. 
Non-zero distance if NDCALC = 0, 
must be less than or equal to the 
shortest distance (N.B. on a mul
tiple run on the same structure 
calculate D  on the first run and on 
successive runs put NDCALC = 0 
and D  = 0.0, original value is re
tained).

maximum length of reciprocal 
lattice vector squared to be in
cluded in the summation (esti
mated by the method of Jenkins
[5])-

1 if a print-out of the individual 
terms in the summation is required 
(N.B. this produces a very large 
amount of print-out and should be 
a avoided): 0 if this print-out is 
not required (usual).

largest error tolerable in the sum
mation.

1 if self energies of the complex 
ions are required, 0 if not.

5. Description of Output

The first page of output is the crystal structure; cell 
dimensions, unit cell volume, cell symmetry and frac
tional coordinates of all the atoms.

The next page(s), if this is requested, give a table of 
the interatomic distances, consisting of the fractional 
coordinates of the atoms, their position in the table 
of coordinates and the shortest distance between the 
two.

Following this is output the shortest distance (or 
the distance input as the shortest distance), what type 
of charge-density function has been selected and its 
range, the maximum reciprocal lattice vector squared 
and the accuracy parameter (EPS, see section 4).
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If requested, the following pages give a table of the 
individual terms for each unit cell considered. For a 
realistic maximum reciprocal lattice vector this would 
be a vast amount of lineprinter output, but for small 
values (less than 1 A-1 ) the short table produced can 
be diagnostically useful.

After the summation is complete the results are 
output in various forms. The ‘total energy term’ is the 
value obtained by the main summation and the ‘inter
action energy’ is this value when corrected by the 
‘atomic’ ‘self energy term’. The derivatives of the ‘in
teraction energy’ are output below this. The Madelung 
energy, in kJ/mol, for the input charge distribution is 
output next followed by the Madelung constants based 
on various distances (the shortest distance and different 
cell lengths) with their appropriate derivatives. Below 
this is output the constituent terms of the Madelung 
constant based on unit distance, these terms divided by 
the appropriate charges (Q  DEP) [i.e. /,, eq. (7)] and 
the termsdefined by:

w mP  P / 1* « "
(9)

where x - a , b , c  when appropriate.
The table entitled ‘convergence indication’ shows 

the value of the ‘total energy term’ before \h l is in
cremented. This is not an absolute measure of conver
gence, if no change is shown over several terms con
vergence could have been achieved, but if the ‘total 
energy term’ is still increasing convergence, to any 
degree of accuracy, has not been achieved.

On the last page the self energy of the complex ions 
are output as functions of the charge on the terminal 
atoms, the chemical symbols being used as a guide. 
Each different input set of complex ion coordinates 
(see section 4) will have a self energy output. If no 
complex ions exist in the structure but self energy cal
culations are requested, a message to that affect is out
put.

structure is given in the output shown. A parabolic 
charge-density function is chosen with a range of half 
the shortest interatomic distance calculated by the 
program (a N -  0 distance and so a constant with re
spect to the cell lengths). The maximum reciprocal 
lattice vector is set at 10 A-1 (calculated by the 
method of Jenkins [5]) to give convergence to six de
cimal places. The table of interatomic distances is out
put but the individual terms in the summation are 
not. The accuracy parameter is set low at 0.5 X 10“l0. 
The self energy of the one type of nitrite ion is calcu
lated.

Results obtainable from this run of the program are 
(in kJ/mol and kJ/mol/A):

£/ELEc(NaN02)=  782.8+ 3.8 , 0 + 117.1 ,J  ,
( 10)

( B W N a N O , ) ) =3.6 + 1 0 1 .4 q0 - 6 .1 ^ , ( l l )  
\  oa Id

/3i/ELEC(NaN02)\ _
= -81.8 - 8 2 . 0 , o  - 4 2 .4 , 5 .  

>d 0 2 )

r r (N a N 0 2)\ 2
^2---------— 1 = -63.2 + 8.0,o -  30.1 do ■
3c (13)

where
{/ELEC = the electrostatic energy of the lattice; 
d  = the N -0 bond length in the nitrite ion;
, 0 = the charge on the oxygen atoms.
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SHORTEST DISTANCE ■  1.2401

CHANCE'DENSI TT FUNCTION IS PARABOLI C NI TM NANGE 0 . 6 2 0 0  ANGSTROMS

SUN INCLUOES ONL T TERNS FOR MUCH S-SQUARED IS LESS THAN 100.00 
ACCURACY PARAMETER .5C-ID
S00IUM NITRITE -  CPC TEST OATA

TOTAL ENERGY TERN • 3 4.5  24 414
SELF ENERGY TERM ■ 5 1 .8 4 1 0 7 2
INTERACTION ENERGY TERM » - l r . s i t s s d

DIFFERENTIAL MR T A « 0 .3 2 2 1 0 1
0 IFFETENTIAL MR T B ■ 0 .1 2 6 0 9 5
DIFFERENTIAL MR T C ■ 0 .2 9 2 3 9 2

MAOELUVG ENERGY « 1 2 0 2 9 .OIF KJ PER «OLE

MAOELUMG CÜ«ST ANTS

<1> (SMALLEST DISTANCE) 1 3 .7  362 93
DIFFERENTIAL MR T A » - C . 199711
D IFFERENTIAL MRT B » - 0 .0 7  61 82
DIFFERENTIAL MR T C ■ -0 .1 7 8 1 6 6

(2 ) (A-EDGE OF UNIT CELL) 33.901577
INFERENTIAL MRT A » 8 .933540

( I )  (B-EOGE OF UNIT CELL) 48.166265
3 IFFERENTIAL MRT 6 « 8 .33  7597

(4 )  (C-EDGE OF UNIT CELL) 46.6 16444
DIFFERENTIAL MRT C > 7 .994776

ATONi N.e..(UNI T 01 STANCE) 0 DEP 01 FF. 0 DEP (A) OIFF. 0 OEP (B) DIFF. 0 0EP (
NA NA . 37 3625 938E*03 .  37 3825938E*00 - .2403446 32E-01 - .2 4  9040006E-01 -.261697054E-
NA N • 27 62 6 2 7 1 4E *00 . 92907 5715E“01 - . 2 5 3 3 5 5 1 4 3E-01 .4548 Î9641E-02 - . J41004421E*
NA 0 - . 2 6 8 7 9 6 561E»03 • 134 S99260E *0 3 - .  145044761E-01 -.411689224E-02 .93681JOB'l*
N NA • 27 6262 714E♦ 0) .920875715E-01 - .2 5 3 3 5 5 1 4 3E-01 .4548396 41E-02 - .  3410044 ?1E-
N N .33 6443 34 3E*0l .  37 3825936E *09 - .243 34462 7E-01 - .  24 904 00 0 2E-01 -.Z61697052E-
N 0 .659*15 454E»03 - . 109902576E»00 - .  4841234 77E-01 - .3 3 5 1 21262E-01 -.390474125E-
0 NA - .2 6 6 7 9 8 5 6 1E*0) • l 34 399280E *09 - .1450447 61E-01 - .4 H 6 8 9 2 2 4 E -0 2 .93681SO07E-
0 N .65 9415 454 E♦ 00 - . 109902576E*03 - .4 8 4 1 2 3 4 77E“01 - .  3 351 21 262E-01 - . 390474125E-
0 0 • 356631 066E + 01 . B96577666E *00 - .  101914675E*00 -.731537561E-

CONVERGENCE INDICATION

H TOTAL ENERGY TERM
0 11. 3663 94 16 34. 5244 lu
1 26. 27 66 *4 19 34. 5244 i l
2 32 . 02 62 71 20 34. 5244 12
3 33 .914**1 21 34.524412
4 34.4101 30 22 34. 5244 13
5 34.50 7504 23 34.524413
6 34.521112 24 34.524413
7 34.52 26 21 25 34. 5244 13
• 34.52 34 37 26 34.524413
* 34.52 36*0 27 34. 5244 13

10 34. 524100 26 34. 5244 13
11 14.524323 29 34. 5244 13
I t 34.5243 05 SO 34.524413
IS 34.5243 60 31 34.5244 13
14 34 .524 3*0 3? 34. 5244 U
19 34 .  52 4 3 *9 33 34. 5244 14
10 34 .  52 44 05 34 34. 52 44 14
I t 34 .  5244 0* 35 34.524414

SELF ENERGIES OF THE COMPLEX IONS

N 0 2 10«

U(1E> ■  -2 2 4 0 .F 0 *  * 0 ( 0  » ♦  - H i t . '04 *0(0
0«0 » • - 2 .0 *  U(SE) PREDICTED • -10705 . 3*6 

U(SE> CALCULATED ■  -1 0 7 6 5 .3 * 6

C>
■01
■0 2
■02
•02
■01
•31•02
•01
•01



P  ( A ) O I F F .  0  D E P  ( 8 ) O I F F .  0  O E P  ( C )
2 E - 0 1 2 4  9 0 4  0 0 0 6 E - 0 1 - . 2 6 1 6 9 2 0 5 4 E - 0 1
J E - 0 1 . 4 5 4 8  Î 9 6 4 1 E - 0 2 - . J 4 1 0 0 4 4 2 1 E - 0 2
I E - 0 1 4 1 1 6 8 9 2 2 4 E - 0 2 . 9 3 6 0 1 J O 8 2 E - O 2
J E - 0 1 . 4 5 4 8  J 9 6 4 1 E - 0 2 - .  1 4 1 0 0 4 4  2 1 E *  0 2

7 E - 0 1 - . 2 4 9 0 4 0 0 0 2 E - 0 1 - • 2 6 1 6 9 2 0 5 2 E - 0 1
2 E - 0 1 - . 5  J 5 1 2 1 2  6 2 E - 0 1 - . J 9 0 4 F 4 1 2 5 E - 0 1
1 E - 0  1 - . 4 1 1 6 8 9 2 2 4 E - 0 2 •  9  3 6 6 1 3 0 6 2 E - 0 2
2 E - 0 1 - .  5  J 5 1  2 1 2 6 2 E - 0 1 - . 1 9 0 4 F 4 1 2 5 E - 0 1
5 E » 0 0 - . 6 4 9 F F 6 8 4 1 E - 0 1 • • 2 3 1 5 J F 5 6 1 E - 0 1
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Single Ion Properties by Lattice Energy Minimisation
The Perchlorate Ion, CIO*

By H. D o n a l d  B. J e n k in s *  a n d  K. F. Pratt

Department of Chemistry and Molecular Sciences,
University of Warwick, Coventry CV4 7AL, Warwickshire

R ece ived  20th  M a y , 1977

Single ion properties (charge distribution, “  basic ”  radii and thermodynamic parameters) may 
be obtained by lattice energy calculations. The proposed theory extends current methods of 
determining lattice energy of complex salts by performing minimisation with respect to the individual 
cell lengths. Such an approach maximises the amount of information that can be obtained from 
crystal structure data. In this case it is used to obtain data for the perchlorate ion by consideration 
of the sodium, potassium and ammonium salts. We obtain :

i/poT(NaC104) =  643 kJ mol" 1 

¿/pot(KC 104) =  599 kJ mol-' 
t/poT(NH4C104) =  583 kJ mol“ '

- i« fe (C104Xg) =  -344  kJ mol-'
■ i«h)d(C104Xg) =  -2 1 9  kJ mol“ ’ 

rcio- — 1.86 A
for a charge distribulion on the ion corresponding to q0 =  —0.34.

INTRODUCTION
Table I outlines the choice of methods currently available for estimation of the 

lattice energies of salts, both simple and complex.
With salts which contain complex ions we have a choice between using the Jenkins 

and Waddington approach '• 2 or the term-by-term approach, (the latter being more 
widely employed),3-5 in order to take into account the internal structure of the 
complex ion. There are recognised disadvantages in that both methods, when 
treating families of salts having similar crystal structures, require the assignment of 
the charge distribution in the complex ion in order to assign a value for the lattice 
energy or ancillary thermodynamic data. Further, although the compiessibility ot 
the salt can occasionally be used to determine the repulsion parameter p , compress
ibility data are not widely available. If we have to assign a value of p  then there 
are advantages in using a minimisation approach. The former approach offers this 
facility which is absent in the latter. Moreover, the latter approach, when using 
the Huggins and Mayei form of repulsion potential,6 requires assignment of" basic- 
radii ” to the ions.

The method proposed in this paper circumvents a number of these former 
difficulties, in the following respects :

(i) Aside from its application to cubic salts, (in which form the method was 
originally developed)7 it does not normally require external data to assign the charge 
distribution within the complex ions.

set t 968
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(ii) It involves explicit minimisation of the Huggins and Mayer potential 6 which, 
from table 1, can be seen to be the obvious “ next step ” in the development of the 
theory of lattice energy calculation.

(in) In that the approach involves a minimisation procedure, any error in assigning 
the repulsion parameter, p, (usually taken to be 0.345 A ) is compensated for by the 
calculation of the unknown “ basic ” radius of the complex ion.

(iv) Aside from choice of “ basic ” radii for the simpler of the ions involved in 
the salt, no further external data are required to assess radii.

The method of Jenkins and Waddington, the currently proposed method for cubic 
and non-cubic salts are compared for the halogenates, MCI03 and MBr03 (sodium 
salts only) in a recent study.8 The present paper illustrates the detailed application 
of the theory developed here for perchlorates, MCIO* (M = Na, K and NH4).

TH EO R E TIC A L
We present here an extension of the theory previously developed 7 for cubic salts. 

It enables the calculation of the total lattice potential energy of salts in general and 
those which contain complex ions in particular. It is applicable to crystals of all 
symmetries, and the method tends to yield most information for salts which have 
low symmetry (three non-equivalent cell lengths). A  general outline follows.

The total lattice energy of a salt is given by:

i/pOT — ^ELEC- 0)
where £/ELEC, £/*, U aa and t/qd are the electrostatic, repulsion, dipole-dipole dispersion 
and quadrupole-dipole dispersion energies respectively. For a general salt, there exist 
up to three conditions (depending on the non-equivalence or otherwise of the 
lattice constants) of the form :

( 2)

where i  = a, b  or c, the unit cell parameters, and the minimisation is carried out with 
respect to a single parameter i while retaining the other cell parameters at their 
equilibrium values, i0 and keeping the internal distances in the complex ion ( = d) 
constant.

Relationship (2) implies that:

( W * \  = M W \  . ( d u M \  ( d U 'A
\ /1 -  ¡»J \ J i - ioà \ à t \ S i / ,,

(3)

The theory develops the above relationships and uses them to determine various 
parameters for the salts, including “ basic ” radii of ions and charge distribition in 
complex ions.

We employ the Bertaut method,’ in which the “ cut-off" radius R  of the charge 
density functions is taken as half the internal distance in the complex ions (= d jl) ,  
to calculate the electrostatic energy and its derivatives. The choice of radius is made 
to ensure that it is invariant to change in lattice constant, whilst ensuring no overlap 
of charge density functions on the atomic centres. In this situation the total electro
static (including self-energy of the ions) is given by:

Kg v- i ^  r  c  c  ^  v  v  (4)
I  W - j Z T T z Z Z L — H ----- + *  1  1  ITR k 2 n V i < ‘
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where K  =  1389.30 kJ mol~‘ e 2 A, # is a constant term specific to the charge density 
function used (=  25/28 for the parabolic charge density used by us to facilitate 
convergence), k  is the number of molecules in the unit cell which has volume V, 
t t j and q j  are the number of ions of the _/th type bearing charge q j. h , k ,  I  are the 
indices of points on the reciprocal lattice, p  is the number of atoms in the complex 
ion and R r, is the distance between the rth and rth atoms in the same complex ion.

is the square of the modulus of the Coulombic structure factor, <f>ui is the 
square of the Fourier transform of the charge density function and S u i is the square 
of the reciprocal lattice vector.

V  and Su,i are given by :
V  =  ab<\ 1 — cos2 a—cos2 /? —cos2 y + 2 cos i  cos f i  cos y]* (5)

S«, = ^ i [ h 2l>2c2 sin2 « +  k 2c 2a 2 sin2 P + l 2a 2b 2 sin2 y + 2 h k a b c 2(cos  a cos f i - c o s  y) +

2 k la 2bc(cos fi cos y — cos a) +  2 lh a b 2c{cos a cos y -  cos p)] (6)

and the derivatives with respect to lattice constants are readily obtained.
For the parabolic charge density function,10 the Fourier transform </>«, takes the 

mathematical form :
P60(0  cos 0 — 3 sin 0 + 20)1

= L---------05 J
where

(7)

0 = 2tt R ^ / S i ,
so the derivative of </>ui is obtainable once having obtained ( d S i i ld l ) i .  
is similar for other charge density functions.

IFui| is given by :

io . t -

(8)
Eqn (7)

where

|FW(|2 = T X  E  cos (A R G „) + L  0r Z  sin(ARG„)"j (9)
|_r* 1 *= 1 J Lr-1 *m 1 J

ARG„ = 2* { h x „ + k y „ + l z r,]
, >•„ and z„ are the fractional coordinates of rth atom of type r .

( 10)

and x,|, y n  ouu oio ,,,, hhv„u.,u. ------------------ ---- ----- ----- -------^
Since during the “ lattice energy step ” of Bom-Fajans-Haber cycle, we require 

the complex ion to have rigid geometry we have to define the internal distances 
within the complex ion such that the variation of the cell lengths does n o t affect the 
internal geometry of the ion. We ensure this by incorporating d „  d „ , de, the resolved 
components of d, the internal distance in the complex ion, parallel to the crystal axes 
into eqn (10) such that:

ARG„ = 2 n ^ x „ + ^  + ̂ y „ + ^ + / ^ „ + ^ J  (11)

Eqn (11) holds for terminal atoms within the complex ion while eqn (10) holds 
for all other atoms.

This introduces a cell length dependence into the coulombic structure factor.

= 2 [  X  q , |  cos ( A R G „ ) J  £  9, 1 sin ( A R G j j -

2[? q- i,sin(ARGjXI, <''|,(2’? ,)cos(argj] 02)

A
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where m  = h  for i  =  a , m  =  k  for / = b , and m  = / for / = c. From eqn (4):

/a(/ELEC\ k  ( d v

/ h k l\ d i  J  2 k k V 2\  c i Shkl

¿>???[ ( 3
A e ‘  >

(13)

Having evaluated one of the derivatives in eqn (3), we can proceed to evaluate 
those remaining collectively since their general dependence on the unit cell parameters 
is similar.

i/R, d̂d and f/qd each involve three terms derived from anion-anion, anion-cation 
and cation-cation interactions respectively (see calculation section). All these terms, 
T t are of the general form :

T - t T f ( R j )  (14)
j

where R j  is the distance of an atom from a reference atom and t is cell parameter 
independent. Accordingly:

specifically for U K, f ( R j )  = exp ( -  R j/p ) ,  for UM , f ( R j )  =  R j 6 and for Ua i, f tR , )  =
RJ*

Remembering the considerations discussed above with regard to terminal atoms 
in complex ions, the derivatives in eqn (IS) are readily obtained.

When complex ions are involved of the type YXJ , eqn (4) and (13) are expressible 
as parametric functions of qx, the charge on the terminal atoms of the complex ion. 
The derivatives arising from eqn (15) are, in the case of (/„, sometimes expressible 
as a function of q x, depending on the model chosen to represent the complex ion. 
In the case of t/da and their derivatives are not functions of qx. Accordingly, 
eqn (3) takes the general form :

and C<o is the charge independent term of (£ U ELEC/£ i) i • ¡„. i-
The Huggins and Mayer potential 6 employed is such that no general form for V % 

can easily be written which embraces all salts. The specific form for a given salt 
is differentiated with respect to /' and equated to the right hand side of eqn (16), 
thereby producing up to three quadratic equations in exp[r(YX; )/p] which can be 
solved to generate values of the “ basic ” radius of the complex ion as a function of q,. 
the charge on the terminal atom of the complex ions. Such curves tend to intersect 
to form a discriminant for the determination of both r(YXJ~) and q x for the salt 
(assuming both r and p  are isotropic). The assumption that the “ basic " radius is 
isotropic is not, however, essential and as an alternative we can plot l/por ôr a 
sp e c ific  s a il against q „  in order to determine o,, by substituting the radius obtained
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at each value of q „  back into the Huggins and Mayer expression 6 to calculate l/K and 
hence v ia  eqn (1), t/poT- This point is illustrated in the results section of this paper.

When dealing with families of salts having a common gegen ion the plot of an 
external thermodynamic quantity related to the gaseous ion against q , can lead to 
assignment of q , and a value of the thermodynamic property and to the inclusion of 
all members of such a family in such a determination. This point is also illustrated
in the results section.

C A LC U LA TIO N S
For the purposes of illustrating the theory developed above we consider the 

perchlorate salts, MC104 (M = Na, K. or N H ,). NaCIO* possesses the anhydrite 
structure, CaS04, with orthorhombic symmetry and space group B bm m  having 
(o0 =  6.48 A, ¿>0 =  7.06 A, Co =  7.08 A )"- 12 KC104 and N H4C104 have the baryte, 
BaS04, structure, with orthorhombic symmetry and space group P nm a  having 
(a 0 =  8.834 A, *„ = 5.650 A, c0 =  7.240 A) for KCI04 12- 13 and (a 0 = 9.202A, 
b 0 =  5.816A, c0 = 7.449A) for NH4C104.13 14 Since all these salts possess 
orthorhombic symmetry, use of the o ld e r m e th o d  of term-by-term calculation would 
lead to similar curves for AT/f°(CT04 )(g) against q0 and difficulties is assigning q 0. 
Such a calculation would lead to three such curies. The new approach is able to 
assign q 0 definitively and also leads to n in e  curves of A//fe(C104 )(g) against q0.

The computer program madelung derivatives written in this laboratory 15 was 
used to compute U BLEC and (5t/ELEC/5i) for i  -  a , b  and c. These parameters are 
functions of q0, the charge on the terminal atoms of the C lOi ion :

(18)
i f f .  I.IC — X  « , « 0  p = 0

Cfulo-(  cUiirc (19)
8 i

For the purposes of calculating Ui t , {/„„ and associated derivatives (d U dd/d i)  and 
( d U ^ J d i )  we took the parameters aN,+  =  0.41 A,3 aK+ = 1.33A3 and aNH«+ = 
2.00 A3 for the polarisabilities of the cations 16 and 01_ = 5.09 A3 for the ClOi ion 
(taken as equal to that of SOJ-  ion in the absence of data). The characteristic 
energies c+ and c_ were taken for Na+ 82.55 x 1012 erg molecule-1,17 for K+ 45.84 x 
1012 erg molecule-1,17 for NH4 41.09 x 10*2 erg molecule-1 18 and for C104 to be 
7.6 x 1012 erg molecule-1.18 The usual approach is employed 7 using the equations

below.
Udd = iC + + I « M 6M, + i C - f « c , S „  + C+- ?

where

and

C„ =
2 e *Q rQ , 
3(er + £,)

(20)

(21)

O
Q r 2 e 2

U q i = iD +4' f  R ^  + i D -  LRc-|!i, + P +-  I

*>
•
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assign an overall “ basic” radius to the CIO* ion, r Ci0 i , using the sp h e rica l an ion  
model and to the oxygen atoms in the ion, r0, using the f o u r  oxygen  model. For an 
individual salt we can plot (/pot against q0 using both models to generate values on the 
same plot. Finally using external thermodynamic data and the Born-Fajans-Haber 
cycle below we can generate plots of AA/P(CI04 )(g) and A//,®d(CIO» )(g) against
q„ since:

| A//P(MC104 )(c)

MC104(c)

M(c) + iC I2(g) + 202(g)'

i/poT(MCIO*) +  iJi7- 

AWgi,(MCIO*)(c)

M+faql +  ClOiTaq) •

| AHP(M+)(g) + AtfflClO* Kg)

M+(g)+cio ;(g)

AWgd(M+)(g)
+ A//ga(C10i)(g)

(29)
(30)

A//p(C10i)(g) = (/pOT(MC10«) + i/fr+A«P(M C104Kc)-A//P(M+)(g) 
A//g„(C10*-)(g) =  A//®i„(MC104Kc) — (/pot(MC104) — ̂ R T — A/Z^fM+Xg)

for the Na+ and K+ salts and
AHfe(C10i)(g) =  (/pot(NH 4CI04) +  2 R T +

A//f®(NH4C104)(c) -  A//,e (N H i )(g)

A//g4(C104-)(g) =  A//®,„(NH4CI04)(c) -
(/pot(NH4C104) -  2 R T -  A//gd(NHp )(g)

for NH4C104.The literature values for the above quantities are given in table 2.

Table 2.—Thermodynamic data (kj mol-1)

A/fP(MC104)(c)
A//p(M+Xg)
A//gd(M+Xg)
A//g,n(MC104Xc)

Table 3 gives the intermediate results obtained in the calculations.
Fig. 1 shows the plot of fcloi against q0 (from “ sp h e rica l a n io n  "  model) and

r0  against q 0 (from the “ f o u r  oxygen  ” model).
Fig. 2 shows an example of a typical plot of U r m  against q „  for the salt NaC104

arising from consideration of the two models.
Finally fig. 3 shows the combined plot of A//p(C10i )(g) against q0 for all the

salts using the four oxygen model. The values assigned from this plot are:
q0 *= —0.34 proton units. (33)

We now compute the nine values of A//P(C104 )(g) from the figure corresponding 
to this charge distribution and using the data in table 2  this gives, on averaging,

A//P(C!Oi)(g) = — 343.7 ±5 kJ mol- 1  (34)

NaClOa KCK>. NH4C10, source

— 382.7 -430.1 — 295.8 ref. (22)
609.8 514.2 630.2 ref. (22) and (23)

-414.6 -330.4 -332.3 ref. (24) and (23)

13.9 51.0 33.5 ref. (25) and (26)

RESULTS
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NaCIO« KCIO. NH.CIO,
CLEc/kJ mol-1 Bo 678.8 643.3 623.6

B, -104.5 -30.6 -24.2
b 2 -13.3 -11.1 — 10.4

(d^ELEc/doVrVkJ mol-' A“1 C.o -56.7 -19.1 -18.3
C . -30.5 15.7 9.3
c.2 -12.0 4.0 2.8

(3t/ELEc/5*)..<..</kJ mol 1 Â 1 Coo -8.5 -46.4 -42.5
Q i 97.7 -23.9 -13.2
C bi 33.0 10.8 7.3

(5{/ELEc/Éli,)..».d/kJ mol'1 A -' Co -35.5 -29.4 -27.9
C . -32.0 8.7 4.9
C e -20.1 -1.5 0.5

í/dd/U mol 1 11.1 17.9 20.7
C'^/kJ mol-1 0.6 1.2 1.7
(BUM ie a )b.c.d¡kJ  mol“1 A -1 -4.1 -3.9 -4.3
(d l/dd/cb)m.c,d/kJ mol 1 A-1 -3.1 -6.8 -7.6
(d U M lcc)Q,h dl kJ mol-1 A 1 -2.7 -4.7 -5.4

d/c1o)».c.d/kJ mol-1 A-1 -0.3 -0.4 -0.5
0e u qdl£ b ),.c.t /kJ mol“1 A“1 -0.2 -0.7 -0.9
(ê U qal£c)b,b,dlk J  mol"1 A -1 -0.2 -0.4 -0.6

F ig. I.—“  Basic ”  radii, rcio? and r0 plotted as functions of g0. [Note. If one labels curves 1-18 
from the bottom o f the right hand ordinate {q0 =  0 .0 ) they correspond to the following source 
“  four oxygen ”  model (1) NaCI04, i «  b ; (2) K C I04, i =  a ; (3) KC104, i =  c ; (4) NH4t l0 4. 
i = a ;  (5) N a a 0 4, / = a ;  (6) NH4C I04, / * c; (7) NaCI04, / -  c ; (8) KCI04, / = b; W 
NH4C104, / «  6  and “ spherical anion”  model (10). NaC104, i -  b\ (11) KC104, i =  a i W)  
K O O *. / -  b ; (13) K Q 0 4, i  -  c ; (14) NH4C1 0 4, i «  a ; (15) NH4a 0 4, i -  b ; (16) NH4C1U4, 

-  c : (17) NaC104, i  =  a ;  (18) NaC104, / -  c].
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and the corresponding lattice energies are
l/TOT(NaC104) =  643.2 +  2 k j mol"1 (35)
IW K C lO a ) = 598.6 ± 3  kJ mol“1 (36)

i/POT(NH4CI04) = 582.5 +  6 kj mol 1 (37)
where the errors quoted are standard derivatives of the values which have been
averaged, and are n o t absolute errors.

6501-

600)

550)

- 0.8 -0 6 -0.4 - 0 2

Fio. 2.—Total lattice potential energy t/poT for NaClO« as a function of q0 as calculated on the two
m o d e ls .----- spherical anion; — four oxygen atom model. [Note. All the curves above are
obtained from a single crystal structure determination for one salt. The two models give the curves 
shown. Assignment of q0 =  —0.34 is possible using the "  four oxygen ” model. The corresponding 
value of 1/poT (NaClOO is 643 kj mol '. If we label the curves for the four oxygen model (solid) 
(IM3) from the bottom right hand ordinate (Vo =  0) and the spherical anion (broken) (4H6) the 
origin of the curves is as follows: ( l )c  derivative; (2) a  derivative; (3) b derivative; (4) c derivative;

(5) a  derivative; (6) b derivative.]

The average “ basic ” radius of the CIO4 ion is found to be:
fcio4 = 1.86 ±0.05 A

and the “ basic ” radius for the oxygen atom in the ion is :
r 0 =  0.89±0.04 A.
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Fio. 3.—A/fP(C10iXg) as a function o f  q0- Curves are labelled according to the salt from which 
they originate. The letters along the ordinate indicate the derivatives from which the curses are 
generated. (Note. The curves for KCIO * and NH4C I0 4 generate intersection points even though 
the structures are very similar for the two salts. The desirability of having a third salt of differing 

structure is shown by the way in which the N aCI04 curves assist in fixing A//( (ClO.Xgll-

Using eqn (29) with the data in table 2 and the charge distribution q0 = -0.34 
we find:

Affgd(C10i)(g) = -218.7±4kJraol-'. (40)
We compare below the lattice energies calculated from our new approach with 

those which arise by use of the equations in table 1.
The Kapustinskii and simple Kapustinskii equations :33

1/pot =

U r

1214v|z+z_
( r + +  r_ ) 

1214v|z+z_

1 -
0.345 

( r + +  r_ )
+0.008 70(r+ + r . )

r i - ^ i
L (r4+ r - ) J(r + + r _ )

have been used in conjunction with the Goldschmidt radii of the ions (rN, 
r K = 1.33 A, rNHz = 1.43 A and rC|o4- = 2.36 A) with v = 2 and |z+r-' 
Born-Lande and extended Born-Lande equations :3*

U fo T  — ^ elec^ I -

Uror = C/elec{ 1 “  + 1/" ( 1 “ n) + ” n)

(41)

(42)

: 0.98 A, 
1. The

(43)

(44)
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es are labelled according to the salt from which 
icate the derivatives from which the curves are 
I.CIO. generate intersection points even though 
he desirability of having a third salt of differing 
CIO* curves assist in fixing A7/^(CIOiXg)l.

and the charge distribution q 0 =  —0.34

18.7 + 4 kJ mol-'. (40)
calculated from our new approach with 
table I.

;ii equations :33

— +0.008 70 (r+ +r_) (41)

(42)

Ischmidt radii of the ions (rN..  = 0.98 A, 
36 A) with V = 2 and |r+r-| =  1. The 
ations :34

H V - H )

have been used taking the values of n given in the table 4. We take into account the 
distributed charge by taking l/ELEC in the form of eqn (18) with q0 =  — 0.34. The 
Born-Mayer equation 35 and extended Born-Mayer equation (Ladd and Lee 
equation)36

= l/E <-î)
I/POT = l/ELEc( 1 -  ; )  + 1 -  6̂ )  + ( ^  1 -

(45)

(46)

have been used taking p = 0.345 A and r, the nearest neighbour distance as the M— Cl 
distance in the lattice. Again account of the distributed charge is taken and 
incorporated into U ELEC.

Moving across table 1 from left to right we treat the complex salt more rigorously; 
this is borne out in the way in which the results in table 4 agree best for the modified 
extended Born-Mayer equation (Ladd and Lee equation) and the present work. 
The Ladd and Lee equation gives normally no way of assessing q0 and it is only by 
substitution of the appropriate l/ELEC values into eqn (46) that we generate the 
agreement shown. The proposed method gives an assessment of the “ basic ” 
radius and charge distribution in the complex ions as well as a determination of 
A/fpfOOiX*).

The lattice energies derived from hydration heat and related considerations 
are much higher in this case than the lattice energies from other sources. This 
appears not to be a unique property of the perchlorates alone, and the comparison 
of the two approaches is the subject of continuing studies.

T able 4.—L attice energies of perchlorates

author CWNaCKMequation /kJ mol-1
í/potíKCK)«) 

/kJ mol-1
i/poi(N H 4CIO 4) 

/kJ mol-*
Yatsimirskii 28* 29 Kapustinskii eqn (41)* 63S 611 598
Gill, Singla, Paul and Narula 31 Kapustinskii eqn (42)* 643 584 569
Jenkins and Pratt Kapustinskii eqn (41)* 673 618 603

Kapustinskii eqn (42)* 652 596 582
simple Bom-Landé eqn (43)t 624 580 552
(modified to take account of charge) (« =  8) (* -  9) (n  =  8)
simple Born-Mayer eqn (4S)t 
(modified to take account of charge)

637 590 572

extended Born-Landé eqn (44)t 626 586 557
(modified to take account of charge) ( * “ 8) ( « “ 9) (*  “  8)
extended Born-Mayer eqn (46)*+ 
(Ladd and Lee equation)
(modified to take account of charge)

641 598 582

Jenkins and Pratt this work (go =  —0.34)*t 643 599 583
Morris 32 hydration heat values 732 690 —
Saloman 30 Halliwell and Nyburg equation 756 710 —

•  p  =  0.345 A ; t « 0 « -0.34.

DISCUSSION
The advantages of the proposed method developed here for the calculation of 

lattice energies have been discussed in the introduction. This latest method for the 
calculation of lattice energies is self-contained, in that it requires no external estimates 
of the charge distribution in the ion.

Hojer, Heza-Hojer, de Pedrero 37 have recently determined q 0 for CIO; and 
find^o = —0.51; Mehrota c t a l . sa find q a =  —0.75, -0.67, -0.79 and —0.73 from 
NDDO calculations, q0 = —0.44 from ab in i t io  work and q0 =  —0.33 and —0.64 
from CNDO calculations.
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Prins 3 9  has recently calculated q „ = -0.42 for the CIO4  ion; earlier studies 
quote q 0 =  -0.444 (Johansen) , 4 0  q0 = -0.21 (Connor, Hillier and Saunders),27 
9o = -0.41, -0.39 (Cox and Moore) , 41 q 0 =  -0.775 (Best) , 42 q0 =  -0.775 
(Manne) , 43  q0 =  -0.814 (Nefedov) 4 4  and q 0 =  -0.359 (Wagner) . 45 Our results 
fit in well with the majority of these calculations.

Fig. 4 combines the two models on the same plot of A/f^fClOf Hgi

980 L A T T I C E  E N E R G Y  MI NI MI S ATI ON

F ig. 4.—A//f(CI04Xg) as a function of q0. Both models of CI04 ion. (Note. There are 18 curves
which arise from two distinct models, three MCI04 salts and three different derivatives).

The standard derivatives of the basic radii are affected by anisotropy of the ions 
and by differing Cl— O distances in the perchlorates. In the calculations we have 
used the individual radii rather than the average radii specified. The standard 
derivations in the radii are <5 % suggesting that the degree of anisotropy in the 
ions of the crystals is not great.

The fig. 3 based on the four oxygen atom impressively fixes AZ/fHClO* )(g) and 
the method, in that it uses minimisation conditions, is clearly superior to our other 
approaches.

It is not outside the scope of the present theory for it to be extended to include 
some estimation of the repulsion parameter p. Current methods (table 1) which do 
attempt an estimation of p  rely on second derivatives and compressibility data. The 
latter data are sparse and the opportunity of generating information about p  from
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first derivatives remains an uninvestigated yet attractive feature of the current method. 
The impression should not be conveyed that such a determination of p  would be 
without complication.

K. F. P. acknowledges the award of a studentship from the S.R.C.

1 H. D. B. Jenkins and T. C. Waddington, Chem. Phys. Letters, 1975, 31, 369.
2 H. D. B. Jenkins, J.C.S. Faraday II, 1976, 72, 1569.
3 A. Neckel, P. Kuzmany and G. Vinek, Z. Naturforsch., 1971, 26a, 569.
4 R. C. Gearhart, J. D. Beck and R. H. Wood, Inorg. Chem., 1975, 14, 2413.
5 H. D. B. Jenkins, K . F. Pratt, B. T. Smith and T. C. Waddington, J. Inorg. Nuclear Chem., 

1976, 38, 371.
6 M. L. Huggins and J. E. Mayer, J. Chem. Phys., 1933, 1, 643.
7 H. D. B. Jenkins and K. F. Pratt, Proc. Roy. Soc. A, 1977, 356, 115.
* P. Herzig, H. D. B. Jenkins and K. F. Pratt, J. Phys. Chem. Solids, 1978, submitted for 

publication.
9 E. F . Bertant, J. Phys. Radium, 1952, 13, 499.

10 D. H. Templeton, J. Chem. Phys., 1955, 23, 1629.
11 K . Hermann and W. lige, Z. Krist., 1931, 80, 402.
12 R. W. G. Wyckoff, Crystal Structures (Interscience, New York, 2nd edn, 1964).
13 S. Ramaseshan, K. Venkatesan and N. V. Mani, Proc. Indian Acad. Sci. A, 1957, 46, 95.
14 C. S. Choi, H. J. Prask and E. Prince, Acta Cryst. B, 1976, 32, 2919.
15 H. D. B. Jenkins and K. F. Pratt, Computer Phys. Comm., 1978, 13, 341.
16 J . R. Tessman, A. H. Kahn and W. Shockley, Phys. Rev., 1953, 92, 890.
17 C . E. Moore, Atomic Energy Levels (N.B.S. Circular 467, N.B.S., Washington D.C., U.S.A., 

1958).
18 A. L. Goodliffe, H. D. B. Jenkins, S. V. Martin and T. C. Waddington, Mol. Phys., 1971, 21, 

761.
19 W. H. Waggoner and M. E. Chambers, Talanta, 1960, 5, 121.
20 H. D. B. Jenkins and K. F. Pratt, Repulsion Energy and Basic Radii for Ions having Spherical 

Symmetry (Res. Rept. Supp. No. 1, University o f Warwick, 1976).
21 K . H. Stem, J. Phys. Chem. Ref. Data, 1974, 3, 481.
22 D . R. Still and H. Prophet, JANAF Thermochemical Tables, 2nd edn, (NSRDS-NBS 37, 1971).
23 H. D. B. Jenkins and D. F. C. Morris, Mol. Phys., 1976, 32, 231.
24 H. D. B. Jenkins and D. F. C. Morris, Phil. Mag., 1977, 35, 1091.
25 D . D. Wagman, W. H. Evans, V. B. Parker, I. Halow, S. M. Bailey and R. H. Schumm, 

Selected Values of Chemical Thermodynamic Properties (N.B.S. Technical Note 270-3, U.S. 
Department of Commerce, U.S. Govt. Printing Office, Washington D.C., 20403, U.S.A., 1968).

26 V. B. Parker as quoted in R. C. Weast, Handbook of Chemistry and Physics (C.R.C. Press, 
Cleveland, Ohio, U.S.A., 1976, from NSRDS-NBS 2).

27 J .  A. Connor, I. H. Hiller and V. R. Saunders, Mol. Phys., 1972, 23, 81.
28 K . B. Yatsimirskii, Izvest. Akad. Nauk S.S.S.R., Otdel. khim. Nauk, 1947, 411, 453.
29 K . B. Yatsimirskii, Izvest. Akad. Nauk S.S.S.R., Otdel. khim. Nauk, 1948, 398.
30 M. Saloman, J. Electrochem. Soc., 1971, 118, 1614.
31 D. S. Gill, J. P. S. Singla, R. C. Paul and S. P. Narula, J.C.S. Dalton, 1972, 522.
32 D. F. C. Morris, J. Inorg. Nuclear Chem., 1958, 6 , 295.
33 A. F. Kapustinskii, Quart. Rev., 1956, 10, 283.
34 M. Born and A. Lande. Ber. Preuss. Akad. Wiss. (Berlin), 1918, 45, 1048.
39 M. Born and J . E. Mayer, Z. Phys., 1932, 75, 1.
36 M. F. C. Ladd and W. H. Lee, Trans. Faraday Soc., 1958, 54, 34.
37 G. Hoger, S. Meza-Hoger and G. Hernandez de Pedrero, Chem. Phys. Letters, 1976, 37, 301.
38 P. K. Mehrotra, J. Chandrasekhar, P. T. Manoharan and S. Subramanian, Theor. Chim. Acta, 

1976, 41, 257.
39 R. Prins, J. Chem. Phys., 1974, 61, 2580.
40 H. Johansen, Theor. Chim. Acta, 1973, 32, 273.
41 M. M. Cox and J. W. Moore, J. Phys. Chem., 1970, 74, 627.
42 P. E. Best, J. Chem. Phys., 1968, 49, 2797.
43 R. Manne, J. Chem. Phys., 1967, 46, 4645.
44 W. Nefedov, Phys. St at. Solidi, 1962, 2, 904.
45 E. L. Wagner, J. Chem. Phys., 1962, 37, 751.

(PAPER 7/878)
PRINTED IN GREAT BRITAIN AT THE UNIVERSITY PRESS, ABERDEEN


